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Small intestine

Caspase-8 controls the gut response to microbial
challenges by Tnf-a-dependent and independent

pathways
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Helmut Neumann,' Nadine Wittkopf," Eva Martini,' Marijana Basic,® André Bleich,’
Alastair J M Watson,* Markus F Neurath," Christoph Becker'

ABSTRACT

Objectives Intestinal epithelial cells (IEC) express toll-
like receptors (TLR) that facilitate microbial recognition.
Stimulation of TLR ligands induces a transient increase in
epithelial cell shedding, a mechanism that serves the
antibacterial and antiviral host defence of the epithelium
and promotes elimination of intracellular pathogens.
Although activation of the extrinsic apoptosis pathway
has been described during inflammatory shedding, its
functional involvement is currently unclear.

Design We investigated the functional involvement of
caspase-8 signalling in microbial-induced intestinal cell
shedding by injecting Lipopolysaccharide (LPS) to mimic
bacterial pathogens and poly(l:C) as a probe for RNA
viruses in vivo.

Results TLR stimulation of IEC was associated with a
rapid activation of caspase-8 and increased epithelial cell
shedding. In mice with an epithelial cell-specific deletion
of caspase-8 TLR stimulation caused Rip3-dependent
epithelial necroptosis instead of apoptosis. Mortality and
tissue damage were more severe in mice in which [ECs
died by necroptosis than apoptosis. Inhibition of
receptor-interacting protein (Rip) kinases rescued the
epithelium from TLR-induced gut damage. TLR3-induced
necroptosis was directly mediated via TRIF-dependent
pathways, independent of Tnf-o. and type Il interferons,
whereas TLR4-induced tissue damage was critically
dependent on Tnf-o..

Conclusions Together, our data demonstrate an
essential role for caspase-8 in maintaining the gut
barrier in response to mucosal pathogens by permitting
inflammatory shedding and preventing necroptosis of
infected cells. These data suggest that therapeutic
strategies targeting the cell death machinery represent a
promising new option for the treatment of inflammatory
and infective enteropathies.

INTRODUCTION

The gut represents the largest surface of the human
body to the external environment, which is charac-
terised by food antigens and the mucosal micro-
biota, including bacteria, viruses and parasites.
Intestinal epithelial cells (IEC) constitute an import-
ant barrier in controlling the access of luminal
antigens into the body. Owing to these essential
functions, it is quite evident, that the intestinal

Significance of this study

What is already known on this subject?

» Loss of intestinal barrier function plays an
important role in the pathogenesis of IBD.

» Tnf-a and toll-like receptor (TLR) stimulation
can induce a transient increase in epithelial cell
shedding with loss of epithelial barrier
function.

» Escape from apoptotic cell death due to
caspase-8 deficiency results in necroptosis of
Paneth cells at the crypt base. The role of
necroptosis in cell shedding from the villus is
unknown.

What are the new findings?

» Caspase-8 controls cell shedding and cell death
on the villus induced by TLR ligands in vivo.

» When caspase-8-dependent apoptosis is
disabled, cell death and cell shedding switch
from apoptosis to Rip3-dependent necroptosis
causing villous destruction which is more
severe than from apoptosis.

» Blockade of necroptosis prevents mortality and
cell shedding following TLR stimulation, and
preserves mucosal integrity.

» Tnf-a produced by non-epithelial cells is
responsible for TLR4-mediated epithelial
necroptosis.

» TLR3-triggered necroptosis is directly mediated
via TRIF-dependent pathways, and independent
of Tnf-o. and type Il interferons.

How might it impact on clinical practice in

the foreseeable future?

» This study expands the current knowledge of
regulation of apoptotic and necroptotic
pathways controlling cell shedding from
intestinal villi. Our findings show that therapies
that inhibit apoptosis must be accompanied by
manoeuvres that also inhibit necroptosis. This
has important implications for the design of
treatment of inflammatory and infectious
intestinal diseases and, thus, for clinical
practice.
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Small intestine

epithelium plays a crucial role for intestinal homeostasis as well
as for systemic health. Dysfunction of the intestinal epithelium,
as indicated by increased permeability or deregulated epithelial
defence functions, is believed to result in the excessive transloca-
tion of the commensal microbiota into the bowel wall and sub-
sequent development of gastrointestinal diseases, including
IBD.' In this context, several studies have demonstrated
increased apoptotic epithelial cell death in patients with IBD.*”
Recent studies have shown that a second form of regulated cell
death, denoted as necroptosis, occurs in human IBD.
Necroptosis is a Rip3-dependent cell death pathway that is par-
ticularly prominent in Paneth cells at the crypt base which leads
to loss of defensin secretion and IBD.

Intestinal epithelial homeostasis is maintained by a strict equi-
librium between cell proliferation in the crypt and cell shedding
from the villus tip.® Stimulation with tumor necrosis factor
(TNF) or LPS increased apoptosis and consequent cell shedding
and is associated with barrier loss.”!! Excessive cell shedding
and barrier loss in IBD patients in remission predicts relapse.'?
However, the role of toll-like receptors (TLRs) in the regulation
of cell shedding is poorly understood and the role of necropto-
sis in cell shedding and barrier loss has not been reported.

Here, we demonstrate that activation of TLR3 and TLR4
leads to a rapid and transient activation of caspase-8 and
caspase-3 as well as increased cell shedding. Surprisingly, dele-
tion of caspase-8 from the intestinal epithelium did not protect
the animals from TLR-induced inflammatory cell loss, but
instead, led to severe tissue destruction, excessive cell death and
mortality due to Rip3-dependent necroptosis. Our analysis
further revealed that TLR3-triggered necroptosis was directly
mediated via TIR-domain-containing adapter-inducing inter-
feron-p (TRIF)-dependent pathways but independent from
Tnf-a and type III interferons, whereas LPS-induced necroptosis
was strictly Tnf-o dependent. Therefore, from our data, we
propose a novel model of villus cell shedding in response to a
range of inflammatory stimuli in which the activation of
caspase-8 is essential during the first line of defence, by main-
taining the gut barrier in response to mucosal pathogens
through induction of inflammatory shedding and inhibition of
necroptosis in infected cells.

MATERIALS AND METHODS

Mice

Rip3~~mice, Tnf-R17~ mice, TRIF”~ mice, IL-28Ro”~ mice,
VillinCre mice and mice carrying loxP-flanked caspase-8 alleles
were described earlier.”>™'® Conditional knockout mice
(Casp82'E€ mice) were generated by breeding floxed caspase-8
mice to VillinCre mice as described earlier."* Mice were rou-
tinely screened for pathogens according to FELASA guidelines.
Animal protocols were approved by the Institutional Animal
Care and Use Committee of the University of Erlangen.

Experimental models of systemic inflammatory response
syndrome

Mice were injected intraperitoneal with LPS (2.7 mg/kg body
weight, Sigma-Aldrich) or poly(I:C) (30 mg/kg or 35 mg/kg for
experiments with TRIF~~ mice, InvivoGen). Viability was mon-
itored by visual examination and by measuring body tempera-
ture and weight loss.

Histology and immunohistochemistry

Histopathological analysis was performed on formalin-fixed
paraffin-embedded tissue using the Tyramide Signal Amplification
(TSA) Cy3 system, as recommended by the manufacturer

(PerkinElmer), and the following antibodies were used: the
primary antibodies anti-Myeloperoxidase (MPO) (Abcam),
anti-Tnf-o.  (Cell Signaling), anti-activated caspase-3 (R&D
Systems) and anti-activated caspase-8 (Cell Signaling) and
anti-CD324 (E-cadherin) Alexa Fluor 488 (eBioscience), and a
biotinylated secondary anti-rabbit antibody (Dianova). Cell death
was analysed using the in situ cell death detection kit (Roche) for
TUNEL.

Immunoblotting

Proteins were separated using a MiniProtean Precast gel (4-15%
polyacrylamide; BioRad) and transferred to a nitrocellulose
membrane (Whatman). Membranes were probed with the fol-
lowing primary antibodies: TLR3 (Santa Cruz), Rip3 (Enzo),
cleaved caspase-3, cleaved caspase-8 XP (Cell Signaling) and
actin (Abcam). HRP-linked anti-rabbit (Cell Signaling) was used
as a secondary antibody.

Gene expression

Total RNA was extracted from the gut tissue, or organoids,
using the RNA isolation kit (Nucleo Spin RNA II, Macherey
Nagel). cDNA was synthesised by reverse transcription (SCRIPT
cDNA Synthesis Kit, Jena Bioscience) and analysed by real-time
PCR with SYBRGreen (Roche) reagent and QuantiTect Primer
assays (Qiagen). Experiments were normalised to levels of the
housekeeping gene hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT).

Crypt isolation and organoid culture

For organoid culture, crypts were isolated from the small intes-
tine of mice and cultured for a minimum of 7 days as previously
described by Sato and Clevers.!” Organoid growth was moni-
tored by light microscopy and Propidium Iodide (PI) staining
(2 wM, BD Biosciences). Organoids were treated with LPS
(450 ng/mL, Sigma-Aldrich), poly(I:C) (600 ng/mL, InvivoGen),
necrostatin-1 (30 wM, Enzo) or zZVAD-fmk (120 M, Bachem).

Statistical analysis
Statistical analysis was performed using the two-tailed Student
t test. *p<0.05, **p<0.01, ***p<0.001.

RESULTS

Epithelial TLR stimulation promotes caspase activation in

the absence of cell death

IECs express TLRs, endowing them with the capacity to directly
respond to microbial challenges.'® ' As TLR signalling in IEC
has been found to regulate epithelial cell shedding and has been
implicated in the pathogenesis of IBD, we investigated the
molecular mechanisms of such inflammatory cell elimination.
Since microbial colonisation is heterogeneous along the gastro-
intestinal tract, we determined in an initial series of studies the
expression level of TLR1-9 in different parts of the intestine
(figure 1A). We observed a marked expression of TLR3 mRNA in
all bowel segments, whereas TLR1, TLR2, TLR4 and TLRS
mRNA expression was mainly found in the distal segments with
the highest concentration in the colon. The analysis of TLR
expression in epithelial stem cell-derived organoids obtained
from wild-type mice confirmed the epithelial nature of intestinal
TLR3 expression in the intestine (figure 1B). Additionally, immu-
noblot analysis of small intestinal samples from healthy wild-type
mice supported the expression of TLR3 in IECs (figure 1C). To
evaluate the capacity of microbiota-derived TLR ligands to
induce cell shedding and mucosal damage, a sublethal dose of
LPS, or Polyinosinic polycytidylic acid (poly(I:C)), an
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Toll-like receptors (TLR) expression in the intestine. (A) Quantitative expression levels of TLR7-9 mRNA in bowel segments of healthy

wild-type mice (n=3). DD, duodenum, JJ, Jejunum, PI, proximal ileum, TI, terminal ileum, CO, colon (+SD, relative to hypoxanthine guanine
phosphoribosyl transferase, HPRT). (B) Quantitative expression level of TLR mRNA in organoids derived from the small intestine of healthy control
mice (n=6, +SD, relative to HPRT). (C) Immunoblot analysis of TLR3 in the small intestine of a healthy control mouse: whole tissue of JJ and Tl and
isolated Intestinal epithelial cells (IEC) from both parts (JJ, IECs) and (TI, IECs). Actin staining was added as a loading control.

immunostimulant that simulates viral infection and interacts with
TLR3 was injected intraperitoneally into wild-type mice.
Strikingly, administration of either LPS or poly(I:C) resulted in
rapid epithelial cell shedding (see online supplementary figure
S1A). Of note, the most pronounced TLR ligand-induced tissue
damage was observed in the small intestine as demonstrated by
quantitative RT-PCR for the IEC marker villin (see online supple-
mentary figure S1B,C). TLR-induced cell shedding was asso-
ciated with a rapid activation of caspase-8 and caspase-3 in small
intestinal tissue sections suggesting an involvement of the latter
proteases in this process (see online supplementary figure S1A).
Thus, activation of the extrinsic apoptosis pathway is observed
during TLR ligand-induced epithelial cell shedding, and may be
involved in tissue damage and inflammation observed upon
microbial challenge of the epithelial barrier.

Epithelial caspase-8 minimises mortality after TLR

stimulation

In order to assess a functional role of caspase-8 activation in
TLR ligand-induced epithelial cell loss, we next compared
control and Casp8*™™“ mice after stimulation of either TLR3 or
TLR4. Whereas all control animals survived treatment with poly
(I:C) or LPS, high mortality was observed in Casp8'E¢ mice
already during the first hours following TLR ligand exposure
(figures 2A and 3A). Similarly, TLR ligand exposure induced a
rapid decrease in body temperature and body weight in
Casp8*™“ mice, whereas no such temperature or body weight
decline was observed in wild-type (Casp8") animals (figures
2A and 3A, see online supplementary figure S2A). A reduced
length of the small intestine was also observed in Casp8*'E€ but
not in wild-type animals (figure 2B). Moreover, histological ana-
lysis demonstrated extensive villous atrophy, severe destruction
of the small bowel and an excessive amount of dying epithelial
cells, leading to the total destruction of the normal crypt-villus
architecture in TLR3 or TLR4 triggered Casp82'E€ mice (figures
2C,D and 3B). Loss of epithelial cells was further investigated
by measuring mRNA levels of the epithelial marker villin
(figures 2E and 3C). To better understand the kinetics of this
highly dynamic phenomenon, we investigated gut morphology
at different time points following poly(I:C) treatment. A massive
amount of TUNEL-positive epithelial cells were detected

already 60 min after poly(I:C) injection into Casp82™C mice
and peaked at 120 min (figure 2F). At 3 h, the amount of posi-
tive cells was strongly reduced accompanied by an almost total
loss of the villus and crypt epithelium (figure 2F). Epithelial ero-
sions were also observed in colon tissue of Casp8*EC mice,
although at a lesser extent as in the small intestine (figure 5C).
In summary, these data illustrate the critical role of caspase-8 in
the maintenance of epithelial barrier integrity following chal-
lenge with microbial toxins.

TLR3 and TLR4 stimulation induce excessive cell death in
caspase-8-deficient epithelial cells

Necroptosis occurs in Paneth cells in Casp mice and is
defined as a caspase-3 negative, TUNEL positive, Rip3-positive
cell death. Accordingly, we investigated whether this form of cell
death occurs in the villus epithelium of Casp82™=“ mice following
TLR stimulation. Caspase-3 activity in the small intestine of TLR
ligand-treated wild-type and Casp82'E€ mice was evaluated. By
contrast with wild-type mice, which exhibited a high activity of
caspase-8 and caspase-3 in exfoliated cells at the villous tip, no
caspase-3-positive epithelial cells were detected in Casp82™ mice
(figure 4A, see online supplementary figure S1A). While only a
few TUNEL-positive cells were observed in TLR ligand-treated
wild-type mice, IECs of Casp8“'E€ mice showed a marked TUNEL
positivity (figures 3B and 4A). Additionally, immunoblot analysis
demonstrated upregulation of the necroptosis mediator Rip3 in
the small intestine of poly(I:C) treated Casp8“'E mice, when com-
pared to control littermates (figure 4B).

To investigate whether TLR ligands induce Rip-mediated
necroptosis in caspase-8-deficient cells, we injected poly(I:C) or
LPS into Rip3~~Casp8'E€ double deficient mice. By contrast
with Casp8*'E€ mice, TLR ligand-challenged Rip3~~Casp821E©
mice were protected from severe hypothermia and death, and
failed to show signs of wasting disease (figures 3A and 4C, see
online supplementary figure S2A). To further determine the
relative contribution of Rip3-mediated necrotic cell death to gut
damage, we carefully compared the bowel pathology of control
and Rip3~~Casp8'E€ mice. No difference in the histology of
the gut or the number of dying cells was found between both
groups (figures 3B, C and 4D-E see online supplemenatry
figure S2B). Furthermore, no TUNEL- or cleaved caspase-3-
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Figure 2 Inability to activate caspase-8 in response to TLR3 results in deregulated cell death. (A) Kaplan—Meyer survival curve and body

temperature (mean +SD) of control (Casp8", n=5) and Casp8*'t

mice (n=10) after poly(l:C) injection. Experiments were performed four times with

similar results. (B) Upper panel: Pictures exemplarily demonstrate the shortening of the intestine from a Casp8“'®‘mouse and a normal intestine from
a control mouse 6 h after poly(l:C) administration. Lower panel: Quantification of shortening (small intestinal length in cm). (C—E: 5 h after poly(l:C)

administration): (C) Representative histological pictures of the terminal ileum of poly(l:C)-treated control and Casp:

82E< mice. (D) Histological score

and (E) quantitative PCR for Villin mRNA expression in the small intestine of control (fl) and Casp8* “mice (AIEC) after poly(1:C) injection. Mean
values relative to hypoxanthine guanine phosphoribosyl transferase (HPRT) mRNA are shown +SD, n>3. (F) Small intestinal cross-sections stained
with H&E or TUNEL from poly(1:C)-treated Casp8*'Emice after indicated time points.

positive epithelial cells were noted in Rip3 ™7~ Casp8'E¢ mice
(figures 3B and 4E). These results indicate that TLR3 and TLR4
ligand-induced epithelial cell death, in the absence of caspase-8,
is mediated via Rip3 and that blockade of necroptosis substan-
tially preserves epithelial integrity and prevents mortality.
Collectively, our data indicate that caspase-8 is essential for con-
trolling tissue damage during TLR-induced inflammatory cell
shedding, by inhibiting necroptosis.

Differential dependency of TLR-induced necroptosis upon
Tnf-R1 signalling in vivo

TLR stimulation leads to the secretion of proinflammatory cyto-
kines, such as Tnf-o. We previously reported that Tnf-o via
Tnf-R1 represents a potent mediator of epithelial necroptosis in
Casp82'E mice, particularly in Paneth cells at the crypt base.

Therefore, we evaluated the role of Tnf-o in TLR-induced epithe-
lial cell death. Indeed, we detected significant levels of Tnf-a
mRNA in the gut of ligand-exposed wild-type mice (figures 3C
and 5A). However, parenteral LPS administration to Tnf-R17~
Casp8'*© double-deficient mice, failed to induce signs of septic
shock, including loss of body temperature and weight (figure 3A,
see online supplementary figure S2A). Moreover, all
Tnf-R17~Casp82EC mice survived the treatment, and histological
visualisation revealed an intact gut epithelium (figure 3A,B). An
enhanced LPS concentration was administered to exclude a dose-
dependent defect. Even after high-dose LPS challenge (mice were
challenged two times with LPS), no signs of systemic inflamma-
tory response syndrome (SIRS) were observed. Additionally,
histological analysis of the gut did not detect differences in the
number of shed cells between Tnf-R17~Casp82EC mice

Ginther C, et al. Gut 2014;0:1-10. doi:10.1136/gutjnl-2014-307226
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Figure 3  LPS-induced epithelial cell death. Control mice (Casp8™, n=5), Casp8*E“mice (n=5), Rip3~'~Casp8*'"=mice (n=5) and Tnf-R17"~

Casp8A|EC

mice (n=5) were treated with LPS. Experiments were performed 3 times with similar results. (A) Kaplan—Meier survival curve and body

temperature (mean +SD) of the indicated transgenic mice injected with LPS (B) i: Representative histological pictures (H&E) and ii: TUNEL staining of
the small intestine of LPS treated mice (4 h after challenge). (C) LEFT: Quantitative PCR for Villin mRNA expression in the small intestine of control
mice (lane1), Casp8*=“mice (lane2), Rip3~'~Casp8*=“mice (lane3) and Tnf-R1~'~Casp8*'Emice (lane4) 4 h after LPS injection. RIGHT: Quantitative
RT-PCR analysis of Tnf-o. mRNA in the terminal ileum of control mice before and after LPS treatment (+SD, relative to Hprt mRNA, n>3). (D)

Cleaved caspase-8 stalnlng of LPS-treated (90 min) Tnf-R1**mice and Tnf-R1

~~mice. (E) Representative images of small intestinal derived organoids

from control (Casp8 ) and CaspSA'Ecmlce treated for 24 h with LPS or Tnf-o.. (F) Immunofluorescence staining for Tnf-o in small intestinal sections

of untreated (mock) or LPS-treated (90 min) control mice.

and control animals (figure 3B, C, see online supplementary
figure S2B).

To also assess the role of Tnf-o in LPS-induced
caspase-activation, we injected LPS into Tnf-R17~ mice. No
activation of caspase-8 was noted in the epithelium of
LPS-challenged Tnf-R17~ mice, demonstrating that bacterial
challenge induces inflammatory shedding via Tnf-R1-mediated
caspase activation (figure 3D). Moreover, these data indicate

that LPS-induced necroptosis in Casp82™EC mice is also indir-
ectly mediated via the secretion of Tnf-a. To further determine
the cellular source of Tnf-a,, we used in vitro cultures of crypt
organoids. LPS at concentrations up to 1000 ng/mL failed to
induce epithelial cell shedding or death of organoids independ-
ent of the activation status of caspase-8 (figure 3E, see online
supplementary figure 2C). However, stimulation of epithelial
Tnf-R1 by addition of Tnf-a to the culture medium resulted in

Gunther C, et al. Gut 2014;0:1-10. doi:10.1136/qutjnl-2014-307226
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Figure 4 Toll-like receptor 3-induced
cell death in caspase-8 deficient cells
is Rip3 mediated and resembles
necroptosis. (A,B and D-F: 4 h after
poly(l:C) injection) (A) Representative
pictures of small intestinal
cross-sections from poly(l:C)-treated
control (Casp8") and Casp8*'=mice
stained for TUNEL (red) and activated
caspase-3 (brown). Nuclei are stained
in blue. (B) Western blot for Rip3 of
intestinal epithelial cell (IEC) lysates
isolated from the small intestine of
poly(1:C) treated control (Casp8") and
Casp8~'Emice. Actin is shown as a
loading control. (C) Kaplan—Meier
survival curve of control mice (Casp8",
n=3), Rip3™~ (n=4), Casp8*'=mice
(n=4) and Rip3~'~Casp8~'Emice (n=5) D
after intraperitoneal injection of poly
(I:C). Experiments were performed
three times with similar results.

(D) H&E staining of small intestine
obtained from Ri(p3_’_, Casp8'E and
Rip3~~Casp82"= animals treated with
poly(l:C). (E) Small intestinal cross
sections of Rip3~'~Casp8*'c animals
stained for TUNEL and cleaved
caspase-3. (F) Quantification of IECs by
measuring Villin expression in the
ileum of control mice (Casp8™),
Casp8* “mice, Rip3~~mice and
Rip3~'~Casp8'E® animals after
poly(l:C) treatment. (+SD, relative to
Hprt mRNA, n>3).

Rip3/Casp84EC m

rapid death of caspase-8-deficient organoids but not wild-type
epithelial cells (figure 3E, see online supplementary figure S2C).
Notably, immunostaining of ileal tissue sections for Tnf-a
revealed high expression of Tnf-a after 90 min of LPS adminis-
tration in lamina propria cells adjacent to the intestinal epithe-
lium but not in IECs (figure 3F). Thus, Tnf-o. produced by
non-epithelial cells upon LPS stimulation represents the necrop-
tosis triggering factor rather than direct TLR4 signalling in IEC.
In sharp contrast with the Tnf-a-dependent effect of LPS, com-
bined deletion of Tnf-R1 in Casp8“™ mice did not protect these
animals from poly(I:C)-induced lethality. Tnf-R17/~Casp82!EC
mice died with a similar kinetic as compared to Casp82E® mice
(figure SB). They also exhibited severe hypothermia and an even
more pronounced loss of body weight. Histological analysis
revealed poly(I:C)-induced destruction of the normal crypt-villus
architecture, with epithelial erosion in the small intestine and the
colon irrespective of the presence or absence of the Tnf-R1, sug-
gesting that TLR3-induced gut damage occurs independent of
Tnf-o (figure 5C). Besides Tnf-a, type Il IFN expression is
induced after TLR3 stimulation or viral infection.”***> Notably,
IFN-A expression was increased in the small intestine of wild-type
mice after poly(I:C) administration (see online supplementary
figure S3B). However, IL-28Ro.”~ animals showed massive epithe-
lial cell shedding associated with caspase activation indistinguish-
able from IL-28R-sufficient animals 2h after poly(l:C)
administration (see online supplementary figure S3B).
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To exclude the contribution of other mediators produced by
gut immune cells, intestinal organoids from control (Casp8')
and Casp8*™€ mice were treated in vitro with poly(I:C). By
contrast with the observation made after LPS stimulation, target-
ing of TLR3 by administration of poly(I:C) to the organoid
culture, resulted in rapid epithelial cell death of caspase-8 defi-
cient organoids but not of organoids derived from control mice
(figures 5D, E see online supplementary figure S3A). Moreover,
pretreatment of caspase-8-deficient organoid cultures with the
Rip1-specific inhibitor necrostatin-1 (nec-1), an inhibitor of
necroptosis, readily inhibited poly(I:C)-induced epithelial necro-
sis (figure SF, see online supplementary figure S3A). Thus, our
data suggest that poly(I:C)-induced cell death in caspase-8-
deficient epithelial cells is independent of Tnf-R1 or IL-28R sig-
nalling but is rather directly mediated via the TLR3-Rip
kinase1/3 pathway.

It has previously been shown that TLR3 and TLR4 activation
triggers the recruitment of TRIE which interacts with Rip1 and
caspase-8 via the RHIM domain of Rip1. Consistent with pub-
lished results,'* we found that TRIF™~ mice were protected
from poly(I:C)-induced epithelial gut damage (see online sup-
plementary figure S4A). No epithelial cell shedding or signs of
SIRS were observed in poly(I:C)-treated TRIF™~ animals.
Moreover, poly(I:C) did not induce the disturbance of
E-cadherin expression in adherence junctions or the activation
of caspase-8 and caspase-3 (see online supplementary figure
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Figure 5 Toll-like receptor 3-induced A * B 1201
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Tnf-R1~/~Casp8*'Emice 4 h after poly
(I:C) administration. (D) Representative
pictures and (E) Propidium lodide (PI)
staining of organoids derived from
Casp8™ and Casp82'C crypts after
administration of mock or poly(l:C) in
the culture medium supplemented with
or without nec-1 (12 h after
administration).

lleum

S4A-C) in TRIF-deficient epithelial cells. To determine if poly(I:
C)-induced necroptosis was also mediated via TRIF, we gener-
ated small intestinal organoids derived from TRIF-deficient
mice. Epithelial cell organoids were treated in vitro with poly(I:C)
in the presence or absence of the caspase inhibitor zZVAD-fmk.
This allowed us to directly investigate the response of epithelial
cells lacking caspase activity and/or TRIF-dependent signalling
in response to poly(I:C). As shown by light microscopy and also
PI staining, addition of poly(I:C) in combination with
zVAD-fmk to the culture medium resulted in rapid cell death of
wild-type but not TRIF-deficient organoids (see online supple-
mentary figure S4D, E).

Caspase-8 activity is important in the maintenance of
epithelial barrier function after TLR challenge

Given that poly(l:C)-induced mortality of Casp mice
within only a few hours, we examined whether this was a direct
effect of TLR3-signalling or if bacteria are involved, since we
could identify that intestinal damage in these mice was

8AIEC

Casp8LIEc

3 T

Histol. score

accompanied by a breakdown of the intestinal barrier, as
demonstrated by staining for the adherence junction protein
E-cadherin (figure 6A).

In line with defective intestinal barrier function in poly(l:
C)-challenged Casp82™C mice, fluorescence in situ hybridisation
(FISH) with an eubacterial rRNA-specific probe revealed
enhanced translocation of intestinal bacteria from the luminal
side into subepithelial areas of the lamina propria (figure 6A).
Even more striking, Casp8*E€ mice showed a systemic spread
of luminal bacteria into different organs suggesting that barrier
defects in caspase-8-deficient mice might be responsible for the
lethal outcome (figure 6B, C). To confirm that bacterial spread
was responsible for the high mortality observed in Casp82'E€
mice, we severely reduced the intestinal microbiota by treating
Casp8°'E€ mice with a combination of different antibiotics prior
to administration of the stimulus poly(I:C). As expected, anti-
biotic treatment significantly prolonged the survival of
Casp82™€  mice after poly(I:C) treatment (figure 6D).
Additionally, antibiotic treatment reduced numbers of
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Figure 6 Caspase-8 activity is A
important in maintaining the epithelial
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C) injection) (A) Immunostaining of
tissue sections of the terminal |Ieum of
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Casp8 Cmice for E-cadherin (green),
upper panel. Fluorescence in situ
hybridization (FISH) staining for
eubacterial RNA in tissue sections of
the terminal ileum of poly(l:C)-treated
control and Casp8'¥mice, lower
panel. (B) Bacterial culture after plating
homogenised tissues (MLN, mesenteric
lymph nodes) of control (fl) and
CaspSA'E mice (AIEC) treated with poly
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infiltrating polymorphonuclear cells and the number of bacteria
in mesenteric lymph nodes, while at the same time, poly(l:
C)-induced gut damage was comparable between both groups
(figure 6D-F). Collectively, these results suggest that caspase-8
maintains epithelial barrier integrity following poly(I:C) chal-
lenge, and thus prevents a toxic spread of luminal bacteria to
systemic body sites.

DISCUSSION

Defects in intestinal barrier function due to tight junction loss
or cell death-driven cell shedding and barrier loss can exacerbate
or directly trigger intestinal inflammation.! > While previous
studies have focussed on the molecular regulation of apoptosis
and necroptosis in the intestinal epithelium, triggering factors
for caspase-8-dependent and caspase-8-independent cell death
in the small intestine are not well defined. The only strong
inducer of small intestinal necroptosis that has been reported so
far is Tnf-o. However, additional deletion of Tnf-R1 in
Casp82'E€ mice could not inhibit Paneth cell necroptosis and

hours post poly(I:C) inj. g

Casp8AIEC

—
c
Z
m
AL

mock

antibiotics

small intestine MLN

inflammation, suggesting that cell death in these animals is
either activated by Tnf-R1 independent pathways or that cell
death in vivo is triggered by redundant death-inducing signals.'®
In line with a complex role of Tnf in the regulation of epithelial
cell death, in a different model using DSS-induced colitis, it has
been demonstrated that the ablation of Tnf-R1 resulted in
increased apoptosis of colonic epithelial cells, indicating that
caspase-8-associated cell death can be triggered by Tnf-R1 inde-
pendent pathways, and that under certain conditions, Tnf-R sig-
nalling might have a protective function.”* Our data now
provide in vivo evidence for redundant death-inducing signals,
and highlight TLR ligands as potent activators of caspase-8-
dependent and caspase-8-independent epithelial cell death.

Our results clearly demonstrate that activation of caspase-8 by
ligand binding to TLRs is associated with increased epithelial
cell loss in wild-type animals. Challenge of mice lacking
caspase-8 selectively in the intestinal epithelium via TLR3 or
TLR4 ligation did not protect them from epithelial loss but,
instead, caused severe gut injury due to excessive Rip3-mediated
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necroptotic cell death. By contrast with caspase-8-mediated
inflammatory cell shedding, epithelial necroptosis resulted in a
total disruption of the mucosal surface, finally causing a lethal
systemic inflammatory shock in Casp8'®¢ mice. Thus, our data
for the first time show a crucial role for caspase-8-mediated
Rip3 inhibition in controlling the epithelial response to TLR
ligands.

Surprisingly, our study identified that TLR3 and TLR4 both
trigger epithelial cell death, but that the signalling pathways
differ. Caspase-8 activation and gut damage, upon TLR4 stimula-
tion, was prevented in Tnf-R17~ mice, demonstrating that
LPS-induced cell death is strictly dependent on Tnf-o.
Additionally, we discovered that Tnf-R17~Casp8*F“ mice were
protected from LPS-induced cell death, demonstrating that
TLR4-mediated necroptosis is also mediated via this cytokine.
The fact that Tnf-o is produced upon LPS administration by gut
immune cells and not by IECs, indicates that bacterial toxins do
not directly induce cell death via TLR4 on epithelial cells. This is
supported by only low expression of TLR4 in IECs and the fact
that organoids did not show cell death in response to LPS.
Therefore, initial recognition of LPS associated with caspase-8 or
Rip3 activation occurs via TLR4 ligation in lamina propria cells
rather than epithelial cells (see online supplementary figure S5).
One may speculate that in the situation of an increased intestinal
permeability, an enhanced paracellular flux of intestinal patho-
gens may result in the activation of innate immune cells promot-
ing their secretion of Tnf-oo which subsequently induces
epithelial cell death via Tnf-R1 on epithelial cells (see online sup-
plementary figure S5). Given that the epithelium is constantly
exposed to bacteria-derived TLR ligands, it seems that it would
be perilous if the commensal flora could directly trigger
caspase-8-dependent cell loss via TLR4 on epithelial cells. Our
findings in IECs are in contrast with a recent publication in
which it was shown that LPS is able to activate necroptosis in
FADD-deficient dendritic cells directly via the TLR4 pathway.>’
The fact that different cell types use different signalling pathways
for programmed necrosis suggests adapted strategies in the
defence against pathogens.

The observation that Tnf-R1 deficiency did not protect mice
from TLR3-mediated cell death indicates that viral products, such
as dsRNA, can directly mediate caspase-8-dependent cell death.
These results are in line with a previous publication demonstrating
that dsRNA rapidly induces epithelial shedding associated with
caspase-8 activation independent of Tnf-a. production after TLR3
ligation.'* Our experimental data confirm that TLR3 can directly
signal into IECs independent upon Tnf. Our data provide an
extensive  characterisation  of  caspase-8-dependent  and
caspase-8-independent cell death in response to TLR3 ligation
and, for the first time, indicate that TLR3 signalling can directly
induce Rip-dependent necroptosis in vivo.

Previous in vitro studies indicated that recognition of poly(I:C)
by TLR3 under certain conditions can result in the formation of
an intracellular platform containing the TRIF adapter that dir-
ectly recruits Rip1 and caspase-8 to the TLR3, suggesting that
this complex is able to mediate caspase-dependent and
caspase-independent cell death pathways.?® In line with this, we
found that TRIF was required for poly(I:C) induced intestinal
damage, as reported before by others.'* We could now extend
these previous findings by discovering that TRIF-deficiency pro-
tected the intestinal epithelium from Rip-mediated necroptosis.
Thus, our data provide evidence that dsRNA-induced apoptosis
and necroptosis are strictly dependent on this adapter protein.
Additionally, we discovered that poly(l:C)-induced necroptosis
proceeds via assembly of the Rip1-Rip3 complex, demonstrated

by the fact that deletion of Rip3 in vivo (Rip3~~Casp821E€

double deficient mice) and inhibition of Rip1 in vitro (nec-1)
were sufficient to block cell death. Taken together, our data for
the first time demonstrate in vivo that viral products, such as
dsRNA induce intestinal epithelial necroptosis independent of
immune cells, in a situation in which caspase-8 activity is
impaired by directly targeting TLR3 on IECs (see online supple-
mentary figure S5).

In summary, our data highlight a crucial role for caspase-8-
mediated Rip3 inhibition in controlling the epithelial response
to bacteria and virus-associated molecular patterns. This has
important clinical implications since therapies that inhibit apop-
tosis are likely to carry substantial toxicity in the intestinal epi-
thelium, and might induce necroptosis and inflammation.
Future therapeutic strategies might benefit from the simultan-
eous inhibition of apoptosis and necroptosis.
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Supplementary Information:

Suppl. Figure 1: Caspase-mediated inflammatory shedding in response to viral triggers

(@) Small intestinal cross sections of wild-type mice after i.p. injection of poly(l:C) or LPS
stained with H&E or for cleaved caspase-8 and cleaved caspase-3. (b+c) Quantitative RT-
PCR for Villin mRNA expression in different bowel segments (Sl=small intestine, Co=colon)
180 minutes after poly(I:C) (b) or 90 minutes after LPS (c) administration. Mean values

relative to HPRT mRNA are shown +SD, n=3.

Suppl. Figure 2: LPS mediated cell death necroptosis is independent of Tnf-a.

(a) Relative weight of indicated mice 4,5 hours after LPS administration. Control mice
(Casp8", n=5), Casp8”=“mice (n=5), Rip3” (n=4), Rip3"Casp8"'*c“mice (n=5) and Tnf-R1"
Casp8“F°mice (n=5), upper panel. Kaplan-Meier survival curve of Rip3” (n=4) and Tnf-R1"
(n=2) injected with LPS, lower panel. (b) Representative pictures of small intestinal cross
sections from LPS-treated Rip3” and Tnf-R1” mice stained for TUNEL (red). Nuclei are
stained in blue. (4 hours after challenge). (c) Representative pictures and PI staining (red) of

AlE
8 C

organoids derived from Casp and Casp8" crypts after administration of LPS or Tnf-a to

the culture medium (LPS, 24 hours after administration, Tnf-o; 8 hours after administration).

Suppl. Figure 3: TLR3-induced cell death in caspase-8 deficient cells is independent of type

[l interferons.

(a) Representative pictures and Pl staining (red) of organoids derived from Casp8~t¢ and
Casp8" crypts after administration of poly(l:C) in the culture medium supplemented with or
without nec-1. (24 hours after administration) (b) GRAPH: Quantitative expression levels of
IFN-A mRNA in the small intestine of wild-type animals before, 2 and 4 hours after poly(l:C)
administration. Mean values relative to HPRT are shown, +SD, n=3. PICTURES: Small
intestinal cross sections of IL-28Ra” mice after i.p. injection of poly(l:C) (2 hours) stained with

H&E or for cleaved caspase-8 and cleaved caspase-3.



Suppl. Figure 4: TLR3-mediated caspase-8 activation is induced via the TLR adaptor

molecule TRIF

(a-c: 2 hours after poly(l:C) injection) (a) Small intestinal sections obtained from mock or
poly(l:C)-treated TRIF mice were stained with H&E or anti-E-cadherin antibody. (b) Staining
for activated caspase-8 in the intestinal epithelium of poly(l:C)-treated control (TRIF*) and
TRIF mice. (c) Immunoblot analysis of caspase-8 and caspase-3 cleavage in intestinal
epithelial cells isolated from TRIF"animals treated with or without poly(l:C). Actin staining
was added as a loading control. (d) Representative microscopic pictures of control (TRIF"")
and TRIF deficient organoids treated for 24 h with poly(l:C) in combination with the caspase
inhibitor zZVAD. Experiments were performed three times with similar results. (e) PI staining

(red) of control (TRIF*") and TRIF deficient organoids treated for 24 h with poly(l:C) in

combination with the caspase inhibitor zZVAD with or without nec-1.

Suppl. Figure 5: Model summarizing the potential mechanism by which LPS or poly(l:C)

induce necroptosis in the caspase-8 deficient epithelium.

Bacterial products, like LPS are recognized by mononuclear cells expressing TLR4, resulting
in the production of Tnf. Tnf ligation by Tnf-R1 on epithelial cells induces the phosphorylation
of RIP kinases, which drive necroptosis. Poly(I:C) can directly activate the RIP kinases by
activation the TLR3-TRIF pathway in intestinal epithelial cells, promoting necroptosis. In this

case necroptosis can be triggered independent of mononuclear cells of the lamina propria.

Proteinisolation

For the isolation of intestinal epithelial cells from gut samples, the intestine was
washed free of stool in PBS and carefully inverted. Inverted gut tissue was incubated
in mammalian protein extraction reagent (Thermo Scientific) supplemented with

protease and phosphatase inhibitor tablets (Roche) and incubated on ice for 1 hour.



Subsequently, the gut tissue was removed and isolated IEC-protein extracts were

pelleted by centrifugation for 20 minutes at 14000 rpm.

Antibiotic therapy:

To deplete intestinal microflora, mice were gavaged every 12 hours with a
combination of metronidazole (100mg/kg, Braun), neomycin (0,1mg/kg, Roth) and
vancomycin (50mg/kg, Hikma Farmaceutica) for 4 days. Ampicillin was added to the
drinking water at a concentration of 1mg/ml (Ratiopharm). Successful antibiotic

therapy was verified by plating fresh faeces diluted in sterile PBS on LB agar plates.

FISH Staining:

In situ hybridization of bacterial rRNA on glass slides was performed as previously

described [w1].

Supplementary references:

wl  Becker C; Wirtz S, Blessing M, Pirhonen J, Strand D, Bechthold O, et al. Constitutive
p40 promoter activation and IL-23 production in the terminal ileum mediated by dendritic
cells. J. Clin. Invest. 2003,112, 693-706
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