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Blocking interferon-function by therapeutic intervention of the JAK-STAT-axis is a novel
promising treatment option for inflammatory bowel disease (IBD). Although JAK inhibitors
have proven efficacy in patients with active ulcerative colitis (UC), they failed to induce
clinical remission in patients with Crohn’s disease (CD). This finding strongly implicates
a differential contribution of JAK signaling in both entities. Here, we dissected the
contribution of different STAT members downstream of JAK to inflammation and barrier
dysfunction in a mouse model of Crohn’s disease like ileitis and colitis (Casp82'EC mice).
Deletion of STAT1 in Casp82'EC mice was associated with reduced cell death and a
partial rescue of Paneth cell function in the small intestine. Likewise, organoids derived
from the small intestine of these mice were less sensitive to cell death triggered by
IBD-key cytokines such as TNFa or IFNs. Further functional in vitro and in vivo analyses
revealed the impairment of MLKL-mediated necrosis as a result of deficient STATT
function, which was in turn associated with improved cell survival. However, a decrease
in inflammatory cell death was still associated with mild inflammation in the small
intestine. The impact of STAT1 signaling on gastrointestinal inflammation dependent on
the localization of inflammation, as STAT1 is essential for intestinal epithelial cell death
regulation in the small intestine, whereas it is not the key factor for intestinal epithelial cell
death in the context of colitis. Of note, additional deletion of STAT2 was not sufficient
to restore Paneth cell function but strongly ameliorated ileitis. In summary, we provide
here compelling molecular evidence that STAT1 and STAT2, both contribute to intestinal
homeostasis, but have non-redundant functions. Our results further demonstrate that
STATs individually affect the distinct pathophysiology of inflammation in the ileum and
colon, respectively, which might explain the diverse outcome of JAK inhibitors on
inflammatory bowel diseases.
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INTRODUCTION

Based on similarity in their structure and function as well as sharing of downstream signaling
pathways, interferons (IFNs) are grouped into three families: Type I with IFNa, IFNB, and several
minor subtypes; Type II with IFNy and Type III with IFN\s. Their expression can be induced in
response to diverse viral and bacterial stimuli in an autocrine or paracrine fashion (1-3). Ligation
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FIGURE 3 | Deletion of STAT1 does not ameliorate inflammation of Casp82/¢ mice during DSS colitis. (A) Relative body weight of control, Casp82C,
Casp82FCxStat1~/~, Casp82' CxMiki~/~ mice after administration of 2% DSS in drinking water. Mice were sacrificed at day 5. (B) Representative endoscopic pictures
at day 5. Representative images of colonic cross sections stained with H&E (scale bar: 200 pm) or immunohistochemically stained (scale bar: 75 wm) with antibody
against E-Cahderin (green). Nuclei were counterstained with Hoechst 33,342 (blue). (C) Endoscopic score. Error bars indicate +/-SD. Statistical analyses: One-way
ANOVA with Tukey’s multiple comparisons test; NS p > 0.05; * p< 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. Pooled data of two individual experiments.

Supplementary Figure 4C). Moreover, Irfl, a downstream In summary, we provide molecular evidence that STAT2
target of IFNy-STAT1 signaling was significantly reduced in  alone or in combination with STAT1 contributes to small
Casp8°TECx Stat17/~ Stat2~/~ mice (Figure 4C). intestinal inflammation. Our results further demonstrate that
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FIGURE 4 | STAT2 signaling fails to restore Paneth cell viability but alters inflammation. (A) Representative images of small intestinal tissue cross sections of control
Casp82IEC, Casp8AIFCxStat1+/~Stat2~/~ and Casp82FCxStat1~/~Stat2~/~ mice stained with H&E and PAS (scale bar: 100 um). (B) Western blot analysis and

normalization of ileal tissue with antibodies against STAT1 and Lysozyme. B-Actin was used as loading control. Densitometry analysis for quantification (n > 2). Error
bars indicate +SD. (C) Gene transcription analysis of Mkl mMRNA expression in the small intestine. Gapdh was used as housekeeping gene. Gene expression levels

are shown as fold changes. Error bars indicate +/-SD. Statistical analyses: One-way ANOVA with Tukey’s multiple comparisons test; NS p > 0.05; *p < 0.05; **p <
0.01; **p < 0.001; ***p < 0.0001.

STATSs individually affect the distinct pathophysiology of IBD  DISCUSSION
in the ileum and colon, respectively, which might explain the

diverse outcome of JAK inhibitors in IBD patients with different ~ The pathogenic mechanisms involved in IBD contain a complex
localization of the inflammation site. network of several key factors including immune cells, cytokines
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and the intestinal epithelial barrier. Breakdown of the intestinal
epithelial barrier, caused by massive cell death or missing
mucosal healing is a crucial step during IBD pathology, which
consequently also influences immune responses and microbial
composition by missing antimicrobial defense (35). Moreover,
clinical research and studies in experimental disease models
have delineated the ambivalent role of IFNs and STAT1 in
orchestrating epithelial cell homeostasis including induction
of death as a key aspect of chronic inflammation as well
as conducting mucosal healing during colonic inflammation
(13, 14). Accordingly, blocking IEN signaling is a promising
novel therapy for patients suffering from IBD. However, the
underlying molecular mechanism and targeted cells are still
controversially discussed.

Here, we provided novel evidence that STAT1 and STAT2
might independently influence intestinal inflammation in a
highly spatial-dependent process. Blocking STAT1 signaling by
genetic deletion of this transcription factor in Casp8*1EC mice,
was sufficient to partially rescue Paneth cell depletion and to
reduce cell death frequency the intestinal epithelium (Figure 1).
These data are in line with the observation that the IFN -STAT1
signaling axis is a key factor in small intestinal inflammation
(13). Accordingly, two groups independently demonstrated that
IFNs can either directly, or indirectly through IL-22, trigger
non-apoptotic cell death (13, 36). Moreover, in a translational
approach it has been described that IFNA might support
ileal inflammation by mediating necrotic Paneth cell death
coordinated by STAT1 and MLKL (13). Here, we uncovered
the fact that STAT1 was not able to fully restore Paneth cell
viability in vivo, suggesting that further factors, triggering cell
death, or additional pathways are present in the context of CD
manifestations like ileitis. In vitro experiments using organoids,
demonstrated that epithelial cells lacking Caspase-8 and STAT1
were protected from TNF or IFN induced toxicity, while single
knock-out organoids displayed excessive cell death. These
data demonstrate that both factors are sufficient to trigger cell
death, but that in vivo additional factors are present that might
activate Paneth cell necroptosis. Interestingly a recent paper
identified the Z-DNA-binding protein 1 (ZBP1) as potential
novel player in the pathogenesis of intestinal inflammation.
ZBP1, also known as DAI, was initially identified to induce
IFN-mediated MLKL-dependent necroptosis in the context of
viral infection (37, 38). However, recent studies in mice and
humans, further unveiled its contribution to gastrointestinal
inflammation (19, 39). Interestingly, genome instability in
IBD patients could trigger ZBP1 activation associated with
necroptosis. Murine genomic instability, mimicking the
human situation, was associated with ZBP1 activation, MLKL-
mediated necroptosis and followed disruption of the epithelial
barrier (39).

Beside their impact on cell death regulation, IFNs are
primarily known for their immune-modulatory function.
Accordingly, while STAT1 was sufficient to block TNFa or IEN
triggered cell death in vitro and partially rescued Paneth cell
death in vivo, it was surprisingly not involved in inflammation
in the small intestine. Moreover, we identified that STATI

signaling might be associated with tissue injury processes
in the colon as Casp82'Cx Stat1~/~ mice exhibited severe
tissue injury and inflammation in response to experimental
colitis. These data are in line with a previous publication by
Chiriac et al,, highlighting that the activation of IFNX-STAT1
signaling specifically in the IECs is responsible for mucosal
healing and epithelial regeneration during colitis (14). Our
results highlights differential mechanisms and upstream
regulatory components underlying cell death pathways in the
small and large intestine. In sharp contrast to these results,
deletion of STAT2 in Casp8~™EC mice, was associated with
mucosal healing and reduction of disease activity in the small
intestine, while Paneth cell homeostasis was not influenced
by STAT2. STAT2 is linked to type I interferon signaling
and only little is known about its role during IBD (28). In
humans, downregulation of STAT2 gene expression has been
observed in LPMCs (lamina propria mononuclear cells) derived
from IBD patients (28, 40). Further studies are required to
address the role of STAT?2 in the context of human and murine
intestinal inflammation.

Our findings on the differential role of STAT signaling
molecules in the context on ileitis and colitis are in line with
previous studies, supporting the concept that the pathogenic
mechanism underlying ileal and colonic Crohn’s disease are
distinct and thus require individual therapies. Our data now
provide further mechanistic insights in the role and contribution
of the JAK-STAT signaling in the intestinal tract, which is
currently in clinical focus. Accordingly, blocking JAK-STAT
signaling is a promising therapeutic intervention, but current
studies uncovered differential therapeutic success between
ulcerative colitis and Crohn’s disease (22-26). The broad
JAK inhibitor tofacitinib (JAK1 and JAK3 inhibitor) showed
promising results for patients with ulcerative colitis but not
for Crohn’s disease. Beside this, more selective inhibitors like
filgotinib and upadacitinib (JAKI inhibitors) seem to have more
therapeutic benefit in both diseases (27). In this context, a
recent study investigated the impact of both, selective and
broad JAK-inhibitors, on ileitis and uncovered that blocking
JAK-STAT signaling inhibited Paneth cell dysfunction and
inflammation in vitro and in vivo (13). In line with these
previous results, our data also suggest a major contribution of
STAT signaling to small intestinal inflammation but not colitis.
The fact that STAT signaling influences homeostasis of the
intestinal epithelium, as a key component in the pathogenesis
of inflammation, in a highly regional manner, indicates that
further studies are required to fully define the contribution of
STAT1 and STAT?2 to inflammatory processes in the small and
large intestine.

In summary, we provide molecular evidence that STAT1
and STAT2 both contribute to intestinal inflaimmation but
have differential functions. Our results demonstrate that STAT1
coordinates cell death in the ileum but not during experimental
colitis. Furthermore, STAT2 was able to modulate mucosal
inflammation, independent of STAT1. Thus, our data provide
further evidence for a differential pathological mechanism
responsible for ileal and colonic inflammation.
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