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Caspase-8 transduces signals from death receptor ligands, such as tumor necrosis factor, to drive potent responses including
inflammation, cell proliferation or cell death. This is a developmentally essential function because in utero deletion of endothelial
Caspase-8 causes systemic circulatory collapse during embryogenesis. Whether endothelial Caspase-8 is also required for
cardiovascular patency during adulthood was unknown. To address this question, we used an inducible Cre recombinase system to
delete endothelial Casp8 in 6-week-old conditionally gene-targeted mice. Extensive whole body vascular gene targeting was
confirmed, yet the dominant phenotype was fatal hemorrhagic lesions exclusively within the small intestine. The emergence of
these intestinal lesions was not a maladaptive immune response to endothelial Caspase-8-deficiency, but instead relied upon
aberrant Toll-like receptor sensing of microbial commensals and tumor necrosis factor receptor signaling. This lethal phenotype
was prevented in compound mutant mice that lacked the necroptotic cell death effector, MLKL. Thus, distinct from its systemic role
during embryogenesis, our data show that dysregulated microbial- and death receptor-signaling uniquely culminate in the adult
mouse small intestine to unleash MLKL-dependent necroptotic hemorrhage after loss of endothelial Caspase-8. These data support
a critical role for Caspase-8 in preserving gut vascular integrity in the face of microbial commensals.
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INTRODUCTION
Programmed cell death is essential for the organized removal of
diseased and dysfunctional cells. Inflammatory ligands, such as
tumor necrosis factor (TNF), are key inducers of programmed cell
death when they bind their cognate receptors [1–3]. Paradoxically,
these same ligands can promote cell proliferation and survival,
depending on the relative stoichiometry of intracellular adaptor
and effector molecules [4–7]. For example, while TNF-induced
RIPK1 signaling can promote pro-survival NF-kB signaling [4–6], it
can alternatively trigger cell death when the activities of pro-
survival factors such as cFLIP or cIAP are insufficient [8–10]. More
specifically, TNF-induced RIPK1 signaling can trigger Caspase-8-
dependent apoptosis [11], or in the absence of Caspase-8 activity
can associate with RIPK3 and MLKL to cause necroptosis [12–15]–a
lytic form of cell death implicated in the pathogenesis of numerous
inflammatory disorders including Crohn’s disease and ulcerative
colitis [16–19]. Gene-targeted mice lacking Caspase-8 in all tissues,
and mice with endothelial cell-specific deletion of Casp8, die in
utero due to the aberrant induction of necroptosis [20–23]. This is
partially ameliorated by the loss of TNF receptors indicating that
while TNF contributes to disease, other pro-death ligands such
as Toll-like receptor (TLR) agonists may also promote this lethal

phenotype [24]. Intriguingly, when Casp8 deletion was induced in
the endothelium post-partum, mice were relatively healthy but
displayed necroptosis-independent impaired retinal angiogenesis
[25]. Here, we sought to clarify and determine the role of Caspase-8
in the homeostasis of endothelial cells in adult mice. We interbred
Casp-8 floxed mice with mice expressing a tamoxifen inducible Cre
under the control of the endothelial-specific Cdh5 promoter to
generate Casp8-Cdh5-CreERT2 (referred to as C8-endo). Following
tamoxifen dosing, C8-endo mice succumbed to extensive gastro-
intestinal hemorrhage. Despite equivalent gene targeting through-
out the mice, hemorrhage was localised to the small intestine,
indicating that this anatomical site was susceptible and responsible
for lethality. Histologically, the phenotype is characterised by
progressive destruction of capillaries within small intestinal villi. The
entire phenotype caused by deletion of endothelial Caspase-8 was
prevented in mice that lacked the necroptotic effector protein
MLKL. Endogenous TNF- and TLR-signaling were also key drivers of
pathology, suggesting that necroptosis triggered by these initiators
was responsible for small intestinal hemorrhage in C8-endo mice.
Our data show that Caspase-8 is indispensable for the maintenance
of vascular integrity in the small bowel, but is redundant in the
homeostasis of other endothelial cell niches.

Received: 6 May 2022 Revised: 27 June 2022 Accepted: 5 July 2022
Published online: 23 July 2022

1The Walter and Eliza Hall Institute of Medical Research, Parkville, VIC, Australia. 2Department of Medical Biology, University of Melbourne, Parkville, VIC, Australia. 3Gladstone
Institutes, San Francisco, CA, USA. 4These authors contributed equally: Stefanie M. Bader, Simon P. Preston. 5These authors jointly supervised this work: Cody C. Allison, Marc
Pellegrini, Andre L. Samson. ✉email: pellegrini@wehi.edu.au; samson.a@wehi.edu.au
Edited by G. Melino

www.nature.com/cdd

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-022-01042-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-022-01042-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-022-01042-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-022-01042-8&domain=pdf
http://orcid.org/0000-0002-3723-3655
http://orcid.org/0000-0002-3723-3655
http://orcid.org/0000-0002-3723-3655
http://orcid.org/0000-0002-3723-3655
http://orcid.org/0000-0002-3723-3655
http://orcid.org/0000-0002-9298-1728
http://orcid.org/0000-0002-9298-1728
http://orcid.org/0000-0002-9298-1728
http://orcid.org/0000-0002-9298-1728
http://orcid.org/0000-0002-9298-1728
http://orcid.org/0000-0001-6466-0890
http://orcid.org/0000-0001-6466-0890
http://orcid.org/0000-0001-6466-0890
http://orcid.org/0000-0001-6466-0890
http://orcid.org/0000-0001-6466-0890
http://orcid.org/0000-0003-0195-3949
http://orcid.org/0000-0003-0195-3949
http://orcid.org/0000-0003-0195-3949
http://orcid.org/0000-0003-0195-3949
http://orcid.org/0000-0003-0195-3949
http://orcid.org/0000-0003-3627-3126
http://orcid.org/0000-0003-3627-3126
http://orcid.org/0000-0003-3627-3126
http://orcid.org/0000-0003-3627-3126
http://orcid.org/0000-0003-3627-3126
http://orcid.org/0000-0002-0637-2716
http://orcid.org/0000-0002-0637-2716
http://orcid.org/0000-0002-0637-2716
http://orcid.org/0000-0002-0637-2716
http://orcid.org/0000-0002-0637-2716
https://doi.org/10.1038/s41418-022-01042-8
mailto:pellegrini@wehi.edu.au
mailto:samson.a@wehi.edu.au
www.nature.com/cdd


RESULTS
C8-endo mice succumb to catastrophic gastrointestinal
hemorrhage
Tamoxifen was administered to delete Casp8 from the endothe-
lium of six week old C8-endo mice. Two-to-three weeks after
commencing tamoxifen treatment, approximately 75% of C8-endo
mice were euthanized because of illness (Fig. 1a). Necropsy
revealed extensive hemorrhage and shortening of the small
intestine (Fig. 1b). Remarkably, this pathology was restricted to the
small bowel, with the remaining gastrointestinal tract and other
organs being macroscopically normal and devoid of hemorrhage.
The same hemorrhagic phenotype manifested when tamoxifen
was administered via oral or intraperitoneal routes. Longitudinal
study of C8-endo mice showed that small hemorrhagic lesions
appeared in the small bowel approximately 12 days after
tamoxifen treatment (open triangle; Fig. 1c). These lesions
progressively increased in size and number, eventually affecting
a large proportion of the small bowel (from the proximal
duodenum to the terminal ileum; asterisks; Fig. 1c). The
progression of gut hemorrhage in C8-endo mice was closely
mirrored by weight loss (Fig. 1d). Histological changes to the small
intestine in C8-endo mice also emerged from ~12 days post-
tamoxifen. In particular, the capillary network of villi became
increasingly disorganized and detached from the overlying
epithelium (open arrowheads; Fig. 1e) leading to hemorrhage
(asterisk; Fig. 1e). These primary vascular changes were closely
followed by crypt emptying and elongation of crypts and villi
(closed arrows; Fig. 1e). No histological differences were noted in
the stomach, cecum, colon or in extra-intestinal tissues such as the
kidney between C8-endo mice and control C8-flox mice (Cdh5-
CreERT2 Casp8fl/fl mice that had not received tamoxifen and thus
maintained normal endothelial Caspase-8 expression; Fig. S1A).
Thus, loss of endothelial Caspase-8 in adult mice causes
progressively worsening hemorrhage only in the small bowel.
The sparing of other organs from hemorrhage led us to

speculate that our gene-targeting strategy was not uniformly
deleting Caspase-8 from all endothelial beds. To address this
possibility, we crossed ROSA dTomato-EGFP reporter mice [26] with
C8-endo mice to confirm EGFP expression and thus Cre activity
across the endothelium (as a surrogate for Casp8 deletion
efficiency). Extensive EGFP expression was observed throughout
the endothelium in all tested organs including the small intestine,
cecum and colon (Fig. 1f and Fig. S1B). No expression of EGFP was
observed in CD31-negative cells (Fig. 1f), with quantification
showing that ~90% of CD31-positive endothelial cells across the
small and large intestines co-expressed EGFP. Thus, specific,
efficient, and uniform gene-targeting had been achieved across all
vascular beds in C8-endo mice (Fig. 1g). These results suggest that
fatal gut hemorrhage in C8-endo mice was not due to non-
uniform or non-specific Cre activity, but rather indicative of a
protective role for endothelial Caspase-8 that uniquely, or
preferentially, operates in the small bowel.
To determine whether loss of endothelial Caspase-8 can have

extra-intestinal consequences, we infected C8-endo mice with
lymphocytic choriomeningitis virus (LCMV)–a virus with endothe-
lial tropism that causes systemic infections especially in Caspase-
8-deficient mice [27]. As expected, C8-endo mice displayed
altered responses to LCMV-infection, with exaggerated non-
hemorrhagic edema and leukocyte infiltration in the skin and
peritoneum (arrows; Fig. S1C). Collectively, these data confirm
that despite its widespread deletion, the vital role of endothelial
Caspase-8 is to constitutively guard against small intestinal
hemorrhage.

Hemorrhage in C8-endo mice is due to unrestrained
necroptosis
As Caspase-8 is a master regulator of multiple cell death programs
[28, 29], we next investigated whether dysregulated cell death was

responsible for the phenotype of C8-endo mice. While elevated
apoptosis was observed in the small intestines of TNF-treated
wild-type mice (arrows; Fig. 2a, b), apoptosis was not increased in
the small intestines of C8-endo mice prior to hemorrhage (asterisk;
Fig. 2a, b). Rather, lethality was completely prevented in C8-endo
mice which lacked MLKL–the terminal effector of the necroptotic
cell death pathway [14, 15] (Fig. 2c). These data align with the
notion that Caspase-8 activity triggers apoptosis [10], whereas its
absence licenses MLKL-dependent necroptotic cell death
[22, 23, 30]. Indeed, compound loss of MLKL completely prevented
inflammatory shortening of the small bowel (Fig. 2d) and
histological remodeling of intestinal capillaries, crypts and villi in
C8-endo mice (Fig. 2e, f). These data strongly suggest that loss of
endothelial Caspase-8 causes hemorrhage, not by triggering
apoptosis, but instead by eliciting MLKL-dependent necroptosis
in the small intestine.
The mechanistic basis for necroptosis in the C8-endo model

differs from that caused by deletion of epithelial Caspase-8.
Whereas necroptosis due to epithelial Caspase-8 deletion
involves increased RIPK3 and MLKL expression and Goblet cell
loss in the small intestine [19, 31, 32], no alterations in the levels
of RIPK3, MLKL or Goblet cells were noted in C8-endo mice
(Fig. S2A–C). Despite considerable efforts, we were unable to
detect phosphorylated MLKL via Western blot in the small
intestines of C8-endo mice. This is likely a technical caveat due
to the modest specificity of existing anti-mouse phospho-MLKL
antibodies [33]. Altogether, these points of difference, together
with strong MLKL expression in the capillaries of the small
intestine (arrowheads; Fig. S2B), led us to propose that low levels
of progressive endothelial necroptosis are responsible for fatal
small intestinal hemorrhage in C8-endo mice.

Aberrant TNF- and microbial-signaling cause necroptotic
hemorrhage
We next sought to determine which inflammatory ligands
induce necroptosis in C8-endo mice. As TNF is a well-
characterized initiator of necroptotic signaling [34], we adminis-
tered TNF-neutralizing antibodies one day prior to tamoxifen
treatment and every third day thereafter. TNF neutralization
prevented pathology in almost all C8-endo mice (Fig. S3A).
Furthermore, akin to C8-endo-Mlklko mice, compound mutant
C8-endo mice that lacked TNF showed no disease symptoms
(Fig. 3a) and no pathological remodeling of the small intestine
(Fig. 3b, c). Thus, like MLKL, TNF is critical to the etiology of
hemorrhagic lesions following loss of endothelial Caspase-8. The
TNF-dependency of the C8-endo model is in stark contrast to
models where necroptosis is instead triggered by epithelial
Caspase-8 deletion [35].
To investigate the source of TNF, we reconstituted C8-floxed

mice with bone marrow from wild-type or TNF-deficient donors,
then treated chimeric mice with tamoxifen to delete endothelial
Caspase-8. All C8-endo animals that received wild-type bone
marrow succumbed to gastrointestinal hemorrhage, however,
mice receiving TNF-deficient bone marrow showed modest
amelioration of disease (Fig. S3B). These findings denote that
hematopoietic-derived TNF partially contributes to lethal necrop-
tosis. To define which immune cells mediate the phenotype of C8-
endo mice, we depleted specific cell populations prior to
tamoxifen treatment. Macrophages, T- and B-cells were depleted
with anti-F4/80, anti-CD3 or anti-CD79b antibodies. Despite
confirming specific cell depletion in the lamina propria of C8-
endo mice (Fig. S3C), necroptotic hemorrhage was neither
prevented nor delayed (Fig. S3D). Similarly, to investigate a role
for adaptive immunity, C8-endo chimeras were generated from
wild-type or Rag1-deficient bone marrow donors, however,
all recipient mice succumbed with the same kinetics after
tamoxifen treatment (Fig. S3E). Thus, despite requiring multiple
sources of TNF, the necroptotic phenotype of C8-endo mice is not
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a maladaptive immune response and does not rely upon one
single population of macrophages, T- and B- cells.
Besides TNF, lipopolysaccharide (LPS) and other pathogen-

associated molecular patterns (PAMPs) are potent initiators of
necroptotic signaling [34, 36]. Thus, we speculated that the focusing
of pathology to the gut may be due to microbial signals. To address

this, mice were pre-treated with an antibiotic cocktail for one week
prior to tamoxifen treatment and then maintained on antibiotics
throughout the experiment. This treatment regime markedly
reduced the diversity of commensal bacteria (Fig. S3F) and
significantly reduced mortality in C8-endo mice (Fig. 3d). Given that
our C8-endo mice were housed under specific pathogen-free
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conditions, these data indicated that non-pathogenic commensal
microbiota induced necroptotic hemorrhage. Moreover, as use of a
single antibiotic failed to prevent hemorrhage in C8-endo mice, an
array of commensal bacteria likely trigger disease. Although closer
examination of themicrobiome did not highlight overt differences in
the microbiota of control versus C8-endo mice (Fig. 3e), the identity
of necroptosis-induced bacteria in C8-endo mice remain of out-
standing interest. Notably, as treatment with the antibiotic cocktail
did not alter TNF levels in the small intestine, the protection offered
by antibiotics was not due to abrogated TNF signaling (Fig. 3f). Thus,
dysregulated TNF- and microbial-sensing are both essential, but
neither are sufficient, to cause small intestinal hemorrhage after loss
of endothelial Caspase-8.
To confirm the role of dysregulated microbial sensing, LPS

from Rhodobacter spheroides (LPS-Rs) was administered to C8-
endo mice. LPS-Rs is an inhibitor of endogenous TLR4 signaling
[37, 38]. As shown in Fig. 3g, LPS-Rs treatment significantly
protected against fatal gastrointestinal hemorrhage. Thus,
endogenous TLR4 signaling, presumably via LPS from commen-
sal microbiota, promoted necroptotic hemorrhage in C8-endo
mice. Furthermore, to determine whether non-bacterial TLR
agonists could promote hemorrhagic necroptosis, C8-endo mice
were administered the potent TLR7 agonist, Gardiquimod (TLR7-
ag) [39] along with LPS-Rs. Such TLR7 activation rapidly induced
gastrointestinal hemorrhage and illness in mice, confirming that
activation of other TLRs could drive pathology independently of
TLR4-signaling (Fig. 3g).
Collectively, we have defined that endothelial caspase-8 is

needed in adult mice to protect against severe TNF- and
microbial-TLR-driven necroptotic hemorrhage. This role uniquely
manifests in the small intestine, and mechanistically differs from
the systemic role of Caspase-8 during embryogenesis [20–23],
from the post-natal role of Caspase-8 in retinal angiogenesis [25],
and from the role of Caspase-8 in the epithelium of the small
intestine [19, 32, 35].

DISCUSSION
Our studies demonstrated that Caspase-8 is critically required to
protect gut endothelial cells from microbiota-triggered necropto-
sis. However, importantly, in the absence of abundant microbial
products, Caspase-8 was dispensable for endothelial cell hemos-
tasis across all vascular beds. We found that after loss of
endothelial Caspase-8, commensal bacteria can initiate necropto-
sis throughout the small intestine, but the cecum and large
intestine were not susceptible to this phenotype despite
abundant microorganisms in these regions [40, 41]. One possibility
for this regionality is that undefined features of the large intestine,
for example diminished PAMP-signaling, increases its tolerance to
higher microbial loads. We speculate that such features may
be less prevalent in the small intestine; a section of the gut that
does not accommodate very high microbial loads and thus

appears more susceptible to microbial-induced necroptosis when
endothelial Caspase-8 levels are compromised. Heightened
sensitivity of the small intestine to translocated microbial products
may be a key surveillance mechanism to facilitate robust
responses to enteric pathogens. Indeed, several bacterial patho-
gens actively inhibit necroptosis, at least in intestinal epithelial
cells, perhaps to prevent their host from dying and hence
facilitating shedding and transmission [42, 43]. Some studies
suggest that enteropathogenic Escherichia coli have the capacity
to also interact with endothelial cells, not just epithelial cells, to
facilitate disease pathogenesis and spread [44].
We showed that disease manifestation in C8-endo mice was

not immediate. This may be due to the kinetics of Casp8 deletion
or, more likely, due to the time required for PAMPs to translocate
to TLRs, promote TNF production and induce necroptosis in
a positive feedback loop. Although the hemopoietic compart-
ment exacerbates the phenotype, it is not essential for disease in
C8-endo mice. It is intriguing to speculate that some commensal
organisms may be more prone to inducing disease in Caspase-8-
insufficent endothelium, whilst others may produce forms of LPS
that are anti-inflammatory in much the same way as LPS-Rs. Our
C8-endo mice may serve as a powerful tool for identifying
microbial communities that are more conducive to causing/
ameliorating inflammatory disease. A plethora of studies have
revealed a striking bacterial dysbiosis preceding the develop-
ment of inflammatory bowel disease (IBD) and during established
illness [45–47]. Furthermore, studies have demonstrated that
models of Caspase-8 deficiency produce IBD-like manifestations
[18, 19, 31, 32], and that mutations in the Caspase-8 gene are a
monogenic cause of very early onset IBD [48].
Defective epithelial and/or immune cells, rather than dysfunc-

tional endothelium, are more commonly associated with IBD.
However, as resident cell types within the gastrointestinal wall
cooperatively maintain gut shape and function [49], it stands to
reason that endothelial defects also precipitate inflammatory gut
disease. Indeed, upon completion of our study, another group has
separately reported that loss of endothelial Caspase-8 in adult
mice precipitates small intestinal hemorrhage [50]. Our findings
largely overlap or extend the observations of Tisch and colleagues
[50]. For instance, while polymicrobial products broadly trigger
hemorrhage in C8-endo mice, we find that endogenous TLR4-
signaling is especially critical for this necroptotic phenotype. One
notable difference, however, is that we observed no obvious
correlation between the sites of hemorrhagic lesioning and
Peyer’s patches; consistent with hemorrhage being independent
of adaptive or innate immune cells and independent of
hematopoietic-derived TNF. Irrespective, these studies elucidate
a critical role for Caspase-8 in maintaining the integrity of the
gastrointestinal endothelium under steady-state conditions by
preventing catastrophic inflammation and hemorrhage. Even
minor aberrations in this pathway could have dramatic clinical
consequences for gastrointestinal health.

Fig. 1 C8-endo mice succumb to small intestinal hemorrhage. a The proportion of mice that became moribund and required euthanasia.
Gray boxes indicate days of tamoxifen administration. Data are combined from five independent experiments (n= 23–27 mice). ****P < 0.0001
via Log-rank Mantel–cox test. b Representative images of the gastrointestinal tract from a moribund C8-endo mouse and matched C8-flox and
wild-type mice. c Representative images of the luminal face of the ileum from C8-endo mice 12 or 16 days after commencing tamoxifen
treatment. Open arrow indicates a nascent hemorrhagic lesion. Asterisks indicate larger more developed hemorrhagic lesions. d Relative
changes to the body weight of mice. Mean ± s.d. from n= 5 mice per genotype are shown. Gray boxes indicate days of tamoxifen
administration. e Representative H&E-stained sections of the small intestines of control (C8-flox) mice and C8-endo mice 10, 12 and 16 days
post-tamoxifen. Yellow arrowheads indicate compromised blood vessels. Asterisk indicates hemorrhagic transformation. Arrows indicate
empty crypts. Black arrowhead indicates a Goblet cell. f Immunofluorescence images of sections from C8-endo-ROSA mice five days after the
first dose of tamoxifen. Right panels are enlarged micrographs of the inset white boxes in the left-most panels. Scale bars in left panels
indicate 100μM. Scale bars in right panels indicate 30 μM. Arrowheads indicate GFP-negative endothelial cells. Micrographs are representative
of at least six specimens per group. g Quantification of the percentage of EGFP-CD31-positive cells over the total number of CD31-positive
cells across the small and large intestine of C8-endo mice. Data are the mean ± s.e.m. of >100 cells/group/mouse. Symbols represent individual
C8-endo mice. ns via one-way ANOVA with Geisser-Greenhouse correction.
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METHODS
Materials
Antibodies used for Western blotting were 1 μg/mL of rat anti-mouse MLKL
(clone 5A6; produced in-house; [33] available from Millipore as MABC1634),
1 μg/mL rat anti-mouse RIPK3 (clone 8G7; produced in-house; [51]
available from Millipore as MABC1595), 1:1000 dilution of rabbit anti-
Caspase-8 (clone D35G2; Cell Signaling Technology #4790) and 1:2000
dilution of mouse anti-GAPDH (Millipore MAB374). Secondary antibodies
for immunoblotting were: horseradish peroxidase (HRP)-conjugated goat
anti-rat IgG (Southern Biotech 3010-05), HRP-conjugated goat anti-mouse

IgG (Southern Biotech 1010-05), and HRP-conjugated goat anti-rabbit IgG
(Southern Biotech 4010-05). All secondary antibodies for immunoblotting
were used at a dilution of 1:10000.

Mice
Casp8-Cdh5-CreERT2 mice (C8-endo) were generated by crossing pre-
viously published Casp8flox/flox mice [27] to those expressing Cre
recombinase fused to the estrogen receptor, under the control of the
Cdh5 promoter [52]. Mice were additionally crossed to Mlkl−/− animals [53]

Fig. 2 MLKL-dependent necroptosis is driving hemorrhage in C8-endo mice. a Micrographs (a) and quantitation (b) of cleaved Caspase-3
staining in the small bowel of a wild-type mouse 15 hours after TNF administration (WT+ TNF), a control mouse (C8-flox) and a C8-endo
mouse 16 days after starting tamoxifen treatment. Micrographs show the remodeled intestinal wall before (pre-bleed) and after hemorrhage
(bleed) in C8-endo mice. Arrows indicate cleaved Caspase-3 in crypts. Asterisk indicates cleaved Caspase-3 within a hemorrhage. b Data are
mean ± s.d. from n= 10 for WT+ TNF; n= 2 for C8-flox and n= 3 for C8-endo. Over 100 villi were analyzed per mouse. Symbols represent
individual mice. c The proportion of mice that became moribund and required euthanasia. Gray boxes indicate days of tamoxifen
administration. Data are from one cohort (n= 4–5 mice per group) and representative of 3 independent experiments. ***p < 0.001 via Log-
rank Mantel–cox test. d Lengths of the small intestine from matched control (C8-flox) mice, C8-endo-Mlklko mice and moribund C8-endo mice
(same cohort as in c). Data are mean ± s.e.m. *p < 0.05 via one-way ANOVA with Holm-Sidak’s multiple comparison test. Symbols represent
individual mice. e H&E-stained sections of mice 16 days after starting tamoxifen treatment. f Histopathological scores of H&E-stained sections
of the small intestine from moribund C8-endo and matched C8-endo-Mlklko mice. Data are mean ± s.e.m. **p < 0.01 via unpaired two-sided t-
test. Symbols represent individual mice.
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to generate Casp8-Cdh5-CreERT2 Mlkl−/− (C8-endo-Mlklko). C8-endo mice
were separately crossed to Tnf−/− mice [54] to generate Casp8-Cdh5-
CreERT2 Tnf−/− (C8-endo Tnf−/−) mice. All C8-endo and compound mutant
mice were crossed to a Cre reporter mouse strain to help visualize Cre-
mediated gene targeting (ROSA dTomato-EGFP) [26]. Cre-ERT2 activity

was induced by administering tamoxifen (Sigma) (150mg/kg) to mice,
dissolved in corn oil (Sigma) and delivered by oral gavage as a regimen of
three days on, two days off, three days on. Rag1−/− Ly5.1 mice used in this
study have been previously described [55]. Approximately equal numbers
of male and female mice were used in this study. When littermates could
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not be used, mice were randomly allocated to treatment groups after age-
and sex-matching by an independent animal technician.

Chimera generation and antibodies used for in vivo depletion
Six- to ten-week old recipient C8-endo mice were sub-lethally irradiated
with two doses of 550 rads (Co-60), spaced four hours apart. Animals
were reconstituted via intravenous injection of 5 × 106 bone marrow
cells from PBS-flushed femurs and tibias of donor mice. Recipient mice
received 200 μg of anti-Thy1.1 (clone 30H12; WEHI Monoclonal Antibody
Facility) antibody via intraperitoneal injection to deplete donor and
residual recipient T cells. Recipients were maintained on neomycin (1 g/
L) in drinking water for ten days. Chimeric animals were bled after
twelve weeks to confirm immune reconstitution. For depletion experi-
ments, antibodies targeting TNF (Armenian hamster; 200 mg; clone: TN3-
19.12), B cells (CD79b, Armenian hamster; 50 mg; clone: HM79-11)
(MyBioSource), T cells (anti-CD3e F(ab’)2; Armenian hamster; 50 mg;
clone: 145-2C11), macrophages (F4/80; Rat; 200 mg; clone: CI:A3-1), or
isotype controls (Armenian hamster: cat # BE0091 and BE0091-FAB / Rat:
cat # BE0090; Bio Xcell) were administered to mice: commencing either
one day prior to the first tamoxifen dose and continuing every three
days for a total of six doses (anti-TNF, -CD79b and -CD3e), or
commencing four days post the first tamoxifen dose, continuing every
three days for a total of three doses (anti-F4/80).

TLR agonists and antibiotic cocktail
Agonists included: LPS (lipopolysaccharide, E. coli), LPS-Rs (Rhodobacter
spheroides) (ultrapure) and Gardiquimod (TLR7-Ag; all Invivogen). C8-
endo mice were administered LPS-Rs (1 mg/kg) every two days via oral
gavage commencing one day prior to the first tamoxifen dose (Days −1,
1, 3, 5, 7, 9, 11, 13). For combination experiments, TLR7-Ag (5 mg/kg)
was administered in addition to LPS-Rs, as two doses following the
final dose of tamoxifen (days 11, 13). The following antibiotics
were used alone or combined as cocktail dissolved in water: ampicillin
(Sigma; 1 g/L), neomycin (Sigma; 1 g/L), metronidazole (Baxter; 1 g/L),
enrofloxacin (Baxter; 0.5 g/L), meropenem (Clifford Hallam; 2.5 g/L).
Antibiotics were consumed ad libitum via drinking water. Antibiotic
water was protected from light and changed every two days. Antibiotic
administration commenced one week prior to the first dose of tamoxifen
and was maintained in drinking water for the duration of the
experiment.

Immune cell isolation and flow cytometry
Intestinal immune cell populations were isolated as described previously
[56]. Cells were stained with the following antibodies (all from BD
Biosciences) for 30min at 4 °C: Fc block (anti-CD16/CD32, 1:200) rat anti-
CD4 BV421 (clone GK1.5, 1:500), rat anti-CD8 BV510 (clone 53–6.7, 1:500),
rat anti-CD19 PerCP-Cy5.5 (clone 1D3, 1:200), rat anti-B220 BV605 (clone
RA3-6B2, 1:200), hamster anti-CD3 BV711 (clone 145-2C11, 1:200), rat anti-
F4/80 AF488 (clone BM8, 1:200). Stained cells were visualized using a
FACSAria Fusion flow cytometer (BD Biosciences). Data was analyzed using
FlowJo Software v.10.7 (FlowJo LLC).

Viral infection
C8-endo mice commenced on antibiotic cocktail therapy via drinking
water, followed by tamoxifen as described. Mice were infected one day
following with LCMV Docile via intravenous tail vein injection of 2 × 106

plaque-forming units under penthrane anesthesia. Animals were eutha-
nized 7-days post-infection.

TNF-treatment
Seven-week old C57BL/6 J wild-type female mice received 1% hydro-
xyethylcellulose (Sigma 09368) by oral gavage followed 1 h later by
300 µg/kg recombinant murine TNF (R&D Systems 410-MT-CF) intrave-
nously via tail vein. TNF was dissolved and diluted in endotoxin-free PBS
(EMD Millipore TMS-12-A). Core body temperature was recorded by digital
rectal probe as baseline before injection and every hour thereafter. Mice
with a core body temperature below 30.0 °C were euthanized.

TNF ELISA
Organs were homogenized in T-PER reagent (ThermoFisher) containing
cOmplete mini protease inhibitor cocktail (Sigma) using a TissueLyser II
(Qiagen). Homogenates were clarified by centrifugation at 20,000 x g for
10min at 4 °C. TNF levels were quantified using a mouse TNF ELISA kit
according to manufacturer’s instructions (R&D Systems). Absorbance at
λ= 450 nm was analyzed on a Hidex chameleon plate reader.

Western blot
Tissues were lysed in ice-cold RIPA buffer to a concentration of 50mg/ml
(w/v) with a stainless steel bead using a Qiagen TissueLyser II (1 min at
30 Hz). Whole cell/tissue lysates were boiled for 10min in 1× SDS Laemmli
sample buffer (126mM Tris-HCl, pH 8, 20% v/v glycerol, 4% w/v SDS, 0.02%
w/v bromophenol blue, 5% v/v 2-mercaptoethanol), and resolved on
1.5 mm NuPAGE 4–12% Bis-Tris gels (ThermoFisher Scientific NP0335BOX)
using MES Running buffer (ThermoFisher Scientific NP000202). After
transfer onto polyvinylidene fluoride, membranes were blocked in 5% w/v
skim milk powder in TBS-T, probed with primary antibodies (see Materials
above) then the appropriate HRP-conjugated secondary antibody and
signals revealed by enhanced chemiluminescence (Merck P90720) on a
ChemiDoc Touch Imaging System (Bio-Rad). Between each probe,
membranes were incubated in stripping buffer (200mM glycine pH 2.9,
1% w/v SDS, 0.5 mM tris(2-carboxyethyl)phosphine) for 30min at room
temperature then re-blocked. Full length uncropped original western blots
are provided in Supplementary File 1.

Histology and immunostaining
Organs were harvested and fixed in 10% neutral buffered formalin for 48 h,
followed by ethanol dehydration, paraffin embedding and sectioning.
Slides were stained with either hematoxylin and eosin (H&E), or Periodic
acid–Schiff (PAS), or immunohistochemically with rabbit anti-mouse
cleaved Caspase-3 (Cell Signaling Technology; Product #9661) using the
automated Omnis EnVision G2 template (Dako, Glostrup, Denmark). For
cleaved Caspase-3 staining, dewaxing was performed with Clearify
Clearing Agent (Dako) for 15min, and antigen retrieval with EnVision
FLEX TRS at low pH (Dako) at 97 °C for 30min. Primary antibodies were
diluted 1:300 in EnVision Flex Antibody Diluent (Dako) and incubated at
32 °C for 60min. HRP-labelled secondary antibodies were applied at 32 °C
for 20min. Slides were counterstained with Mayer hematoxylin, dehy-
drated, cleared, and mounted with MM24 Mounting Medium (Surgipath-
Leica, Buffalo Grove, IL, USA). Stained slides were imaged with an Aperio
ScanScope AT (Leica Microsystems, Wetzlar, Germany) or a PANNORAMIC
SCAN II (3D HISTECH). For the datasets in Figs. 2f and 3c, a
histopathological scoring system (0–3) was used by Phenomics Australia

Fig. 3 Necroptotic hemorrhage in C8-endo mice is driven by TNF and commensal bacteria. a The proportion of mice that became
moribund and required euthanasia. Gray boxes indicate days of tamoxifen administration. Data are from one cohort (n= 6 mice per group)
and representative of 2 independent experiments. **p < 0.01 via Log-rank Mantel–cox test. b H&E-stained sections of mice 14 days after
starting tamoxifen treatment. c Histopathological scores of H&E-stained sections of the small intestine from moribund C8-endo and matched
C8-endo Tnf−/− mice. Data are mean ± s.e.m. **p < 0.01 via unpaired two-sided t-test. Symbols represent individual mice. d The proportion of
mice that became moribund and required euthanasia. Gray boxes indicate days of tamoxifen administration. C8-endo mice drank vehicle
(water) or an antibiotic cocktail starting one week prior to tamoxifen treatment. Data are from one cohort (n= 7–9 per group). *p < 0.05 via
Log-rank Mantel–cox test. e The relative abundance of bacterial taxonomic families (Taxa) in samples from the indicated mice treated with an
antibiotic cocktail (Abx) or without antibiotics (no Abx). Data are from one experimental cohort. The local contribution to beta diversity (LCBD)
is shown. f Mice were sacrificed 12 days following the first dose of tamoxifen and TNF levels quantitated from the indicated tissues by ELISA.
Data are mean ± s.e.m. Symbols represent individual mice. g The proportion of mice that became moribund and required euthanasia. Gray
boxes indicate days of tamoxifen administration. Arrows indicate timing of LPS-Rs or TLR7-Ag administration. Data are combined from two
cohorts (n= 5–11 mice per group). *p < 0.05 and ***p < 0.001 via Log-rank Mantel–cox test.
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staff, who were blinded to the experimental mouse genotypes, for grading
histological changes. The matrix used for histological scoring was the sum
of the following parameters: Crypt architecture (0= normal, 1= irregular,
2=moderate crypt loss, 3= severe crypt loss), Tissue damage (0= no
damage, 1= discrete lesion, 2=mucosal erosion, 3= Extensive mucosal
damage/ulceration extending into muscularis or deeper), Inflammatory cell
infiltration (0= occasional infiltration, 1= increasing leukocyte in lamina
propria, 2= confluence of leukocytes extending into submucosa,
3= transmural extension of inflammatory infiltrate) and Enterocyte
hyperplasia (0= none, 1=mild, 2=moderate, 3= severe).

Quantification of cleaved caspase-3 immunostaining
Quantification of cleaved Caspase-3 was performed using a custom macro
in Fiji software version 1.53r [57]. Full resolution (x40 magnification)
micrographs of a Swiss rolled small intestine sections stained for cleaved
Caspase-3 via 3,3’-diaminobenzidine (DAB) and counterstained with
hematoxylin were opened in Fiji. One well-oriented region spanning at
least 100 villi was chosen per mouse, color deconvolution plugin was then
used to separate the DAB signal from the hematoxylin signal. Auto-
threhold>minimum processing of the isolated hematoxylin signal was
performed and converted to a mask. The area of this mask was taken as
the “total tissue area”. Thresholding (values 100–255) of the isolated DAB
signal was performed, converted to a mask and then subjected to the
Analyze Particles plugin (size= 225–3500 pixels2; which subjectively
approximated the size of apoptotic cells). The number of apoptotic cells
was divided by the total tissue area to measure the number of “cleaved
Caspase-3-positive cells per mm2”.

Fluorescent imaging and quantification
To visualize dTomato and EGFP expression, tissues were fixed in 4%
paraformaldehyde at 4 °C for 120 min, then dehydrated in 30% sucrose
at 4 °C overnight. Tissues were frozen in Tissue-Tek Optimal Cutting
Temperature (Sakura Finetek) media and cryo-sectioned onto poly-l-
lysine glass slides. For CD31 visualization, frozen sections were blocked
in normal donkey serum (Jackson Immunoresearch), then stained with
rat anti-CD31 (BD Biosciences; Clone MEC 13.3), rabbit anti-GFP
(ThermoFisher cat # A11132), donkey anti-rat (AF647) (Jackson cat #
712-605-150), anti-rabbit (DL488) (Jackson cat # 711-485-152) antibodies.
Coverslips were mounted using ProLong Gold antifade with DAPI
(Molecular Probes). Fluorescent tissue sections were imaged using a
Leica TCS SP8 confocal microscope using a 20x/0.75 NA objective and
Leica Application Suite software. All image analysis was performed in
ImageJ software. Quantification of EGFP expressing endothelium was
calculated on smaller regions cropped from maximum projection
images. Binary masks of both CD31 and EGFP channels were made by
various morphological filters and thresholding signal manually. A mask
of the overlap between EGFP and CD31 channels was generated using
the Image Calculator feature. This overlap area was measured and
presented as a percentage of total CD31 mask area. Where necessary, a
despeckle filter was applied to select channels in images displayed in
figures for clarity.
To visualize MLKL, intestines were dissected post-mortem, flushed

with 10 ml of ice-cold 50% v/v ethanol and 5% v/v acetic acid, Swiss
rolled, submerged in ice-cold Milestone freezing medium, and then
frozen using PrestoCHILL device (Milstone; settings of 2 min at −40 °C).
8 μm sections were cut on a cryostat and air-dried onto Superfrost slides
(ThermoFisher Scientific) for 30 min at room temperature. Sections were
fixed for 30 min in ice-cold methanol, then rinsed twice in ice-cold
Dulbecco’s PBS and blocked in Tris-balanced salt solution with 0.05% v/v
Triton-X100 (TBS-T) supplemented with 10% v/v donkey serum (Sigma-
Aldrich D9663) overnight at 4 °C. Sections were incubated overnight at
4 °C in 5 mg/L of rat anti-mouse MLKL antibody (clone 5A6; ref[33].) in
TBS-T with 10% v/v donkey serum. Sections were washed three times in
TBS-T then incubated overnight at 4 °C in a 1:1000 dilution of
AlexaFluor488-conjugated donkey anti-rat IgG (Thermo-Fisher Scientific)
supplemented with 0.1 μg/mL Hoechst 33342 (ThermoFisher Scientific
H3570) in TBS-T with 10% v/v donkey serum. Sections were washed four
times in ice-cold TBS-T, mounted in DAKO fluorescent mounting media
(DAKO S3023) and kept in the dark at room temperature until being
imaged by 3-dimensional confocal microscopy on an Inverted LSM 880
platform (Zeiss) equipped with the following specifications: 20x/0.8 N.A.
PlanApo M27 objective (Zeiss), 405-,488-, 568-, and 640-nm laser lines,
and radially-stacked GaASP detectors and ZEN black 2.3 SP1 FP3 v.14.0
capture software.

Bacterial DNA sequencing
Samples were thawed on ice and DNA was extracted using the DNeasy
PowerSoil Pro kit (Qiagen) and the TissueLyser LT (Qiagen) for sample
disruption. DNA was normalized and the V4 hypervariable region of the
bacterial 16 S rRNA gene was amplified in a PCR reaction (PCR1). Primers
included sequences for sequencing adapters and barcodes suitable for the
Illumina MiSeq instrument. Amplicons were diluted 1 in 5 and then
underwent a second PCR amplification (PCR2) in which dual indexes were
attached for downstream sample identification. PCR1 heated samples to
95 °C for 3 min then comprised 20 cycles of 95 °C for 45 s, 50 °C for
60 seconds and 72 °C for 90 seconds, followed by a 72 °C hold for 10min.
PCR2 heated samples to 95 °C for 3 min then comprised 25 cycles of 95 °C
for 45 seconds, 55 °C for 60 seconds and 72 °C for 90 seconds, followed by
a 72 °C hold for 10min. Amplicons were pooled and purified using 0.8x
NGS beads (NucleoMag), then the library pool was profiled using the
Agilent TapeStation prior to sequencing on the MiSeq instrument (2x
250 bp paired-end sequencing).

Bioinformatic analyses
Demultiplexed forward and reverse FASTQ files for each sample were
trimmed and were processed using the DADA2 package in RStudio [58].
Briefly, sequence files were trimmed and underwent quality filtering. Reads
were dereplicated, sequences were inferred using the DADA2 algorithm
and chimeras were removed. Taxonomy was assigned using the SILVA 138
SSU Ref NR 99 reference database [59]. After removal of control samples,
the minimum sample read depth was 9372. Alpha and beta diversity
measures, and taxonomic profiles were obtained using the phyloseq
package in RStudio [60]. Differential abundance was calculated following
TMM (trimmed mean of M values) normalisation with edgeR and with the
limma+voom method in RStudio [58, 61, 62]. Briefly, sequence files were
trimmed and underwent quality filtering. Reads were dereplicated,
sequences were inferred using the DADA2 algorithm and chimeras were
removed. Taxonomy was assigned using the SILVA 138 SSU Ref NR 99
reference database [59]. After removal of control samples, the minimum
sample read depth was 9372. Alpha and beta diversity measures, and
taxonomic profiles were obtained using the phyloseq package in RStudio
[60]. Differential abundance was calculated following TMM (trimmed mean
of M values) normalisation with edgeR and with the limma+voom method
in RStudio [61, 62].

Statistical analyses
The statistical test used to analyse each dataset is stipulated in the
corresponding figure legends. Prism software (version 9; Graph Pad) was
used to perform statistical analyses.
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