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RIPK1 S161 phosphorylation promotes further
autophosphorylation and cecal necroptosis in
TNF-treated mice

Tao Han'*@®, Chenchen Ruan'*®, Huiyong Lin'@®, Yuxia Zhang'@®, Lang Li'®, Ye-hsuan Sun'@®, Chuan-Qi Zhong!®, Xin Chen'®, Kai Huang'®,
Yating Cao'®, Zusen Fan?®, Hongbing Zhang*®, Jiahuai Han***®, and Yingying Zhang'®

Excess TNF causes systemic inflammatory response syndrome and mortality. RIPK1 coordinates TNF signaling through kinase-
dependent and -independent mechanisms. S161 autophosphorylation is a primary function of RIPK1 kinase activity in vitro, and
here we show that it is sufficient to mediate RIPK1 kinase-dependent function in vivo. S161 phospho-mimic mutation (S161E)
effectively overcomes chemical or genetic inhibition of RIPK1 kinase activity in TNF-treated cells and mice. Mechanistically,
S161 autophosphorylation is necessary for further autophosphorylation in RIPK1, including at S166. RipkIS162E/SI61E mice are
hypersensitive to TNF, enabling us to observe low-dose TNF-induced necroptosis in cecal intestinal epithelial cells (IECs) and
endothelial cells (ECs) and uncover a reciprocal enhancement between IEC and EC necroptosis and a selective increase of IL-6
in the circulation by necroptosis. IL-6 promotes cecal edema and synergizes with IEC and EC necroptosis, causing cecal damage
and mouse death. Our data elucidate a mechanism of RIPK1 kinase-dependent function in TNF signaling and its role in cecal

pathology and mouse mortality.

Introduction

TNF-a (TNF) plays a pivotal role in orchestrating inflammatory
responses. It can promote inflammation directly by inducing
inflammatory gene expression or indirectly by triggering cell
death to release damage-associated molecular patterns (DAMPs).
Apoptosis and necroptosis are two types of programmed cell
death induced by TNF. TNF-induced necroptosis is mediated by
the activation of receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) and RIPK3 to form the necrosome, followed by
mixed-lineage kinase domain-like (MLKL) oligomerization and
translocation into the plasma membrane (Cho et al., 2009;
Degterev et al., 2008; He et al., 2009; Holler et al., 2000; Sun
et al., 2012; Zhang et al., 2009; Zhang et al., 2018). In many
contexts, caspase-8 suppresses necroptosis, and the induction
of its auto-processing leads to apoptosis and diseases. The
competition and switch between TNF-induced necroptosis and
apoptosis have been revealed by numerous in vitro and in vivo
studies (Schwarzer et al., 2020b). RIPK1 not only serves as a
scaffold in complex I to promote the activation of the nuclear
factor-kappa B (NF-B) and mitogen-activated protein kinase

(MAPK) pathways but also forms an important component in
complex II to promote programmed cell death (Zhang et al.,
2018). Posttranslational modifications of RIPK1, such as phos-
phorylation, ubiquitination, and oxidation, enable it to carry
out its diverse functions under different conditions (Mifflin
et al., 2020). Several single amino acid mutations in RIPK],
such as K115R, K376R, and K612R, have been proven to be dis-
ease associated in animal models (Kist et al., 2021; Li et al.,
2020; Tang et al., 2019; Tu et al., 2021; Zhang et al., 2019b),
while RIPK1 D324N/H/Y/V mutations have been verified to
cause diseases in human patients (Lalaoui et al., 2020; Tao
et al.,, 2020). RIPKI can exert functions as a kinase or a
scaffold, and its kinase activity has been implicated in the pro-
gression of several diseases (Mifflin et al., 2020), making RIPK1 a
promising therapeutic target in clinical trials for diseases such as
rheumatoid arthritis and ulcerative colitis (Weisel et al., 2021a;
Weisel et al., 2021b). Serine 166 (S166) phosphorylation is a
widely used marker for RIPK1 activation, while S25 and Y383 are
inhibitory phosphorylation sites in RIPKI, the roles of which
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have all been shown in several mouse disease models (Dondelinger
et al., 2019; Laurien et al., 2020; Tu et al., 2022). However, the in vivo
role of S161, an important autophosphorylation site for RIPK1 to
function in necroptosis (Zhang et al., 2017), and the relationship
between phosphorylation of S161 and other sites in RIPK1 function
are unclear.

TNF is one of the few cytokines that, by itself, is sufficient to
induce systemic inflammatory response syndrome (SIRS). SIRS
is an exaggerated defense response of the body to a noxious
stressor to localize and then eliminate the source of the insult
(infection or trauma, etc.) (Chakraborty and Burns, 2024). Even
though the purpose is defensive, the dysregulated response can
cause a massive inflammatory cascade, leading to reversible or
irreversible organ dysfunction and even death (Chakraborty and
Burns, 2024; Huyghe et al., 2023; Tracey et al., 1986). Studies
using mouse models suggest that TNF-induced necroptosis is the
central mediator of SIRS (Chen et al., 2015; Duprez et al., 201;
Newton et al., 2016; Newton et al., 2014). Interestingly, the ce-
cum was found to be the most sensitive organ to TNF-induced
injury, and necroptosis of intestinal epithelial cells (IECs) is the
major cause of the cecal damage (Chen et al., 2015; Newton et al.,
2016; Wu et al., 2024a). Furthermore, we recently reported that
surgical removal of the cecum (cecectomy) prevents TNF-induced
mouse death. The observed animal death results from cardiac
dysfunction triggered by cecal damage, demonstrating that nec-
roptosis in the cecum is an essential early event in TNF-induced
SIRS and animal death (Wu et al.,, 2024a). However, detailed
mechanisms of necroptosis in the cecum are not fully elucidated.

IL-6 is an important inflammatory cytokine, which can
be induced by various stimuli, including TNF (De Cesaris
et al., 1998; Hunter and Jones, 2015). Blocking IL-6 using
anti-IL-6 antibodies or IL-6 KO has been shown to protect
mice from SIRS (Libert et al., 1992; Sundgren-Andersson
et al., 1998). However, the systemic administration of re-
combinant IL-6 alone does not cause detrimental effects in
mice (Leuchtmann et al., 2022; Liu et al., 1992; Mulé et al.,
1992). In addition, although the RIPK1 non-cleavable mutant
(D325A in mice and D324N/H/Y/V in human patients) trig-
gers cell death mediated by TNF (Lalaoui et al., 2020; Newton
et al., 2019; Tao et al., 2020; Zhang et al., 2019a; Zhang et al.,
2021), patients responded to tocilizumab, a monoclonal antibody
against IL-6R, but did not respond to TNF inhibitors (Lalaoui
et al., 2020; Tao et al., 2020). Therefore, how circulating IL-6
participates in SIRS is an intriguing question that remains
unanswered.

By utilizing a series of mouse strains, including mice car-
rying the RIPK1 S161 to Glu (E), Asn (N), or Ala (A) mutation,
and the S161 to E mutation in a RIPK1 kinase-dead back-
ground, this study demonstrated an important role of RIPK1
autophosphorylation at S161 in TNF-induced mouse death.
Mimicking S161 phosphorylation enhances necroptosis of
IECs and endothelial cells (ECs) in the cecum, which reinforces
each other, leading to cecal damage. The necroptosis of IECs
and ECs, rather than that of hematopoietic cells, is the primary
driver of TNF-induced SIRS. In addition, the autophosphor-
ylation of RIPK1 at S161 and S166 is most likely a sequential
event. As our data showed, mimicking S161 phosphorylation
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could lead to phosphorylation at S166 but not vice versa. Ex-
ploring the pathology of TNF-treated RipklSI®E/SISEE mice re-
vealed that IL-6 is the major cytokine elicited by necroptosis,
which contributes to TNF-induced mouse death. Overall, our
work demonstrated the critical role of RIPK1 S161 autophos-
phorylation in necroptosis and its potential role in initi-
ating a chain reaction of RIPKI autophosphorylation and
elucidated how RIPK1-RIPK3-mediated IEC and EC nec-
roptosis leads to TNF-triggered cecal damage and subsequent
mouse death.

Results

RIPK1 S161 phosphorylation is important for TNF-induced
lethality in mice

To study the physiopathological roles of RIPK1 S161 phos-
phorylation, we generated three mouse strains with geno-
types of RipkISISIE/SISIE | RipkSIIN/SIGIN  op Ripk]SI6IA/SI6IA Al
mutant mice were viable, fertile, and healthy and were born
at expected Mendelian ratios when inbreeding heterozygous
mice (Fig. S1, A-C), suggesting that phosphorylation of RIPK1
at S161 is not required for normal development. To assess the
role of RIPKI1 S161 phosphorylation in RIPK1-mediated patho-
genesis, we utilized a TNF-induced SIRS model (Chakraborty
and Burns, 2024; Tracey et al., 1986; Wu et al., 2024a). As ex-
pected, the phospho-mimic (RipkIS'6’E/SI6E) mice were more
sensitive to TNF-induced death than WT mice (Fig. 1 A). Both
RipkIS16IN/SI6IN and RipklSI61A/SI61A mice harbor S161 phospho-
resistant RIPK1. As we described previously (Zhang et al.,
2017), based on the crystal structure and structural modeling,
the asparagine in the S16IN mutant could help maintain a
closed RIPK1 structure by forming hydrogen bonds with the
carboxyl oxygen of D156, similar to the hydrogen bonds be-
tween S161 and D156 (Xie et al., 2013). Consistent with our
observations in cell-based studies (Zhang et al., 2017),
RipkIS16IN/SI6IN mjce were resistant to TNF-induced death (Fig. 1
B). Different from the N mutation, the RIPK1 S161A mutation
weakens the interaction between amino acid 161 and D156,
thereby increasing the flexibility of the T-loop (Xie et al., 2013).
This may explain why RipkISIe/A/SI61A mice displayed sensitivity to
TNF similar to that of WT mice (Fig. 1 B), which is also in line
with the cell-based data that the S161A mutation only slightly
reduces TNF-induced necroptosis (Degterev et al., 2008;
McQuade et al., 2013; Zhang et al., 2017). Consistently, bone
marrow-derived macrophages (BMDMs) from RipkISI6E/SI6IE
mice were more sensitive, while Ripk1S16!IN/SI6IN BMIDMs were
more resistant to TNF + z-VAD-FMK (zVAD) as well as TNF +
second mitochondrial-derived activator of caspases (SMAC)
mimetic + Emricasan (TSE)-induced necroptosis (Fig. S1 D).
Notably, the inhibition of the S16IN mutation on TSE-induced
cell death was less effective than that on TNF + zVAD-induced
death of BMDMs. Further investigation revealed that the LD;gq
of TNF in inducing death of RipkISIIE/SICEE mice js ~50 pg/kg
(Fig. 1 C), which is nearly one order of magnitude lower than
that in WT mice (Annibaldi et al., 2018; Dondelinger et al., 2019;
Guinther et al., 2011; Laurien et al., 2020; Newton et al., 2016;
Newton et al., 2014; Newton et al., 2019). Collectively, our data
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demonstrate that RIPK1 S161 phosphorylation promotes TNF-
induced death in mice.

S161E mutation sensitizes the cecum to TNF-induced damage

The cecum is the most sensitive organ to TNF in WT mice
(Chen et al., 2015; Wu et al., 2024a). To elucidate the target
site(s) of S161E sensitization, tissues from TNF-treated WT
and RipkISIE/SIEEE mice were collected and examined. The ceca
of 50 ug/kg of TNF-treated RipkIS®IE/SIEE mice showed severe
hyperemia, edema, and damage in the villi (Fig. 1D) to an extent
similar to that in LD;o, dose of TNF-challenged WT mice (400
pg/kg, Fig. S1E) (Chen et al., 2015; Wu et al., 2024a). In contrast,
no obvious abnormalities were observed in the liver, spleen,
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lung, or kidney (Fig. S1 F). As cecectomy has been successfully
applied to rescue TNF-induced SIRS in WT mice (Wu et al.,
2024a), we also performed cecectomy and found that it in-
deed completely protected RipkISI6IE/SISIE mice from 25 pg/kg
of TNF-induced hypothermia and death (the LDs, dose, Fig. 1
E). However, cecectomy cannot protect RipkISI6E/SI6IE mice
from LD,oo dose (50 ug/kg) of TNF-induced lethality (Fig.
Sl G), suggesting that some other organs/tissues are also
sensitized to TNF-induced damages by the S161E mutation.
Collectively, these data revealed that the S161E mutation en-
hances TNF-induced mortality by sensitizing some organs/
tissues to TNF-induced damage, and the cecum is the pri-
marily sensitized organ.
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Figure2. The necroptotic pathway plays a primary role in TNF-induced death of Ripk15162E/S161E mjce, (A and B) Survival curves and body temperature of
8- to 12-wk-old male littermate mice of the indicated genotypes after TNF injection (50 pg/kg, i.v.). (C and D) Representative photos and H&E staining images of
ceca from three mice of each indicated genotype (50 ug/kg TNF treated for 6 h, i.v.). Scale bars, 100 pum. (E) Mice of the indicated genotypes were i.v. injected
with TNF (50 ug/kg). At the indicated time points, serum samples were collected for measurements of LDH. Data are presented as mean + SD. P values are
determined by a two-tailed, unpaired t test. ***P < 0.001. All mice were 8- to 12-wk-old male littermates (C-E). (F and G) Survival curves of 8- to 12-wk-old
male littermate mice of the indicated genotypes after i.v. injection with TNF of the indicated doses. Mouse survival is presented as a Kaplan-Meier plot, and the

log-rank test is performed. ns, P > 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data of body temperature are presented as mean + SD. The above ex-
periments were independently performed twice.

The hypersensitivity of Ripk15161€/5161€ mjce to TNF-induced
death is due to the increased susceptibility to TNF-induced
RIPK1 kinase activity-dependent cell death

Necroptosis plays an essential role in TNF-induced SIRS in mice
(Chen et al., 2015; Duprez et al., 2011; Newton et al., 2016;

A-D), demonstrating the involvement of the necroptosis path-
way. In support of this conclusion, TNF-induced release of lac-
tate dehydrogenase (LDH) into the blood, an indicator of cell
necrosis (Chan et al., 2013), was higher in RipkIS®E/SI6E mice
compared with WT mice and was abolished by Ripk3 deletion

Newton et al., 2014). To gain insights into the enhancement of
SIRS in RipkISE/SISIE mice, RipkISIE/SIE mutant mice were
crossed to Ripk3~/~ or Mlkl-/~ background. The lethality, hypo-
thermia, and cecal damage of RipkIS'6IE/SISEE mice resulting from
50 pg/kg of TNF insult were rescued by Ripk3 or Mlkl KO (Fig. 2,
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(Fig. 2 E). Thus, the low-dose (50 ug/kg) TNF-induced death of
RipkISICIE/SIGIE mijce is primarily mediated by the necroptosis
pathway.

Since intestinal IEC deletion of Casp8 leads to spontaneous
colitis, it is believed that the primary role of caspase-8 in IECs is
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to block necroptosis (Giinther et al., 2011; Schwarzer et al.,
2020a). However, caspase-8 also has a promoting role in TNF-
induced SIRS and animal death (Newton et al., 2016). Most likely
due to pathway complementation/compensation, cross talk, or
perhaps other network regulations (Holler et al., 2000; Huyghe
et al., 2023; Schwarzer et al., 2020b; Zhang et al., 2009), we
could observe that an LD;oo dose (400 pg/kg) of TNF-induced
death of WT mice can be blocked by Ripk3 deletion, but a dose of
1,600 pg/kg of TNF-induced death of WT mice can only be
blocked by Ripk3 and Casp8 double KO (Fig. 2 F). Similar phe-
nomenon was observed in RipkIS®E/SI6EE mice, as Ripk3 deletion
can prevent low-dose (50 ug/kg) TNF-induced death of RipkIS/6E/SI6IE
mice, but only a concomitant loss of Ripk3 and Casp8 can block the
death from a 400 pg/kg dose of TNF treatment (Fig. 2 G). Therefore,
it seems that S161E also sensitizes cells to caspase-8-mediated death
in Ripk3 KO mice.

We then sought to evaluate whether the S161E mutation can
enhance apoptosis. CT26 is a murine IEC cell line that lacks RIPK3
expression and can undergo TNF + SMAC mimetic-induced RIPK1
kinase activity-dependent apoptosis (Dondelinger et al., 2013;
Dondelinger et al., 2015; Wang et al., 2008) and TNF + cyclohex-
imide (CHX)-induced RIPK1 kinase activity-independent apo-
ptosis (Dondelinger et al., 2015; Van Antwerp et al., 1996). We
generated Ripkl KO CT26 cell line and reconstituted Ripkl ex-
pression with WT, kinase-dead (K45A+K46T, KK-AT), S161E, KK-
AT + S161E, or S161N RIPKI1. As shown in Fig. S2 A, TNF alone did
not lead to cell death in all of these cells; TNF + SMAC mimetic-
induced cell death was blocked by KK-AT or S161N mutation and
was not affected by S161E and KK-AT + SI61E. These data con-
firmed that TNF + SMAC mimetic-induced CT26 death is RIPK1
kinase activity-dependent apoptosis and further pointed out that
this apoptosis requires S161 phosphorylation, and S161E mutation
can bypass the RIPK1 kinase activity blockade by KK-AT mutation
to mediate apoptosis. In contrast, TNF + CHX-induced cell death
was not influenced by any of these mutations (Fig. S2 A). Although
BMDMs have Ripk3 expression, TNF + SMAC mimetic and TNF +
CHX can induce RIPKI1 kinase-dependent and -independent
apoptosis, respectively, in these cells (Berger et al., 2014;
Dondelinger et al., 2013; Dondelinger et al., 2015; Polykratis et al.,
2014; Van Antwerp et al, 1996; Wang et al., 2008). WT,
RipkIKASA/KSSA - RipkISIEIE/SIGIE,  Ripk KASA+SIGIE/RASA+SIIE  Ripk]SIEIN/-
SI6IN and RipkISieIA/S1614 primary BMDMs were derived from mice
and subjected to the same treatments as in Fig. S2 A, and similar
results were obtained, which were not affected by the addition of
the RIPK3 inhibitor, GSK-872 (Fig. S2, B-D). Collectively, our
data indicated that S161 phosphorylation is also a primary func-
tion of RIPKI kinase activity in RIPK1 kinase activity-dependent
apoptosis. Thus, we concluded that S161 phosphorylation is the
primary function of RIPKI kinase activity in RIPK1 kinase
activity-dependent cell death, including necroptosis and apo-
ptosis, and this is the underlying mechanism of the increased
sensitivity of RipkIS®E/SIEE mice to TNF-induced death.

RIPK1 autophosphorylation at S161 promotes further
phosphorylation at other sites of RIPK1, including S166
Necroptosis is mediated by a supermolecular complex called
necrosome, which consists of RIPK1, RIPK3, Fas-associated death
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domain (FADD), and MLKL (Cho et al., 2009; Degterev et al.,
2008; He et al.,, 2009; Holler et al., 2000; Sun et al., 2012;
Zhang et al., 2009). Consistent with the above in vivo study,
the RIPK1 phospho-mimic mutation S161E led to more
RIPK3 recruitment to necrosomes in L929 cells, whereas
the phosphorylation-unresponsive S161N mutation pre-
vented necrosome formation (Fig. 3 A). Stochastic optical
reconstruction microscopy (STORM) super-resolution imag-
ing analysis supported that more RIPK3 were recruited and
larger necrosomes with more RIPK3 molecules were formed
in cells expressing the RIPK1 S161E mutant than in the control
cells (Fig. 3 B and Fig. S3 A).

Besides S161, several other phosphorylation sites in RIPK1
have been identified (Degterev et al., 2008; Dondelinger et al.,
2019; Dondelinger et al., 2017; Grimsrud et al., 2012; Jaco et al.,
2017; Jetton et al., 2024; Laurien et al., 2020; Menon et al., 2017;
Shutinoski et al., 2016; Tu et al., 2022; Wu et al., 2020; Zhang
et al., 2017), among which S166 is frequently addressed (Jetton
et al., 2024; Laurien et al., 2020; McQuade et al., 2013). In-
triguingly, we detected S166 phosphorylation in the RIPK1 S161E
mutant expressed Ripkl KO L929 cells without any stimulation
(Fig. 3 C). An involvement of autocrine TNF was excluded by the
addition of anti-TNF antibodies (Fig. S3 B). S166 phosphorylation
was also detected in primary MEFs, cecal IECs, and primary
BMDMs from RipkISIE/SISE mice in the absence of stimulation
(Fig. 3, D and E; and Fig. S3 C). These observations raise the
possibility that S161 autophosphorylation leads to S166 auto-
phosphorylation. Notably, a band shift occurred in the RIPK1
S161E mutant reconstituted L929 cells following a necroptotic
stimulation (Fig. 3 C), indicating that other modifications might
have occurred upon TNF treatment but not in the steady state.

To better understand the effect of RIPK1 S161 phosphorylation
on other phosphorylation events of RIPK1, we analyzed RIPK1
phosphorylation in unstimulated Ripkl KO L929 cells recon-
stituted with WT RIPK1 or RIPK1 S161E mutant and TNF + zVAD
(a pan-caspase inhibitor)-stimulated WT RIPKI-reconstituted
cells by mass spectrometry (MS). Several reported phosphoryl-
ation sites of RIPKI were detected (Degterev et al., 2008;
Dondelinger et al., 2019; Laurien et al., 2020; Menon et al., 2017;
Sacco et al., 2016; Shutinoski et al., 2016; Wu et al., 2020), with
some of these sites, including S166, revealed to be phosphory-
lated in an S161E-dependent manner (Fig. 3 F). Some reported
sites, such as T169, were not detected in this analysis, possibly
owing to variations in methodology. Since S166 is known as a
TNF-inducible phosphorylation site (Dondelinger et al., 2019;
Laurien et al., 2020), we proposed that TNF-induced RIPK1
autophosphorylation at S161 initiates the phosphorylation of
S166 and possibly other sites.

To test this hypothesis, we reconstituted RIPK1 S161N, S161E,
SI61E + S166A, S161A, or the kinase-dead KK-AT mutant in Ripkl
KO L1929 cells and assessed S166 phosphorylation and cell death
before and after TNF + zVAD treatment (Fig. 3 G). As expected,
the KK-AT mutant abolished S166 phosphorylation and cell
death. Unlike the presence of steady-state and induced S166
phosphorylation in S161E mutant cells and the enhanced cell
death by the S161E mutation, the S161N mutation prevented both
the steady-state and TNF-induced S166 phosphorylation and cell
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Figure 3.

RIPK1 phosphorylation at S161 occurs prior to RIPK1 phosphorylation at S166. (A) Ripk1-deficient L929 cells were reconstituted with Flag-RIPK1

WT, S161E, or S161IN mutant and then treated with TNF (10 ng/ml) + zZVAD (20 pM) for the indicated time points. Cell survival was measured. Cell lysates were
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immunoprecipitated (IP) with anti-Flag M2 beads. Total cell lysates (TCL) and IP samples were analyzed by immunoblotting with antibodies as indicated.
(B) Ripkl and Ripk3 double-deficient L929 cells were reconstituted with Flag-RIPK1 WT or S161E mutant and HA-RIPK3 WT and then treated with TNF
(10 ng/ml) + zVAD (20 uM) for 2.5 h. Representative confocal and STORM images from two independent experiments of RIPK1 (green) and RIPK3 (purple) in
L929 cells with or without treatment are shown. Scale bars, 10 um for the first and second rows and 200 nm for the third and fourth rows from the top. Area
of necrosomes formed after treatment and area ratios of RIPK3 to RIPK1 were analyzed using ImageJ. P values are determined by a two-tailed, unpaired
t test. *P < 0.05. (C) Ripk1-deficient L929 cells were reconstituted with Flag-RIPK1 WT or S161E mutant and then treated with TNF (10 ng/ml) + zVAD (20
M) for the indicated time points. Cell lysates were analyzed by immunoblotting to detect proteins as indicated. (D) Cell lysates of nontreated primary MEFs
from full-sibling Ripk1*/* and Ripk15161€/5161€ embryos were analyzed by immunoblotting. Each number represents one embryo. (E) IECs from 8- to 12-wk-old
male littermate Ripk1*/*, Ripk15161E/5161€ and Ripk1S16IN/S16IN mice injected with PBS or TNF for 6 h were isolated (50 pg/kg of TNF for Ripk15161E/5161F mice and
Ripk1*/* controls, 400 pg/kg of TNF for Ripk1S16IN/SI6IN mice and Ripk1*/* controls). Cell lysates were subjected to immunoblotting. (F) Intensities of RIPK1
phosphorylation sites measured by LC-MS/MS. Samples were those in C without or with treatment. (G) RipkI-deficient L929 cells were reconstituted with
Flag-RIPK1WT or mutants (S161E, S161N, S161E + S166A, S161A, and the kinase-dead mutant KK-AT) and then treated with TNF (10 ng/ml) + zVAD (20 pM)
for the indicated time points. Cell survival was measured. Cell lysates were analyzed by immunoblotting. Data are presented as mean + SD of triplicate. The

above experiments were independently performed twice. Source data are available for this figure: SourceData F3.

death (Fig. 3 G). Notably, the S161A mutation prohibited S166
phosphorylation, even at a late time point when a large number of
cells had died (Fig. 3 G). The specificity of the anti-phospho-S166
antibody was confirmed by the lack of phospho-S166 in RIPK1 S161E
+ S166A-reconstituted Ripkl KO L1929 cells, and the occurrence of
necroptosis was confirmed by the detection of phospho-RIPK3
(Fig. 3 G). Analyses of the S166 phosphorylation and death path-
way activation in WT, Ripk15161E/5161E, Ripk1516W/516W, Ripk1K45A/K45A,
and RipkiSi6iA/SI61A BMIDMs showed similar results to that in Fig. 3 G
(Fig. S3 D). Thus, S161 phosphorylation appears to be a prerequisite
for S166 phosphorylation in L929 cells and BMDMs.

The role of S166 phosphorylation has been demonstrated by
the S166A mutation in vitro and in vivo (Laurien et al., 2020).
Perhaps due to the structural flexibility similar to the S161A
mutant (Xie et al., 2013; Zhang et al., 2017), the S166A mutation
did not completely block necroptosis (Fig. S3 E) (Laurien et al.,
2020). We then generated the S166N mutant and found that its
expression in Ripkl KO L929 cells is a complete loss-of-function
in mediating TNF-induced necroptosis (Fig. S3 E). To test if S166
phosphorylation could lead to S161 phosphorylation, we ana-
lyzed RIPK1 phosphorylation in unstimulated Ripkl KO L929 cells
reconstituted with RIPK1 S166E mutant as we did in Fig. 3 Fand
found that the S166E mutation does not cause S161 phosphoryl-
ation (Fig. S3 F). Additionally, the phospho-mimic S166E mutant
cannot even efficiently mediate TNF-induced necroptosis (Fig.
S3 E). A band shift of phospho-RIPK1 S166 was observed after
TNF treatment in S161E-reconstituted 1929 cells (Fig. 3, Cand G)
but not in BMDMs (Fig. S3 D) or IECs (Fig. 3 E), showing the
presence of other cell type-dependent modifications in RIPKI.
Thus, while the phosphorylation of S161, phosphorylation of
S166, and possibly other modifications may all contribute to
RIPK1-dependent necroptosis, S161 is unique among them since
currently only the S161E mutation shows a gain-of-function in
efficiently driving TNF-induced necroptosis in L929 cells in a
systematic analysis (Zhang et al., 2017). Collectively, these data
support the notion that S161 autophosphorylation is a driver for
further autophosphorylation in RIPKI and is one of the deter-
minants of TNF-induced necroptosis.

Mimicking S161 phosphorylation can compensate for the loss
of RIPK1 kinase activity in initiating TNF-induced mouse death
It is known that RIPK1 kinase activity is required for TNF-induced
necroptosis (Berger et al., 2014; Kaiser et al., 2014; Newton et al.,
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2014; Polykratis et al., 2014), and our previous study showed that
the S161E mutation can bypass the kinase-dead mutation in RIPK1
to transduce the signal of necroptosis in cultured cells (Zhang
et al., 2017). To evaluate whether the S161 phosphorylation can
compensate for the loss of RIPK1 kinase activity to mediate mouse
death, an additional RIPK1 kinase-dead mutation (K45A) was in-
troduced into the RipkISISIE/S6EE mice. As anticipated (Berger et al.,
2014), RipkIK45A/K45A mice were resistant to lethal-dose TNF-
induced death (Fig. 4 A). In contrast, RipkI<45A+SI6IE/R45A+SIGIE mjce
were highly sensitive to TNF-induced death, similar to
RipkISI6IE/SI6IE mice (Fig. 4 B). Similar results were obtained in
RipkISIEIE/SIBIE mijce when RIPK1 kinase inhibitors were used
(Fig. 4 C). The ability of RIPK1 S161E mutant to transduce death
signaling without the kinase activity suggests that a primary
function of RIPK1’s kinase activity in TNF-induced mouse death
is to self-phosphorylate S161.

Consistently, BMIDMs from RipkIK45A+SICIE/K4SA+SICIE mjce un-
derwent necroptosis in kinetics similar to that of BMDMs from
RipkISICIE/SISIE mice when stimulated with TNF + zVAD, while
Ripk1¥45A/K45A BMIDMs were completely resistant to TNF + zVAD
stimulation (Fig. 4 D). In addition, S166 phosphorylation was
readily detected in steady-state RipkISI6IE/SISIE BMIDMs and en-
hanced by TNF + zVAD treatment, while in contrast, it was
completely abolished in cells carrying the K45A mutation, re-
gardless of the treatment (Fig. 4 E). RipkIK4oA+SI6IE/K45A+SI6IE
BMDMs underwent TNF + zVAD-induced necroptosis efficiently
in the absence of detectable S166 phosphorylation (Fig. 4, D and
E). Taken together, these in vivo and in vitro data (Figs. 3 and 4)
(zhang et al., 2017) demonstrate that S161 phosphorylation,
which can bypass the defect of the kinase-dead mutation of
RIPK], is crucial for autophosphorylation of S166 and TNF-
induced cell death.

IEC necroptosis triggers TNF-induced death of Ripk15161£/5161€
mice

To determine the contributions of hematopoietic and non-
hematopoietic lineages in the death of RipkISIFE/SICEE mice,
reciprocal bone marrow transplantation was conducted by
transplanting WT or RipkISIE/SI6EE hone marrow into irradiated
WT or RipkISISIE/SISIE pecipient mice. It was observed that the
bone marrow transplanted mice are generally more susceptible
to death (He et al., 2024), so we adjusted the dose of TNF in this
experiment. All mice carrying RipklSI6E/SI6IE non-hematopoietic
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cells died rapidly upon 50 pg/kg of TNF treatment, regardless
of the genotypes of the transplanted bone marrow. In con-
trast, only a portion of the WT recipients with Ripk1S161E/SI6IE
hematopoietic cells died after TNF injection (Fig. 5 A). Recip-
rocal bone marrow transplantation using WT and RipkIS1!N/-
SI6IN mice showed that all RipkISI6IN/SI6IN pecipients were
similarly resistant to TNF, regardless of the genotype of the
transplanted bone marrow. Conversely, all WT recipients were
comparably sensitive to an adjusted lethal dose (200 pg/kg) of
TNF, regardless of the genotype of the transplanted bone
marrow (Fig. 5 B), indicating that mimicking RIPK1 S161
phosphorylation in non-hematopoietic cells enhances animal
lethality. On the other hand, phosphorylation of S161 in he-
matopoietic cells may still contribute slightly to the death
(Fig. 5 A). We also measured immune cell populations in WT
and S161E mutant mice and did not detect significant differ-
ences (Fig. S4, A and B). It has been reported that the kinase-
dead mutation of RIPKI1 affects mainly non-hematopoietic
cells (Zelic et al., 2018), and here we showed similarly that
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non-hematopoietic cells are the pivotal contributors to TNF-
induced lethality in RipkIS16IE/SI6IE mice,

A number of in vivo studies have suggested that TNF-
induced SIRS is associated with the massive death of IECs
(Chen et al., 2015; Newton et al., 2016; Wu et al., 2024a).
Given that the cecum in RipklS!61E/SI61E mice is the key effector
organ (Fig. 1) and non-hematopoietic cells are the main
contributors to TNF-induced animal death, we hypothesized
that necroptosis of IECs in the cecum is the initial cause of
death of TNF-challenged RipkIS!61E/SI61E mijce. To examine this
possibility, Ripk3 was conditionally ablated in RipklSI61E/SI61E
IECs by generating the RipkISI6!E/SISIE Ripk3f/f Villin-cre*/-
mice (Fig. S4 C). As anticipated, Ripk3 absence in the IECs
prevented TNF-induced death of RipkIS®61E/S161E mice (Fig. 5
C), the release of LDH into the blood (Fig. 5 D), and cecal
damage (Fig. 5 E). Consistently, immunofluorescence analysis
revealed increased necroptosis in the IECs and in Ki-67*
crypt cells in TNF-treated RipkISI®IE/SISIE ceca, which was
completely abolished by the loss of intestinal epithelial Ripk3
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Figure 5. IEC necroptosis triggers TNF-induced death of Ripk1S6€/S161E mice, (A and B) Survival curves and body temperature of 14-wk-old male lit-
termate bone marrow-transplanted Ripk1*/+, Ripk1SI61/5161E or Ripk1S16IN/SI6IN mice after injection with TNF (50 ug/kg i.v. in A, 200 pg/kg i.v. in B). Mouse
survival is presented as a Kaplan-Meier plot, and the log-rank test is performed. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Data of body temperature are
presented as mean + SD. (C) Survival curves and body temperature of 8- to 12-wk-old male littermate mice of the indicated genotypes after TNF injection (50
pg/kg, i.v.). (D) Mice (n = 6) of the indicated genotypes were i.v. injected with TNF (50 pg/kg). At the indicated time points, serum samples were collected for
measurements of LDH release. Data are presented as mean + SD. P values are determined by a two-tailed, unpaired t test. ****P < 0.0001. (E) Representative
H&E staining images of ceca from three mice of each indicated genotype i.v. treated with 50 pg/kg of TNF for 6 h. Scale bars, 100 um. (F) Representative
immunofluorescence staining images of ceca from five mice of each indicated genotype after TNF treatment for 6 h (50 pg/kg, i.v.). E-cadherin (E-Cad, red),
phospho-MLKL S345 (p-MLKL, green), Ki-67 (purple), phospho-RIPK3 T231 + S232 (p-RIPK3, light blue), and Hoechst (blue). Scale bars, 50 um. Percentages of
p-MLKL* cells in E-Cad* cells and p-RIPK3* cells in Ki-67* cells were quantified using Image]. Data are presented as mean + SD. P values are determined by a
two-tailed, unpaired t test. ****P < 0.0001. All mice were 8- to 12-wk-old male littermates (D-F). The above experiments were independently performed twice.

(Fig. 5 F). In contrast, no cleaved caspase-3 signals were
observed in either WT or RipkISISIE/SISIE ceca after TNF in-
jection (Fig. S4 D). Collectively, our data demonstrate that
the necroptosis of IECs is essential in TNF-induced death of
RikaSIGIE/Slle mice.

Cecal EC necroptosis is another trigger of TNF-induced death,
and the necroptosis of ECs and IECs promotes each other
reciprocally in the cecum of TNF-treated Ripk15161E/S161F mijce
It was reported that endothelial necroptosis underlies SIRS (Wu
et al., 2024b; Zelic et al., 2018), and indeed, lethal-dose TNF
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caused vascular leakage in the cecum in WT mice (Fig. S4 E). We
examined the differences introduced by the S161E mutation and
found that S161E enabled 50 ug/kg of TNF to increase vascular
permeability in the cecum and lung, but not in other organs
(Fig. 6 A). To determine whether endothelial necroptosis con-
tributes to TNF-induced death of RipkISIéE/SISEE mice, Ripk3 was
deleted specifically in ECs by generating the RipkIS6IE/SIGEE
Ripk3f/f Tie2-cre*/~ mice and the tamoxifen-treated RipkISI6IE/SI6IE
Ripk3/f Cdh5-ERT2-cre*/~ mice (Fig. S4 C). Remarkably, the loss of
Ripk3 in the ECs blocked vascular leakage in the cecum of
RipkISI6IE/SI6IE mice (Fig. 6 B), similar to the effect of Ripk3 defi-
ciency on lethal-dose TNF-induced vascular leakage in the ce-
cum of WT mice (Fig. S4 F). It should be noted that the
increased vascular leakage in the lungs of RipkISI6IE/SI6IE mjce
is unrelated to RIPK3 signaling in ECs. We also measured LDH
in the blood and monitored mouse survival and found that
Ripk3 KO in the ECs abolished TNF-induced serum LDH re-
lease (Fig. 6 C) and rescued the death of RipkISI6/E/SI6IE mice
(Fig. 6, D and E), similar to what we had observed in IEC-
specific Ripk3 KO mice (Fig. 5, C and D). Interestingly, the
deletion of Ripk3 in the ECs not only prevented endothelial
necroptosis (Fig. 6 F) but also prohibited cecal damage
(Fig. 6 G) and cecal IEC death (Fig. 6 H). Encouraged by this
observation, we further investigated whether IEC necroptosis
has an impact on EC necroptosis. Astonishingly, the deletion of
Ripk3in IECs conversely alleviated cecal vascular leakage (Fig. 6
I) and reduced EC necroptosis (Fig. 6 J). Thus, necroptosis of
IECs and ECs in the cecum appears to promote each other re-
ciprocally, forming a positive amplifying loop that results in
TNF-induced cecal damage.

Necroptosis raises IL-6 levels in the circulation, which
facilitates the death of Ripk1SI61E/SI61E mijce

Cytokines play important roles in systemic inflammatory
responses (Jaffer et al., 2010). Among all the tested pro-
inflammatory cytokines and chemokines, IL-6 was the only
one whose induction by 50 ug/kg of TNF was enhanced by the
S161E mutation (Fig. 7 A and Fig. S5 A). And interestingly, se-
rum IL-6 in 50 pg/kg of TNF-treated RipkISIIE/SI6IE mice reached
levels comparable with those in lethal-dose TNF-treated WT
mice (Fig. 7 A). Due to the correlation between IL-6 induction
and animal death, we examined the effect of I1-6 deletion and
found that genetic loss of Il-6 greatly alleviated cecal edema but
did not affect cecal damage (Fig. 7 B) nor necroptosis of IECs or
ECs (Fig. S5 B). Ablation of II-6 restored cecal vascular integrity
(Fig. 7 C and Fig. S5 C) and partially rescued animal death
(Fig. 7 D) in TNF-treated RipkISISE/SI6E mice. Thus, IL-6 pro-
motes vascular leakage in TNF-induced SIRS.

To identify the producing cells of IL-6, real-time quantitative
PCR analysis was conducted. TNF induced II-6 transcription in
the cecum but not in other parts of the intestine (Fig. 7E), and in
the lung and spleen but not in other organs (Fig. S5 D) of
RipkIS1E/SIIE mjce. Bone marrow transplantation analysis re-
vealed that as long as the recipient RipkIS/61E/SI6IE mijce carried the
I1-6 gene, IL-6 can be detected in the serum upon TNF treatment
regardless of the genotypes of the donor bone marrow (Fig. 7 F),
indicating that serum IL-6 was produced by non-hematopoietic
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cells. Thus, TNF induces IL-6 production in non-hematopoietic
cells in the cecum, lung, and spleen of RipkISI6IE/SIEEE mice,
Since deletion of Ripk3 or Mlkl prevents the S161E mutation-
caused sensitization of mice to TNF-induced death, we measured
serum IL-6 in these mice. The loss of Ripk3 or Mkl prohibited IL-6
release into the serum (Fig. 7 G), indicating that the accumula-
tion of IL-6 in the blood is a necroptosis-elicited event. Similar to
the mutually promoting effect of IEC necroptosis and EC nec-
roptosis shown in Fig. 6, either blocking the IEC necroptosis or
preventing the EC necroptosis was sufficient to abolish serum
IL-6 accumulation (Fig. 7 H). Collectively, our data indicated that
the IL-6 accumulation in the blood of 50 pg/kg of TNF-treated
RipkIS1E/SI6E mice originates from non-hematopoietic cells. The
circulating IL-6 is elicited by necroptosis and accelerates cecal
vascular leakage and the final death of RipkISIEE/SI6IE mjce,

Discussion

Phosphorylation is a key regulatory mechanism of RIPKI. Here
we demonstrate that RIPK1 S161 autophosphorylation is crucial
for TNF-induced cecal damage and subsequent mouse death.
Furthermore, we uncovered that further autophosphorylation of
RIPK1 is most likely initiated at S161, which cascades to S166 and
possibly other sites subsequently. Mice with the phospho-mimic
RIPK1 S161E mutation have enhanced sensitivity to TNF chal-
lenge, which allows us to study TNF-induced mouse death using
low-dose TNF (50 pg/kg). As low-dose TNF stimulation should
elicit less intense irrelevant responses (background noise) than
high-dose TNF, RipkISIE/SI6IE mice enabled us to reveal that the
necroptosis of IECs and ECs positively influences each other in
the progression of TNF-induced cecal damage and that among
the cytokines tested, only the IL-6 accumulation in the cir-
culation of TNF-treated mice depends on the occurrence of
necroptosis. Our in vitro and in vivo data showed that the
autophosphorylation of S161 and subsequent phosphorylation
in RIPK1 is the primary function of RIPK1 kinase activity in
TNF-induced cell death and animal death.

S166 phosphorylation in RIPK1 has been explored using the
S166A mutant mice (Laurien et al., 2020), which showed that the
S166A mutation attenuates RIPK1-mediated cell death ex vivo. In
this study, we revealed that S166N completely blocks TNF-
induced necroptosis in L929 cells, and as previously reported,
the S166A mutation attenuates TNF-induced necroptosis (Fig. S3
E). Although S166 phosphorylation is crucial for TNF-induced
necroptosis, the phospho-mimic S166E mutation does not gain
function in mediating necroptosis. Instead, it attenuates TNF-
induced necroptosis in L929 cells (Fig. S3 E). An interpretation of
this phenomenon is that the glutamic acid mutation does not
mimic the S166 phosphorylation, or the S166 phosphorylation
cannot drive further phosphorylation (Fig. S3 F), and therefore
cannot execute necroptosis.

Unlike the S166E mutation, the phospho-mimic S161E leads to
spontaneous S166 phosphorylation in primary RipklSI6IE/SI6IE
cells, IECs in RipkISI6IE/SISEE mijce, and RIPK1 S161E-reconstituted
L1929 cells (Fig. 3, C-G and Fig. S3, B-D), and the S161E mutant is
the only phospho-mimic mutant among the 37 tested ones that
can bypass the effect of kinase blockade to mediate TNF-induced
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Figure 6. Cecal EC necroptosis is another trigger of TNF-induced death, and the necroptosis of IECs and ECs in the cecum of TNF-treated
Ripk1S161€/S161E mice promotes each other reciprocally. (A, B, and 1) 4 h after TNF treatment (50 pg/kg, i.v.), 8- to 12-wk-old male littermate mice of the
indicated genotypes were injected with EB (0.5 mg/mouse). Organs were collected 20 min after EB injection, and the amount of EB extracted from the organs
was measured by spectrophotometry. (C) 8- to 12-wk-old male littermate mice (n = 6) of the indicated genotypes were i.v. injected with TNF (50 ug/kg). At the
indicated time points, serum samples were collected for measurements of LDH release. (D and E) Survival curves and body temperature of 8- to 12-wk-old male
littermate mice of the indicated genotypes after TNF injection (50 pg/kg, i.v.). Mouse survival is presented as a Kaplan-Meier plot, and the log-rank test is
performed. *P < 0.05. Data of body temperature are presented as mean = SD. (F, H, and J) Representative immunofluorescence staining images of ceca from
five mice of each indicated genotype 6 h after TNF injection (50 pg/kg, i.v.). Endomucin (red) and p-MLKL (green) in F and J; E-Cad (red) and p-MLKL (green) in H.
Scale bars, 50 um. Percentages of p-MLKL* cells in Endomucin* cells (F and J) or in E-Cad* cells (H) were quantified using ImageJ. Data are presented as mean +
SD. P values are determined by a two-tailed, unpaired t test. ****P < 0.0001. (G) Representative H&E staining images of ceca from three mice of each indicated
genotype 6 h after i.v. injection with 50 pg/kg of TNF. Scale bars, 100 um. All mice were 8- to 12-wk-old male littermates (F~H and J). All 8-wk-old male
Ripk15161/5161E Cdh5-ERT2-cre*/~ Ripk3/f mice and the littermate RipkIS161/5161€ Ripk3f/f mice in this work were orally administered with 100 mg/kg of tamoxifen
for 5 consecutive days. After a 10- to 14-days break, TNF was applied. Data are presented as mean + SD. P values are determined by a two-tailed, unpaired t test.
**P < 0.01; ***P < 0.001; ****P < 0.0001. The above experiments were independently performed twice.

necroptosis in 1929 cells (Zhang et al., 2017). Since S161 phos-
phorylation leads to S166 phosphorylation but not vice versa,
and S161E mutation can promote necroptosis in the absence
of S166 phosphorylation (Fig. 4), we conclude that a primary
function of RIPKI1 kinase activity in TNF signaling in vitro and
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in vivo is to autophosphorylate S161. A fundamental role of
RIPK1 S161 phosphorylation in TNF-induced necroptosis was
also observed in human HT-29 cells (Fig. S5 E).

Several reports have shown that IEC necroptosis is required
for TNF-induced mouse death (Chen et al., 2015; Newton et al.,
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Figure 7. Necroptosis raises IL-6 levels in the circulation, which facilitates the death of Ripk15:61€/SI61E mice. (A) Mice (n = 6) were i.v. injected with 50
ug/kg TNF or 400 pg/kg TNF as indicated. At the indicated time points, serum samples were collected for ELISA analysis of IL-6. All mice were 8- to 12-wk-old
male littermates (A, B, and E). (B) Representative H&E staining images of ceca from three mice of each indicated genotype 6 h after i.v. injection with 50 pg/kg of
TNF. Asterisks indicate areas of edema. Scale bars, 100 um. (C) 8- to 12-wk-old male littermate mice of the indicated genotypes were treated with TNF (50
ug/kg, iv.) for 4 h and then EB (0.5 mg/mouse) for 20 min. Organs were collected, and the amount of EB extracted from the organs was measured by
spectrophotometry. (D) Survival curves and body temperature of 8- to 12-wk-old male littermate mice of the indicated genotypes after TNF injection (50 ug/kg,
i.v.). Mouse survival is presented as a Kaplan-Meier plot, and the log-rank test is performed. *P < 0.05. Data of body temperature are presented as mean + SD.
(E) Quantitative RT-PCR analysis of Il-6 mRNA levels in organs of Ripk1*/* and Ripk15161E/SI61E mice (n = 6) after TNF injection (50 pg/kg, i.v.) at the indicated time
points. (F) 14-wk-old male littermate RipkIS161E/SI61E or Ripk1SI61E/SIEIE ||_6-/~ mice (n = 3) were reconstituted with RipkIS161E/SI61E or Ripk]SI61E/SIEIE ||_6-/~ bone
marrow cells and then i.v. injected with TNF (50 pg/kg). At the indicated time points, serum samples were collected for ELISA analysis of IL-6. (G and H) 8- to 12-
wk-old male littermate mice of the indicated genotypes were i.v. injected with TNF (50 ug/kg). At the indicated time points, serum samples were collected for
ELISA analysis of IL-6. Data are presented as mean = SD. P values are determined by a two-tailed, unpaired t test. *P < 0.05; **P < 0.01; ****P < 0.0001. The
above experiments were independently performed twice.

2016; Wu et al., 2024a). RIPK1 S161E mutation sensitizes cecal
epithelia to necroptosis (Fig. 5), supporting the idea that cecal
epithelial cells are the most sensitive cells to TNF-induced nec-
roptosis (Chen et al., 2015; Wu et al., 2024a). Involvement of
endothelial necroptosis in TNF-induced SIRS has been reported
(Wuetal., 2024b; Zelic et al., 2018) with evidence of the damaged
liver vascular endothelium. Our data revealed that death-associated
vascular leakage primarily occurs in the cecum (Fig. 6; and Fig. S4, E
and F). It is possible that all vascular ECs are sensitive to TNF-induced
necroptosis, but the sensitivity differs in different organs. Similar
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explanations may also apply to the IECs. We also observed an
interesting phenomenon that necroptosis of the vascular ECs
and IECs promotes each other in the cecum (Fig. 6). A possible
interpretation is that the damaged endothelial barrier or the
DAMPs released from necroptotic ECs promote/cause the death
of IECs and vice versa.

Cytokine storms have long been viewed as an essential player
in SIRS, but currently, no evidence shows that the cytokine or
chemokine levels are good prognostic factors to predict survival
of TNF-induced SIRS (Zelic et al., 2018). RipkISI6IE/S6IE mice are
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particularly sensitive to TNF-induced death, allowing us to
identify IL-6 as a death contributor (Fig. 7). Furthermore, dif-
ferent from the common assumption, the elevation of IL-6 in the
circulation is not a direct response to the injected TNF but is
triggered by TNF-induced necroptosis (Fig. 7, G and H). The
function of IL-6 is not to cause cell death but to exacerbate cecal
edema and vascular permeability, shedding light on the role of
IL-6 in TNF-induced SIRS.

In sum, this study demonstrated the role of RIPK1 S161
phosphorylation in vivo and revealed the relationship between
S161 phosphorylation and S166 phosphorylation. Taking advan-
tage of the RipkISIE/SISIE mice that have enhanced necroptotic
responses to TNF, we uncovered the linkage between nec-
roptosis of the ECs and IECs in TNF-induced cecal damage and
also found that the elevation of circulating IL-6 is a selective
response to necroptosis. A co-submitted article also supports an
important role of RIPK1 autophosphorylation at 5161 in mediat-
ing cell death and inflammation (Koerner et al., 2025). A model
of this pathogenesis is proposed in Fig. S5 F.

Materials and methods

Ethical statement

All mice were housed in specific pathogen-free conditions with a
12-h light/dark cycle and access to food and water ad libitum
at Xiamen University Laboratory Animal Center. Animal
husbandry and all mouse experiments were reviewed and
approved by the Laboratory Animal Management and Ethics
Committee of Xiamen University (approval number XMU-
LAC20210072) and were in strict accordance with good ani-
mal practice as defined by Xiamen University Laboratory
Animal Center.

Mi

Ripclflsmm/smm mice, RikaSIGIA/SlslA mice, RikaSIGIN/SIGIN mice,
Ripk1K45A/K45A mice, Riple45A+SI61E/K45A+8161E l’l’liCE, and Rlpk3f/f
mice were generated by Xiamen University Laboratory Animal
Center as previously described (Gao et al., 2024; Zhang et al.,
2021; Zhong et al., 2015). gRNA targeting sequence was 5'-CCA
GATAGCCGATCTTGGTGTGG-3' for Ripkl SI161E, S161A, and
S16IN mutation; 5-ATCCTGAAAAAAGTATACACAGG-3’ for
Ripkl K45A mutation; and 5'-AAGTCAGCCTGGGTCCGTGAGGG-
3’ and 5'-TATCAATAAAGGAACTGTGGGGG-3' for loxp inser-
tion into Ripk3. The loxp sequence was inserted into introns 3
and 9 of Ripk3, respectively, and by reacting with the Cre re-
combinase exons 4-9 were knocked out from Ripk3. Casp8~/~
mice, Ripk3~/~ mice, and MIkl-/~ mice were generated as de-
scribed previously (Zhang et al., 2021). Tie2-cre mice and Cdh5-
ERT2-cre mice were gifts from Prof. Xiao Yang (Academy of
Military Sciences, Beijing, China) and Prof. Ralf H. Adams
(Cancer Research UK London Research Institute, London, UK),
respectively (Li et al., 2005; Wang et al., 2010). Villin-cre mice
and Il1-6~/~ mice were from the Jackson Laboratory (stock
#021504 and #002650; JAX). All mice generated in-house were
on a C57BL/6 background. All KO/knock-in alleles of mice in-
troduced from other institutes have been crossed onto the
C57BL/6 background for at least six generations, and mice with
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H19 and DMR mutations were excluded by using PCR as pre-
viously reported (Zhong et al., 2015). All experiments in this
study employed littermate controls to ensure genetic background
consistency. Additional information is provided upon request.

Antibodies

Antibodies for immunofluorescence staining: cleaved caspase-3
(9661S; Cell Signaling Technology/CST), phospho-RIPK3 (2D7)
(T231, S232) (ab205421; Abcam), phospho-MLKL (S345)
(ab196436; Abcam), E-cadherin (14472S; CST), Ki-67 (12202S;
CST), endomucin (sc-65495; Santa Cruz Biotechnology), Alexa
Fluor 488 goat anti-mouse antibody (A11029; Invitrogen), Alexa
Fluor 568 goat anti-mouse antibody (A11004; Invitrogen),
Alexa Fluor 647 goat anti-rat antibody (A21247; Invitrogen), Alexa
Fluor 488 goat anti-rabbit antibody (A11034; Invitrogen), and Alexa
Fluor 568 goat anti-rabbit antibody (A11036; Invitrogen).

Antibodies for western blot: RIPK1 (3493S; CST), phospho-
RIPK1 (S166) (31122S; CST), FADD (homemade), RIPK3 (home-
made), phospho-RIPK3 (91702S; CST), MLKL (homemade),
phospho-MLKL (S345) (ab196436; Abcam), caspase-3 (9662S;
CST), cleaved caspase-3 (9661S; CST), E-cadherin (14472S;
CST), endomucin (sc-65495; Santa Cruz Biotechnology), and
ACTIN (T0022; Affinity).

Antibodies for flow cytometry: PerCP/Cy5.5 anti-CD45.2
(109828; BioLegend), PE/Cy7 anti-CD3e (100320; BioLegend),
APC/Cy7 anti-B220 (103224; BioLegend), FITC anti-CD19 (11-0193-
82; eBioscience), Pacific Blue anti-CD4 (100534; BioLegend), APC
anti-CD8a (100712; BioLegend), FITC anti-CD11b (101206; BioLegend),
PE anti-F4/80 (123110; BioLegend), APC anti-Ly-6G (127614; Bio-
Legend), APC/Cy7 anti-Ly-6C (128026; BioLegend), PE anti-CDllc
(557401; BD Pharmingen), APC anti-MHC-II (17-5320-82;
eBioscience), FITC anti-NK1.1 (108706; BioLegend), and PE/
Cy?7 anti-CD31 (102417; BioLegend).

Antibody for cell treatment: Rabbit anti-TNF-a antibody
(A0277; ABclonal Biotechnology).

Key reagents

Recombinant murine TNF-a (315-01A; Peprotech), human TNF-
a recombinant protein (PHC3011; Thermo Fisher Scientific), pan
caspase inhibitor Z-VAD-FMK (FMKO0O01; R&D), Emricasan (HY-
10396; MCE), SMAC LCL161 (HY-15518; MCE), CHX (HY-12320;
MCE), Necrostatin 1S (S8641; Selleckchem), sodium carbox-
ymethyl cellulose (HY-Y0703; MCE), Evans blue (EB) (E2129;
Sigma-Aldrich), tamoxifen (HY-13757A; MCE), and corn oil
(C8267; Sigma-Aldrich).

Cell culture

Murine fibroblast cell line 1929, colorectal carcinoma cell line
CT26, and HT-29 cells were obtained from the American Type
Culture Collection. All MEFs were harvested from embryos of
embryonic day E10.5-E13.5. All cells were cultured in DMEM
(Life Technologies) supplemented with 10% (vol/vol) FBS (Life
Technologies), 1% (vol/vol) MEM nonessential amino acids so-
lution (Life Technologies), and 100 U/ml penicillin/streptomy-
cin (Sangon). BMDMs were generated by differentiating bone
marrow progenitors from the tibia and femur for 7 days in
DMEM supplemented with 10% (vol/vol) FBS and 30% (vol/vol)
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L929-conditioned media. All cells were grown at 37°C in a hu-
midified incubator containing 5% CO,. All cell lines were well
established and frequently checked by monitoring morphology
and functionalities. All the cell lines were authenticated by STR
analysis and were routinely tested to be mycoplasma free.

Cell death analysis

Cell death was analyzed using the CellTiter-Glo luminescent cell
viability assay kit (G7571; Promega). The assay was performed
according to the manufacturer’s instructions. In brief, 10,000
cells were seeded in 96-well plates with white walls. After
treatment, an equal volume of the CellTiter-Glo reagent was
added to the cell culture medium, which had been equilibrated to
room temperature for 15 min. Cells were shaken for 15 min.
Luminescent recording was performed with a TECAN Spark
multimode microplate reader (Tecan).

Cecal EC isolation

Prior to cecum isolation, mice were sacrificed and underwent
whole-body blood replacement with saline perfusion. Ceca were
then collected, washed twice with cold PBS to remove the con-
tents, cut into pieces, and digested in 4 mg/ml of collagenase I
solution, shaking at 220 rpm, 37°C for 1 h. The digestion was
ended by using DMEM media containing 10% FBS. Ceca were
ground on a 70-pm strainer sitting on a 50-ml conical tube.
Filtered cells were collected, centrifuged at 650 g for 5 min, and
the supernatant was discarded. PE/Cy7 anti-CD31 (1:100 diluted
in PBS containing 2% FBS) was used to stain the cells for 30 min
at 4°C, and cells were then washed three times using the FACS
buffer (PBS containing 2% FBS). CD31* live cells were sorted out
using flow cytometry. Roughly 3-4 x 10* cells obtained per
mouse were seeded in one well of a 24-well plate pre-coated with
1% gelatin. DMEM media containing 20% FBS was used for the
cell culture and was changed 6-8 h after seeding. Cells would
reach 100% confluency 4-7 days after seeding and were disso-
ciated from the plate and lysed in SDS sample buffer for western
blot analysis.

Cecal IEC isolation

Mice were sacrificed. Ceca were collected, washed twice with
cold PBS to remove the contents, and digested in 5-10 ml of cold
5 mM EDTA for 30 min on a rotor at 4°C. Discard the tissue. Cells
were filtered through a 70-um strainer sitting on a 50-ml conical
tube, centrifuged at 500 g for 5 min at 4°C, and washed with PBS
twice. Pellets were lysed in SDS sample buffer for western blot
analysis.

TNF-induced SIRS in mice

8- to 12-wk-old male mice of the indicated genotypes (average
weight 25 g) were injected i.v. with 10, 25, 50, 150, 200, 250, 400,
600, or 1,600 pg/kg mouse TNF diluted in endotoxin-free PBS.
To delete Ripk3 in RipkIS6!E/SI61E Cdh5-ERT2-cre*/~ Ripk3/fmice, 8-
wk-old male RipkiS®E/S6IE Cdh5-ERT2-cre*/~ Ripk3f/f mice and
their littermate RipkIS''E/S16IE Ripk3f/f mice were both orally ad-
ministered with 100 mg/kg of tamoxifen for 5 consecutive days.
After a 10- to 14-days break, TNF was injected. Animals were
under intensive observation, and survival was checked every
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30 min. Body temperature measured by rectal thermometry was
recorded every 2 h with an electric thermometer (ALC-ET03;
ALC Bio). Mice were sacrificed at the indicated time points or
when body temperature was below 23.6°C (Newton et al., 2016).
To prepare the 20 mg/ml stock solution of tamoxifen, corn oil
was added to 200 mg of tamoxifen to bring the final volume to 10
ml. Ultrasonic was needed to facilitate the dissolution.

Bone marrow transplantation

6-wk-old recipient mice were irradiated using an irradiator (RS
2000 Pro; Rad Source Technologies) at a dose of 8 Gray. Bone
marrow cells were isolated from femurs, tibias, and humeri of
the donor mice, and erythrocytes were lysed by ACK lysis buffer
(C3702; Beyotime). Bone marrow cells were i.v. injected into
each recipient mouse 4-6 h after irradiation. The chimerism of
the recipient mice was examined 4 wk later by PCR analysis of
the genomic DNA extracted from the tail and the blood from the
retro-orbital sinus for genotyping non-hematopoietic cells and
hematopoietic cells, respectively.

Cecectomy

Cecectomy was performed as previously described
(Voravuthikunchai and Lee, 1987). Briefly, 6- to 8-wk-old mice
were anaesthetized, shaved off the belly fur, and then placed
in a supine position on the operating table. An incision of 1.5-
2 cm was made along the lower abdomen. The cecum was
lifted out and ligated as close as possible to the ileocecal
junction and then was cut near the ligation and removed.
The intestine was always kept moist with gauze soaked in
physiological saline until it was replaced into the abdominal
cavity. Lastly, the abdomen was closed in layers. For the
sham-operated mice, the ceca were lifted out, left outside the
abdominal cavities for the same duration as with the cecec-
tomized animals, tucked back into the animals, and then the
abdomens were closed.

In vivo blood vessel permeability assay

4 h after the tail vein injection of mouse TNF, 8- to 12-wk-old
male mice were injected i.v. with 100 pl EB solution (5 pg/ul)
diluted in sterile PBS. After 15-20 min, the mice were anesthe-
tized and subjected to heart perfusion. The heart, liver, spleen,
lung, kidney, stomach, duodenum, jejunum, ileum, colon, and
cecum were collected and put in 1.5-ml tubes. Tissues should be
air-dried to eliminate the water content variability between
different organs. Weigh the dry tissues and add 500 pl of
formamide to each tissue sample. Transfer all tubes to a 55°C
water bath or heat block, and incubate for 24-48 h to extract EB
from the tissues. Centrifuge the formamide/EB mixture to pellet
any remaining tissue fragments, and measure absorbance at 610
nm by using formamide as a blank. Finally, calculate pug EB ex-
tracted per mg tissue.

H&E staining and immunofluorescence

After animals were euthanized, the liver, spleen, kidney, lung,
and cecum were collected immediately and fixed in 4% para-
formaldehyde (PFA) in PBS for 24 h at room temperature. The
duodenum, jejunum, ileum, and colon were flushed with ice-
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cold PBS, coiled into a “Swiss roll,” and fixed in 4% PFA in PBS for
24 h. The fixed tissues were dehydrated in ethanol, cleared in
xylene, and embedded in paraffin blocks. 5-um sections were
cut, mounted on adhesion microscope slides (ZSGB-BIO), and
stained with H&E. Representative images were captured and
processed using identical settings on a Leica Aperio Versa 200
(Leica Camera AG) at Xiamen University.

For immunofluorescence staining of the cecum, paraffin
sections were dewaxed, rehydrated, subjected to heat-
induced antigen retrieval with Tris-citrate buffer, blocked in
1% BSA, and then incubated overnight at 4°C with rabbit anti-
cleaved caspase-3, mouse anti-phospho-RIPK3 (2D7), or rabbit
anti-phospho-MLKL (S345) along with mouse anti-E-cadherin,
rabbit anti-Ki-67, or rat anti-endomucin, diluted in the
blocking buffer. Cecal sections were washed three times with
0.02% PBS-Tween-20 and then incubated for 1 h at room
temperature with fluorescent antibodies. Hoechst 33342
(C1022; Beyotime Biotechnology) was used as a nuclear
(DNA) counterstain. Images were acquired on a Zeiss LSM
900 laser scanning confocal microscope (Carl Zeiss Mi-
croscopy GmbH).

LDH assay

Serum LDH release was measured using the Cytotoxicity LDH
assay kit-WST (CK12-2000; Dojindo Molecular Technologies)
following the manufacturer’s instructions.

ELISA

Sera from mice were assayed for mouse IL-1B (88-7013A-77;
Thermo Fisher Scientific), IL-6 (88-7064-77; Thermo Fisher
Scientific), IFN-y (88-7314-88; Thermo Fisher Scientific), CCL2
(88-7391-88; Thermo Fisher Scientific), and IL-12/13 p40 (88-
7120-88; Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Quantitative real-time PCR

Total RNA was extracted using RNAIso Plus reagent (9109; TA-
KARA) as previously described (Liu et al., 2023). In brief, 5 pg of
total RNA was reverse-transcribed using oligo (dT) primer (5'-
TTTTTTTTTTTTTTTTTTTT-3') and M-MLV reverse transcrip-
tase (BGI) to generate cDNA. The expression levels of IL-6 and
GAPDH were measured by real-time PCR using Hieff qPCR SYBR
Green Master Mix (11201ES08; Yeasen) on a CFX96 Real-time RT-
PCR detection system (Bio-Rad). Primer sequences used in this
study are listed as follows: II-6: forward, 5'-CTGCAAGAGACTTCC
ATCCAG-3’, reverse, 5'-AGTGGTATAGACAGGTCTGTTGG-3';
Gapdh: forward, 5'-TGTGTCCGTCGTGGATCTGA-3', reverse, 5'-
CCTGCTTCACCACCTTCTTGA-3'. PCR was carried out for 35 cy-
cles using the following program: denaturation at 95°C for 20 s,
annealing at 58°C for 20 s, and elongation at 72°C for 20 s. Gapdh
was used as the internal reference gene, and the target and ref-
erence genes had similar amplification efficiencies. Expression of
the target gene was normalized to that of Gapdh to compensate for
any difference in the concentration of samples in every run of
gPCR. The threshold cycle (2-22¢t) method was used, and the fold
change of the target gene in each sample relative to the biological
control sample was plotted.
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Flow cytometry

For cell surface marker staining, cells were incubated with an-
tibodies in 1x FACS buffer (1% FBS in PBS) for 30 min at 4°C and
washed with 1x FACS buffer twice before analysis. All the
stained samples were kept at 4°C. Flow cytometry data were
acquired using a Fortessa X-20 flow cytometer (B&D) and ana-
lyzed with the Flow]Jo software (version 10.6.2).

Immunoblotting

Cells were harvested at the indicated time points, washed with
PBS, lysed with 2x SDS sample buffer containing 100 mM di-
thiothreitol, and boiled at 100°C for 10 min. The samples were
subjected to SDS-PAGE (PowerPac Basic and PowerPac Univer-
sal Power Supply; Bio-Rad), and images were acquired using an
Image Quant LAS 4000 mini biomolecular imager (General
Electric Company).

Immunoprecipitation

Cells were pelleted in ice-cold PBS and resuspended in lysis
buffer (12.5 mM HEPES [pH 7.5], 30 mM NacCl, 90 mM NaSCN,
1% NP40, and protease inhibitor cocktail). Cells were lysed at 4°C
for 30 min and then were sonicated and centrifuged at 20,000 x
g for 30 min at 4°C. The supernatants were immunoprecipitated
with Anti-FLAG M2 beads (A2220; Sigma-Aldrich) overnight at
4°C. Samples were washed three times in lysis buffer and then
were eluted in 60 ul 2x SDS by shaking. The total cell lysates and
immunoprecipitated samples were then subjected to SDS-PAGE.

ms

To determine the phosphorylation sites by MS, Flag-RIPK1 was
immunoprecipitated with M2 beads from untreated Ripkl KO
L1929 cells expressing Flag-RIPK1 WT or Flag-RIPK1 S161E. Pro-
teins in immunoprecipitated samples were analyzed by quan-
titative MS as previously described (Zhang et al., 2017) using MS
TripleTOF 5600. MS data analyses were performed with Peak-
View (version 2.2) software.

Confocal microscopy

For immunostaining, cells were grown on coverslips (801008;
NEST) coated with poly-L-lysine (P1399; Sigma-Aldrich). Cells
were fixed with freshly prepared 3.7% formaldehyde for 15 min
at room temperature and then permeabilized with 0.2% Triton
X-100 in PBS. After being blocked with 3% BSA for 30 min, the
samples were stained with primary antibodies at 4°C overnight,
washed three times with PBS, and incubated with secondary
antibodies for 1 h at room temperature. The slides were mounted
with antifade reagent (P36934; Invitrogen) and imaged on a
Zeiss LSM 900 laser scanning confocal microscope (Carl Zeiss
Microscopy GmbH).

STORM imaging

STORM imaging was performed on an N-STORM microscope
(Ti-E; Nikon Instruments) as previously described (Chen et al.,
2022). Briefly, the N-STORM system uses an Agilent MLC-400B
laser launch with a red diode laser (647 nm, 300 mW; MPBC), a
green solid-state laser (561 nm, 150 mW; Coherent), a blue solid-
state laser (488 nm, 200 mW; Coherent), a violet diode laser (405

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20250277

15 of 18



nm, 100 mW; Coherent), and a 100x NA 1.49 oil immersion ob-
jective. STORM images were analyzed and molecularly modeled.
PyMOL (The PyMOL Molecular Graphics System, Version 2.4
Schrédinger) was used to generate all the figures.

Statistical analysis

Statistical analysis was performed with GraphPad Prism soft-
ware. Data were presented as mean + SD of triplicate. Two-tailed
Student’s t test was used to compare differences between the two
groups. Mouse survival was presented as a Kaplan-Meier plot
and compared by the log-rank (Mantel-Cox) test. Differences in
compared groups were considered statistically significant with P
values. ns, P = 0.05; *P < 0.05; **P < 0.0L; ***P < 0.001; ***P <
0.0001. No statistical method was used to predetermine the
sample size. No data were excluded from the analyses.

Online supplemental material

Fig. S1 presents the influence of RIPK1 S161E mutation on mouse
development and organ/cell sensitivity to TNF (related to Fig. 1).
Fig. S2 shows the function of RIPK1 S161 phosphorylation on
apoptosis in CT26 cells and in primary BMDMs (related to Fig. 2).
Fig. S3 displays the impact of RIPK1 S161E on RIPK3 recruitment
to the necrosome, RIPK1 S166 phosphorylation, and cell death; it
also shows data on RIPK1 S166 mutations affecting cell death and
other phosphorylation events in RIPKI (related to Fig. 3). Fig. S4
shows that the TNF-induced death of RipkIS®E/SIEE mice is not
mainly caused by changes in hematopoietic cells or the apoptotic
signaling but is a result of necroptosis of cecal IECs and ECs
(related to Figs. 5 and 6). Fig. S5 exhibits data showing the role of
IL-6 in TNF-induced death of RipkISIE/SISE mice (related to
Fig. 7).

Data availability
Data are available in the published article and its online sup-
plemental material.
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Figure S1. S161E mutation sensitizes the cecum to TNF-induced damage. (A-C) Genetic analyses of offspring from intercrosses of Ripk15162€/+, Ripk15161N/+,
and RipkI¥1624+ parents, respectively. (D) Primary BMDMs from Ripk1*/*, RipkIS16IN/SI6IN, o Ripk]S161E/S161E mice (three littermate 8- to 12-wk-old male mice of
each genotype) were treated with TNF (10 ng/ml) + zZVAD (20 uM), TNF (20 ng/ml) + SMAC mimetic (1 uM) + Emricasan (5 pM), or SMAC mimetic (1 uM) +
Emricasan (5 uM) for the indicated time points with or without Nec-1s (10 uM). Cell survival was measured. Data are presented as mean =+ SD. Cell lysates of
nontreated primary BMDMs were analyzed by immunoblotting to detect proteins as indicated. (E) Representative H&E staining images of ceca from Ripk1*/*
mice after TNF treatment for 6 h (400 ug/kg, i.v.) or PBS. Three 8- to 12-wk-old littermate male mice were used for each treatment. Scale bars, 100 pm.
(F) Representative H&E staining images of livers, spleens, lungs, and kidneys from Ripk151616/5161€ mice after PBS or TNF treatment for 6 h (50 pg/kg, i.v.).
Three 8- to 12-wk-old littermate male mice were used for each treatment. Scale bars, 100 um. (G) 6- to 8-wk-old male littermate mice were treated with
or without cecectomy and then injected with TNF after 4 wk (50 pg/kg i.v.). Survival curve is presented as a Kaplan-Meier plot, and the log-rank
(Mantel-Cox) test (two-sided) is performed to determine statistical significance. ns, P > 0.05. Data of body temperature are presented as mean + SD. The
above experiments were independently performed twice. Source data are available for this figure: SourceData FS1.
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Figure S2. S161 phosphorylation is required for TNF-induced RIPK1 kinase-dependent apoptosis, but not RIPK1 kinase-independent apoptosis, in
CT26 cells and in primary BMDMs. (A-D) RipkI-deficient CT26 cells reconstituted with Flag-RIPK1 WT or mutants (A) and primary BMDMs from three mice of
each genotype as indicated (B-D) were treated with TNF (10 ng/ml), TNF (10 ng/ml) + SMAC mimetic (1 pM), and TNF (10 ng/ml) + CHX (1 ug/ml), respectively,
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presented as mean + SD. Cell lysates of nontreated cells were analyzed by immunoblotting to detect proteins as indicated. The above experiments were
independently performed twice. Source data are available for this figure: SourceData FS2.
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Figure S3. RIPK1 phosphorylation at S161 occurs prior to RIPK1 phosphorylation at S166. (A) Ripkl and Ripk3 double-deficient L929 cells were re-
constituted with Flag-RIPK1 WT or S161E mutant and HA-RIPK3 WT and then treated with TNF (10 ng/ml) + ZVAD (20 pM) for 1, 2, or 4 h. Representative
STORM images from two independent experiments of RIPK1 (green) and RIPK3 (purple) in L929 cells with or without treatment are shown. Scale bars, 10 pm for
the first and third rows and 200 nm for the second and fourth rows from the top. Area of necrosomes formed after treatment and area ratios of RIPK3 to RIPK1
were analyzed using Image). P values are determined by a two-tailed, unpaired t test. **P < 0.01; *P < 0.05. (B) RipkI-deficient L929 cells were reconstituted
with Flag-RIPK1 WT or S161E mutant and then treated with anti-TNF antibody (1 ug/ml) for the indicated time points. Cell lysates were analyzed by immu-
noblotting to detect proteins as indicated. (C and D) Cell lysates of TNF (10 ng/ml) + zZVAD (20 uM)-treated primary BMDMs from littermate Ripk1*/*,
RipkS161€/SI61E, Ripk]SI6IN/SIEIN, Rink]SI614/SI61A and Ripk1K4°A/K45A male mice were analyzed by immunoblotting to detect proteins as indicated. (E) Ripk1 KO L929
cells were reconstituted with WT RIPK1 or RIPK1 mutants and then treated with TNF (10 ng/ml) + zVAD (20 uM) for the indicated time points. Cell survival was
measured. Cell lysates of nontreated cells were analyzed by immunoblotting to detect proteins as indicated. Data are presented as mean + SD of triplicate.
(F) Intensities of RIPK1 phosphorylation sites measured by LC-MS/MS. Samples were Ripkl KO 1929 cells reconstituted with RIPK1 S166E mutant without
treatment. The above experiments were independently performed twice. Source data are available for this figure: SourceData FS3.
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Figure S4. 1EC and EC necroptosis are triggers of TNF-induced death of Ripk15161E/SI161E mice, (A) Flow cytometry analysis of counts of total immune cells
and different subsets in the peripheral blood of 8- to 12-wk-old male littermate RipkI*/* and Ripk1S161/5161€ mice after TNF injection (50 pg/kg, i.v.) at the
indicated time points. (B) Immune cell compositions of the thymus (Thy), spleen (SP), lymph node (LN), and bone marrow (BM) of untreated Ripk1*/* and
RipkIS161E/SI61E mice were analyzed using flow cytometry. All mice were 8- to 12-wk-old male littermates. The number of mice used was as indicated. (C) Cecal
IECs and ECs were isolated from male Ripk3/f Villin-cre*/~ mice, Ripk3f Tie2-cre*/~ mice, and their littermate Ripk3f mice, and tamoxifen-treated male Ripk3//f
Cdh5-ERT2-cre*/~ mice and their littermate Ripk3ff mice, respectively. RIPK3 expression in the cell lysates was examined by immunoblotting. E-cadherin and
endomucin were used as markers for IECs and ECs, respectively. Each number represents one mouse. The above experiments were independently performed
twice. (D) Representative immunofluorescence staining images of ceca from five mice of each indicated genotype after TNF treatment for 6 h (50 ug/kg, i.v.). All
mice were 8- to 12-wk-old male littermates. E-Cad (red), cleaved caspase-3 D175 (CC3, green). Scale bars, 50 um. Percentages of CC3* cells in E-Cad* cells were
quantified using ImageJ. Data are presented as mean + SD. P values are determined by a two-tailed, unpaired t test. ns, P > 0.05. (E and F) 8- to 12-wk-old
littermate male WT mice (A) and Ripk3~/~ mice (B) were injected with PBS or TNF (400 pg/kg, i.v.) for 4 h and then EB (0.5 mg/mouse) for 20 min. Organs were
collected, and the amount of EB extracted from the organs was measured by spectrophotometry. Data are presented as mean = SD. P values are determined by
a two-tailed, unpaired t test. **P < 0.01. Source data are available for this figure: SourceData FS4.
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Figure S5. Necroptosis raises IL-6 levels in the circulation, which facilitates the death of Ripk1S161/5161€ mice, (A) 8- to 12-wk-old male littermate
Ripk1*/+ and Ripk15161€/5161€ mice (n = 3) were i.v. injected with TNF (50 ug/kg). At the indicated time points, serum samples were collected for ELISA analysis of
IL-1B, CCL2, IL-12/23 p40, and IFN-y. (B) Representative immunofluorescence staining images of ceca from five 8- to 12-wk-old male littermate mice of each
indicated genotype after TNF treatment for 6 h (50 ug/kg, i.v.). Endomucin, red; p-MLKL, green; E-Cad, purple. Scale bars, 50 um. Percentages of p-MLKL* cells
in Endomucin* cells or E-Cad* cells were quantified using Image). Data are presented as mean + SD. P values are determined by a two-tailed, unpaired t test. ns,
P > 0.05. (C) 8- to 12-wk-old male littermate mice of the indicated genotypes were treated with TNF for 4 h (50 pg/kg, i.v.) and then EB (0.5 mg/mouse) for 20
min. Organs were collected, and the amount of EB extracted from the organs was measured by spectrophotometry. (D) Quantitative RT-PCR analysis of /-6
mRNA levels in organs of mice (n = 6) after TNF injection (50 pg/kg, i.v.) at the indicated time points. All mice were 8- to 12-wk-old male littermates. Data are
presented as mean + SD. P values are determined by a two-tailed, unpaired t test. *P < 0.05; **P < 0.01. (E) RIPK1-deficient HT-29 cells were reconstituted with
Flag-hRIPK1 WT or mutants (D138N, D138N + S161F, and S161N) and then treated with hTNF (30 ng/ml) + zZVAD (20 uM) + SMAC mimetic (100 nM) for the
indicated time points. Cell survival was measured. Data are presented as mean + SD of triplicate. Cell lysates were analyzed by immunoblotting. The above
experiments were independently performed twice. (F) A graphic model for the functions and mechanisms of RIPK1 S161 phosphorylation in TNF-induced SIRS,
created in BioRender. Msf, (2025) https://BioRender.com/w9bzp6q. Source data are available for this figure: SourceData FS5.
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