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Bacterial lipopolysaccharide (LPS) is among the most potent pathogen-associated molecular patterns (PAMPs). In animals, LPS can
induce endotoxic shock, a widely used model of sepsis. Studies of this system have yielded important insights into innate immunity,
including key immune sensors and signaling pathways. However, how inflammatory pathways are spatially coordinated across cell
types and organs in vivo during endotoxic shock remains poorly understood. Here, we systematically analyzed LPS-induced
lethality in mice to define the coordinated contributions of cell death pathways, inflammatory cytokines, and lipid mediators to
endotoxic shock pathology. We found that caspase-11 signaling acts primarily in nonhematopoietic cells and drives tissue injury,
whereas caspase-8 and RIPK3 function predominantly in hematopoietic cells and are both controlled by TRIF. Although
proinflammatory cytokines are thought to promote cell death, it is surprising that cell death and/or components of death signaling
are critical for initiating the cytokine storm because disruption of these cell death pathways markedly and preferentially reduces
LPS-induced cytokine production in vivo. Combined deficiency of caspase-11, RIPK3, and caspase-8 fully protected mice from LPS-
induced death, and additional cyclooxygenase inhibition eliminated remaining sickness behaviors such as reduced mobility.
Together, these interventions rendered LPS-treated mice nearly indistinguishable from healthy controls. Overall, we delineate the
core of the integrated signaling network that governs the pathological manifestations of LPS-induced endotoxic shock in mice.
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INTRODUCTION

For more than 130 years, endotoxin has been regarded as a key
determinant of the pathogenicity of Gram-negative bacteria [1].
Chemically, endotoxin is lipopolysaccharide (LPS), one of the
most abundant components of the outer membrane of Gram-
negative bacteria, and is essential for bacterial survival and
proliferation [2]. Toll-like receptor 4 (TLR4), an evolutionarily
conserved receptor, serves as the pathogen-associated mole-
cular pattern (PAMP) receptor for LPS [3]. In the presence of
lipopolysaccharide-binding protein (LBP) and cluster of differ-
entiation 14 (CD14), LPS activates the TLR4/myeloid differentia-
tion factor 2 (MD-2) complex, which recruits either the myeloid
differentiation primary response 88 (MyD88) adaptor complex or
the Toll/IL-1 receptor domain-containing adaptor protein indu-
cing interferon-B (TRIF) complex, ultimately activating nuclear
factor kB (NF-kB) and mitogen-activated protein kinase (MAPK)
signaling [4-9]. The high affinity of LPS for the TLR4 receptor
complex enables the activation of target cells at picomolar
concentrations. In addition, LPS is sensed intracellularly by
caspase-11 in mice (caspase-4/5 in humans), which triggers the
noncanonical inflammasome [10-13]. Through these receptors,

animals exhibit extreme sensitivity to LPS, making it one of the
most potent PAMPs identified to date.

Shortly after Westphal and Liideritz elucidated the structure of LPS in
the 1950s [14], LPS-induced shock (endotoxic shock) in experimental
animals became widely used as a prototypical model of septic shock.
Endotoxin-challenged mice develop severe hypothermia, weight loss,
multiorgan tissue damage, and ultimately death [15]. These outcomes
are associated with systemic inflammatory responses, including
increased serum levels of multiple inflammatory cytokines [16], which
are thought to contribute to lethality. Programmed cell death pathways
are also activated during endotoxic shock, and the key mediators of
these pathways, such as caspase-11, play important roles in LPS-
induced death [10-13]. However, the extent to which targeting these
events protects animals from LPS lethality has varied across studies and
experimental contexts. A comprehensive view of the signaling network
engaged in LPS-challenged mice—and which single or combined
interventions can fully prevent lethality—remains lacking.

To define the roles of distinct cell death pathways in endotoxic
shock, we systematically analyzed death and inflammatory signaling in
LPS-treated mice using highly purified LPS to focus on host responses
to LPS. We confirmed that the caspase-11-mediated pyroptosis
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The pyroptotic, necroptotic, and apoptotic pathways contribute to LPS-induced mouse death. A WT mice were injected

intraperitoneally (i.p.) with LPS at the indicated doses and monitored for survival. B, D Mice of the indicated genotypes were injected i.p.
with 20 mg/kg LPS and monitored for survival. C Casp11~/~ mice were injected i.p. with LPS at the indicated doses and monitored for survival.
E Ripk3~'~ Casp8~'~ mice were injected i.p. with the indicated doses of LPS, and survival was monitored. F Mice of the indicated genotypes
were injected i.p. with 50 mg/kg LPS and monitored for survival. G Mice of the indicated genotypes were injected i.p. with 100 mg/kg LPS and

monitored for survival

pathway is a major driver of LPS-induced lethality and further revealed
that it functions predominantly in nonhematopoietic cells, where it
contributes substantially to tissue injury. In contrast, receptor-
interacting protein kinase 3 (RIPK3)- and caspase-8-dependent
necroptotic and apoptotic pathways contribute to LPS-induced
lethality primarily through hematopoietic cells. The reciprocal reinfor-
cement between programmed cell death and inflammatory cytokine
production was evident: cytokines may promote the induction of key
death mediators such as caspase-11, whereas impairment of death
pathways markedly blunts cytokine induction in LPS-treated mice.
Notably, simultaneous blockade of the RIPK3-, caspase-8-, and caspase-
11-mediated pathways fully protected mice from death even at the
highest dose of LPS that could be administered. Inflammatory lipid
mediators were dispensable for lethality but contributed to sickness
behaviors, as cyclooxygenase (COX) inhibition eliminated the remain-
ing LPS-induced clinical signs in Ripk3-, Casp8-, and Casp11-deficient
mice. Together, these data provide an integrated map of the signaling
pathways that drive sickness behaviors and death in endotoxin-
challenged mice.

RESULTS

The contribution of the pyroptotic, necroptotic, and apoptotic
pathways to LPS-induced mouse death

Death is the terminal consequence of severe endotoxic shock.
Previous studies have shown that disrupting apoptotic, necropto-
tic, or pyroptotic pathways attenuates LPS-induced lethality in
mice [17-21]. For example, LPS-induced cellular responses, tissue
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damage, and mouse death have been studied in Casp8 '~ Ripk3 ™
~and Casp11~’~ mice [17]. However, whether these pathways act
independently to promote death and whether additional path-
way(s) also contribute to lethality after LPS challenge remain
unclear. The relationship between the time to death and the dose
of highly purified LPS (E. coli O111) administered intraperitoneally
(i.p.) is shown in Fig. 1A, revealing an LD;oo of ~10 mg/kg.
Disruption of noncanonical inflammasome-dependent pyroptosis
via Casp11 deletion conferred marked resistance to 20 mg/kg LPS
challenge. In contrast, disruption of canonical inflalmmasome-
dependent pyroptosis in Pycard~'~ (ASC), Casp1™~, or Pycard™
~Casp1~’~ mice had almost no effect on 20 mg/kg LPS-induced
death (Fig. 1B). The LD;oo of Caspl1™/~ mice increased by
approximately 10-fold compared with that of wild-type (WT) mice;
Casp11~'~ mice nonetheless died when challenged with 50 mg/kg
or higher doses of LPS (Fig. 1Q).

We tested the contributions of necroptosis and apoptosis in the
same manner. R}Dk3’/’ mice showed a modest increase in
resistance. Ripk3~'~Casp8~'~ mice exhibited substantially greater
resistance, which was consistent with previous work [17] (Fig. 1D).
Ripk3™'~Casp8~'~ mice were resistant to 10 mg/kg but not 20 mg/
kg LPS (Fig. 1E), corresponding to an ~2-fold increase in the LD1qo.

To determine whether these death pathways act additively or
synergistically to drive lethality, we challenged Casp?1~/~,
Ripk3~'~Casp8~'~,  Pycard'~Casp11™'=,  Casp1~/=/117"7,
Ripk3~'~Casp11™'~, Ripk3~'~Casp8~~/11'=, and  Ripk3™
~Casp8~'7/17'7/117~ mice with 50 mg/kg LPS (Fig. 1F). Resis-
tance increased as additional pathways were disrupted, with
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Fig.2 RIPK3- and caspase-8-dependent pathways function in hematopoietic cells, whereas caspase-11 acts mainly in nonhematopoietic cells.
A-C Recipient mice were irradiated and transplanted with bone marrow cells from donor mice. The genotypes of the recipient and donor
mice are indicated. Following reconstitution, the chimeric mice were injected intraperitoneally (i.p.) with 50 mg/kg LPS and monitored for

survival

maximal protection observed when Casp11, Ripk3, and Casp8
were deleted simultaneously. Because 100 mg/kg is the highest
LPS dose we can administer experimentally, we used this dose
as a stringent challenge; Ripk3~'~Casp8~/~/11~'~ and Ripk3™
~Casp8~/~/177/117'~ mice survived this challenge (Fig. 1G).
These results indicate that these programmed cell death
pathways are major determinants of mortality in high-dose
LPS-induced murine endotoxic shock.

We also tested LPS from E. coli with a distinct O-antigen (083).
083 LPS was less soluble than O111 LPS was, but both induced
TNF-a secretion in a TLR4-dependent manner (Fig. STA, B). 083
LPS-induced lethality was also fully prevented by the simultaneous
disruption of the three death pathways (Fig. S1C). Given that
Casp11 deletion increased the lethal dose by ~10-fold and that
combined Ripk3/Casp8 deletion increased it by ~2-fold, the
complete survival of mice challenged with 100 mg/kg LPS
suggests synergy rather than simple additivity among these
pathways.

Deletion of Casp1, or additional Casp1 deletion on Casp11~'~ or
Ripk3™'~Casp8~'~/117~ backgrounds, did not increase resistance
at LDqqo doses (Fig. 1B, F), although Casp1 deficiency may reduce
mortality at lower LPS doses [11, 22]. Because Casp! and Casp11
are located on the same chromosome, we obtained some Casp1~’
~/117"~ mice and their derivatives through animal cross-breeding.
Since caspase-11 has a dominant effect, in subsequent experi-
ments, Caspl/~/11~'~ mice were used primarily as a practical
surrogate for Casp11 deficiency. Because 50 mg/kg E. coli O111
LPS challenge overcame the resistance conferred by single-gene
deletions, we used 50 mg/kg for most subsequent experiments
unless otherwise indicated.

RIPK3 and caspase-8 act in hematopoietic cells, whereas
caspase-11 acts predominantly in nonhematopoietic cells

To determine where these pathways function in vivo during LPS-
induced lethality, we generated bone marrow chimeras and
challenged them with LPS. Deficiency of Ripk3, Casp8, Casp1, and
Casp11 restricted to either hematopoietic or nonhematopoietic
compartments alone was insufficient to confer full resistance
(Fig. 2A). With respect to Casp11, deficiency in nonhematopoietic
cells alone provided substantial protection, whereas deficiency
restricted to hematopoietic cells had little effect (Fig. 2B). Notably,
Casp11 deficiency in both compartments provided synergistic
protection against lethality (Fig. 2B).

Moreover, on a whole-body Casp11-deficient background, the
deletion of Ripk3 and Casp8 in hematopoietic cells—but not in
nonhematopoietic cells—further increased protection to a level
comparable to that in germline Ripk3~'~Casp8~/~/117'~ mice
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(Fig. 20), indicating that RIPK3 and caspase-8 promote lethality
primarily via hematopoietic cells. Given that the resistance of
Ripk3™'~ mice to LPS challenge was limited (Fig. 1D), caspase-8 is
likely to play a predominant role in hematopoietic cells.

The slightly lower LPS resistance of Ripk3~'~Casp8~'=/117/~
mice generated by bone marrow transplantation than of those
generated by breeding (Fig. 1F) is likely attributable to the
increased fragility sometimes observed in transplanted mice [23].
Nonetheless, these chimera experiments clearly demonstrated
that RIPK3 and caspase-8 act mainly in hematopoietic cells,
whereas caspase-11 acts predominantly in nonhematopoietic cells
during endotoxic shock.

Caspase-11, but not RIPK3 or caspase-8, is involved in LPS-
induced tissue/organ damage

To assess how these pathways contribute to endotoxic shock
pathology, we examined multiple tissues from LPS-challenged
mice. The most prominent histopathological findings were
immune cell infiltration in the lung and hemorrhage in the spleen
(Fig. 3A-C, Fig. S2). Although overt parenchymal necrosis was not
consistently observed in tissue sections, elevated serum AST and
ALT levels indicated liver injury (Fig. 3D-E). Casp11 deficiency
largely eliminated these histological changes and prevented the
increase in AST and ALT levels after LPS challenge. In contrast,
tissue injury in Ripk3~/~Casp8~'~ mice was comparable to that in
WT mice (Fig. 3A-E). These data indicate that the caspase-11
pathway plays a key role in driving tissue injury during LPS-
induced endotoxic shock.

TRIF-RIPK3 and TRIF—caspase-8 axes mediate the loss of
hematopoietic cells

At the signaling level, apoptosis, necroptosis, and pyroptosis have
been studied extensively in bone marrow-derived macrophages
(BMDMs). Consistent with the findings of previous reports, RIPK3-
dependent necroptosis in BMDMs can be induced by LPS plus the
pancaspase inhibitor zZVAD (Fig. S3A-E). This necroptosis is
controlled by the TLR4-TRIF-RIPK1/RIPK3 axis [24, 25] (Fig. S3C-K)
and is not driven by autocrine TNF-a under these conditions [26]
(Fig. S3L, M), although TNF-a-dependent necroptosis can occur in
specific contexts; for example, in Ticami-deficient BMDMs,
autocrine TNF-a mediates necroptosis, which can be blocked by
a TNF-a-neutralizing antibody (Fig. S3N). Although MyD88 is not
required to initiate LPS-induced necroptosis, it appears to
cooperate with TRIF to enhance the response (Fig. S3l). We
noticed that the phosphorylation of RIPK1 also decreased in
Ticam1~'~ cells (Fig. $3K), which could result from an impairment
in the assembly of the RIPK1-RIPK3 signaling complex.

SPRINGER NATURE
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Fig. 3 The caspase-11-dependent pathway determines tissue damage during endotoxic shock. A-E Mice of the indicated genotypes were
injected intraperitoneally (i.p.) with 50 mg/kg LPS. The mice were euthanized 12 h after the challenge, and the tissues and serum were
collected. A Representative hematoxylin and eosin (H&E)-stained tissue sections are shown. Scale bars, 200 pm. B, C Quantitative analysis of
tissue injury. The tissue sections were scored on a scale of 0-5. 0, no injury; 1-2, mild; 3, moderate; 4, severe; 5, very severe. At least eight fields
per sample were evaluated. D, E Serum AST and ALT levels. P-values were calculated using two-way ANOVA. *P<0.05; **P<0.01;
¥*¥¥P < 0.0001; ns, not significant. The error bars represent the standard deviations (SDs)

Caspase-11-dependent pyroptosis can occur in BMDMs but
typically requires cytosolic delivery of LPS [10, 12, 13] (Fig. S4A-C).
Canonical inflammasome (NLRP3/caspase-1)-dependent pyropto-
sis can be induced in BMDMs using a two-signal protocol in vitro
[27], but our knockout mouse data indicate that this pathway
contributes minimally to lethality in endotoxic shock (Fig. 1B).

With respect to apoptosis, LPS plus a Smac mimetic is typically
used to trigger caspase-8-dependent apoptosis in BMDMs [28]. In
our experiments, LPS plus the Smac mimetic induced TLR4- and
caspase-8-dependent but TNFR1- and caspase-11-independent
apoptosis (Fig. S4D-L). Notably, prolonged treatment with a Smac
mimetic alone also induced cell death (Fig. S4M, N), which is

SPRINGER NATURE

consistent with reports that Smac mimetics can drive autocrine
TNF-a-dependent death under some conditions [29-31].

On the basis of published studies and our aforementioned
systematic analysis of BMDMs (Fig. S3, S4), we summarized the
LPS-triggered death pathways in Fig. 4A. Given that these
pathways may operate in other blood cell types, we predicted
that TRIF (Ticam1) deletion combined with Casp11 deletion would
prevent lethality after LPS challenge. To test this hypothesis
in vivo, we generated Ticam1™'~Casp11™'~ mice and challenged
them with LPS. Ticam1~/~Casp11~/~ mice survived treatment with
50mg/kg LPS (Fig. 4B), similar to Ripk3~'~Casp8~'~/117'~ mice
(Fig. 1F).

Cellular & Molecular Immunology
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Since LPS challenge has been reported to reduce lymphocytes,
B cells, and erythrocytes in peripheral blood in vivo [32, 33] and
because monocytes are particularly susceptible to death during
endotoxemia [34], we assessed the contribution of these death
pathways in hematopoietic cells in vivo. We generated mixed
bone marrow chimeras consisting of CD45.1 WT and CD45.2
Ripk3~'~Casp8~'~/11~'~ bone marrow cells transferred into Tir4~
~ recipients (Fig. 5A). In this context, LPS stimulates hematopoietic
cells but not nonhematopoietic cells. Flow cytometric analysis of
CD45.1 and CD45.2 cells revealed that monocytes and B cells were
most strongly preserved by Ripk3/Casp8/Casp11 deficiency
(Fig. 5B), suggesting that these pathways contribute to the loss
of circulating monocytes and B cells after LPS challenge.

Collectively, our data suggest that the TRIF-RIPK3 and
TRIF-caspase-8 pathways dominate within hematopoietic cells
during endotoxic shock and, with possible aid from caspase-11,
promote leukocyte loss.

Reciprocal reinforcement between cell death pathways and
inflammatory mediators

Inflammatory mediators—including proinflammatory cytokines
and lipid mediators—have been implicated in LPS-induced
lethality [17, 35-371. Inhibiting individual mediators (e.g., TNF-q,
IL-6, and IL-1P) or cyclooxygenase pathways has been reported
to attenuate LPS-induced mortality in some experimental
settings. However, whether targeting any single cytokine or
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lipid pathway can fully prevent death after high-dose LPS
challenge remains unclear. For example, the deletion of TNF
receptor 1 (TNFR1) increased resistance at lower doses [38] but
did not protect against 50 mg/kg LPS in our model (Fig. S5A).
Similarly, the COX inhibitor indomethacin did not prevent death
after treatment with 50 mg/kg LPS (Fig. S5B), although Ptgs2~/~
(COX-2) mice have been reported to resist LDsqy challenge [35].
These observations suggest that mortality reflects the combined
effects of multiple responses, some of which may function in
enhancing or amplifying the combined effect under specific
conditions.

Because programmed cell death pathways are decisive for
lethality in this model (Figs. 1, 2), we next examined how these
pathways interact with inflammatory mediators. Although “cyto-
kine storm” is typically defined by rapid systemic increases in the
levels of multiple cytokines and chemokines (e.g., TNF-q, IL-6, IL-
1B, IFN-y, and MCP-1), there is no consensus definition for the
number or identity of factors needed. While fully “blocking” the
cytokine storm is not experimentally feasible, testing whether the
inhibition of specific mediators reduces LPS-induced tissue injury
in vivo is possible.

Tnfrsfla deficiency modestly reduced LPS-induced spleen and
liver injury, whereas indomethacin only slightly reduced spleen
injury (Fig. S5C-G). Together with the results of previous work and
our tissue injury analysis (Fig. 3), these findings indicate that
among the individual genetic or pharmacologic perturbations

SPRINGER NATURE
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tested, Casp11 deletion provides the most robust protection
against LPS-induced tissue injury.

Caspase-11-mediated pyroptosis requires inducible Casp11
expression, which can be driven by diverse inflammatory stimuli,
including PAMPs, DAMPs, and cytokines [39-41]. Although most
mechanistic studies have been performed in immune cells
[10-13], caspase-11 induction has been reported across many
tissues [42], which is consistent with our finding that caspase-11
acts predominantly in nonhematopoietic cells (Fig. 2B). Thus,
inflammatory mediators may promote cell death not only by
acutely activating death programs but also by “priming” the
system—for example, by inducing caspase-11 expression.

Consistent with widespread cell lysis, serum LDH levels
correlated with mortality across the strains examined (Fig. 6A).
Similarly, the integrity of death pathways correlated with the
release of DAMPs such as histones and HMGBT1 into the circulation
(Fig. 6B), which would be expected to amplify cytokine produc-
tion. We therefore measured cytokine levels in LPS-treated mice
(Fig. 6C-G). TNF-a and IL-6 induction was significantly reduced by
combined Ripk3/Casp8 deletion but was minimally affected by
Casp11 deletion (Fig. 6C-D). IL-1B and IFN-y levels were reduced
by either Casp11 deletion or Ripk3/Casp8 deletion (Fig. 6E-F). The
reduction in MCP-1 levels caused by the blockade of these cell
death pathways was moderate and partially additive (Fig. 6G). In
addition to indirect effects mediated by DAMP release, compo-
nents of death pathways may directly modulate cytokine
expression. For example, because RIPK3/caspase-8 promotes
lethality via hematopoietic cells (Fig. 2C), reduced TNF-a and IL-
6 levels in Ripk3/Casp8-deficient mice may reflect diminished
signaling capacity in this compartment. One possible mechanism
is that caspase-8 can prolong NF-kB activation via cleavage of
NEDD4-binding protein 1 (N4BP1) [43, 44], and cell death itself
may further amplify cytokine release. Reduced IL-13 levels in
Casp11-deficient mice are expected, and the decrease observed in
Ripk3™'~Casp8~'~ mice may reflect altered NF-kB regulation or
secondary effects of reduced cell death. The induction of IFN-y is
slower than that of TNF-a and other early cytokines and may
therefore be indirectly reduced because of decreased upstream
cytokine signaling [45]. Overall, these data indicate that death
pathways profoundly shape systemic cytokine induction in vivo
after LPS challenge, both directly and/or indirectly. However, the
extent to which reduced cytokine production contributes to
survival in Casp11~/~, Ripk3~'~Casp8~'~, or Ripk3~'~Casp8~’
~/117~ mice remains unresolved.

We also profiled inflammatory lipids and found that circulating
PGE, was the most strongly induced lipid mediator after LPS
challenge; compared with Casp11 deficiency, lacking Ripk3 and
Casp8 had a greater effect on PGE, suppression (Fig. 6H). Because
PGE, is largely driven by COX-2 induction, which depends strongly
on NF-kB activation [46], these observations are consistent with
the cytokine data above. On the basis of these results, we propose
a feed-forward circuit in which cell death pathways and
inflammatory mediators amplify one another during LPS-
induced lethality (Fig. 6l).

Cyclooxygenase signaling drives residual sickness behavior in
LPS-treated Ripk3~'~Casp8~'~/11~'~ mice
Although simultaneous disruption of caspase-11, RIPK3, and
caspase-8 fully protected the mice from LPS-induced death
(Fig. 7A), the surviving mice still exhibited sickness behaviors,
including hypoactivity, reduced exploratory behavior, and
decreased locomotor activity. This differs from Tird '~ mice, in
which LPS signaling is not initiated. We therefore asked which
pathway(s) mediate residual sickness in LPS-treated Ripk3’/
~Casp8~'7/117'~ mice.

Cyclooxygenases (COXs) catalyze the conversion of arachidonic
acid into prostanoids, including prostaglandins (PGs) [47]. PGE, is
a potent mediator of inflammation and sickness behavior. COX-1

SPRINGER NATURE

is constitutively expressed and has been implicated in behavioral
changes after nonlethal LPS [48], whereas inducible COX-2
contributes to multiple pathophysiological responses and has
been linked to lethality in some settings [35, 49-51]. Notably,
intracerebroventricular injection of PGE, can recapitulate key
behavioral features of LPS-triggered sickness [52].

Consistent with the data shown in Fig. S5B, indomethacin did
not prevent death after a 50 mg/kg LPS challenge in WT mice,
although it did improve locomotor activity (Fig. 7B). COX inhibition
only partially reversed immobility in WT mice (Fig. 7B-E),
suggesting that severe tissue injury in high-dose LPS-treated WT
mice also directly contributes to sickness behavior.

We next tested whether COX signaling mediated the residual
sickness phenotype in 50mg/kg LPS-treated Ripk3~'~Casp8™
“/117~ mice by administering indomethacin, as indicated in
Fig. 7B. Indomethacin reversed the sickness behaviors described
above: mobility recovered to levels comparable to those of Tlr4~/~
mice. Open field test (OFT) tracking and associated metrics
revealed a broad restoration of locomotor activity (Fig. 7B-D). In
the tail suspension test (TST), indomethacin significantly reduced
the immobility time of Ripk3~'~Casp8/~/11~"~ mice to a level
similar to that of TIr4~~ mice (Fig. 7E). Although sickness behavior
is linked to the development of endotoxic shock, the potential
neuroprotective effects of gene deletion or indomethacin treat-
ment in mice might occur.

To define the tissue sources of COX induction, we quantified
Ptgs1 (COX-1) and Ptgs2 (COX-2) expression across organs by RT—
gPCR. The Ptgs1 expression level decreased after LPS challenge
(Fig. 7F), which was also observed in other studies [53, 54]. In
contrast, Ptgs2 expression was strongly induced in the heart, lung,
kidney, and brain but only weakly induced in other organs; its
induction in the heart and brain was only modestly reduced by
Ripk3/Casp8 deletion (Fig. 7G). It is likely that the upregulation of
Ptgs2 affected prostanoid synthesis more than the downregula-
tion of Ptgs1 did. Additionally, the substrate affinity of COX-2 was
reported to be greater than that of COX-1 [55, 56]. Therefore, the
overall regulation of Ptgs2 and Ptgs1 resulted in the upregulation
of prostaglandin (especially PGE,) production (Fig. 6H). Gene
deletion of Ripk3/Casp8, Casp11, or Ripk3/Casp8/11 had a minor
effect on the changes in the levels of Ptgs? and Ptgs2 induced by
LPS (Fig. 7F, G), which is in line with the changes in the circulating
PGE, level in these different gene-deficient mice (Fig. 6H). Thus,
COX signaling is mainly independent of caspase-11/RIPK3/
caspase-8 death programs, but some cross-talk is reflected by
the partial reduction in the levels of Ptgs1 and Ptgs2, as well as
PGE,, in LPS-treated Ripk3~'~Casp8~/~/11~'~ mice. COX-derived
prostanoids are primary drivers of sickness behavior when death
pathways are disabled.

Collectively, these data show that combined blockade of
pyroptosis, necroptosis, and apoptosis, together with inhibition
of COX-mediated prostanoid synthesis, provides near-complete
protection against both lethality and sickness behavior in murine
endotoxic shock. A pathway-level summary is shown in Fig. 8.

DISCUSSION

LPS-induced endotoxic shock largely phenocopies the systemic
inflammation, multiorgan damage, and other pathological
changes observed in vivo during severe inflammatory diseases.
To elucidate the causes of death, we first analyzed how distinct
programmed cell death pathways contribute to LPS-induced
lethality and mapped where these pathways act in vivo. We then
examined the relationships between cell death and inflamma-
tory cytokines and lipid mediators, and we ultimately assessed
the contributions of cell death programs and the cyclooxygen-
ase (COX) pathway to sickness behavior. Our data demonstrate
that pyroptosis in nonhematopoietic cells, together with
apoptosis and necroptosis in hematopoietic cells, is required
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(F) and Ptgs2 (G) in tissues were measured by RT-qPCR (normalized to Actb expression). P-values were calculated using two-way ANOVA.
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for LPS-induced death (Figs. 1, 2). Moreover, the production of
proinflammatory cytokines and the activation of these cell death
pathways are not strictly sequential events; instead, they
reciprocally reinforce one another to drive lethality (Fig. 6).
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Although the COX pathway is not essential for high-dose LPS-
induced death, inhibiting COX in combination with blocking
major death pathways prevents not only mortality but also
sickness behaviors (Fig. 7).
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The experimental model used here is high-dose, highly purified
LPS-induced lethality. We used highly purified LPS because
contaminants can activate additional Toll-like receptors, particu-
larly TLR2,which has historically confounded the identification of
the LPS receptor [57]. In many settings, commercially available
“standard-purity” LPS triggers cellular activation that is not strictly
TLR4 dependent [58]. We used a high-dose challenge because our
goal was to identify pathways that together are fully responsible
for LPS-induced lethality. In addition, rodents, including mice, are
more resistant to LPS than humans are [59, 60]. This difference
may reflect species-specific differences in the expression and
enzymatic activity of murine caspase-11 and human caspase-4;
indeed, compared with littermate controls, CASP4-transgenic mice
are reportedly more sensitive to LPS [61, 62]. Thus, conclusions
derived from high-dose LPS challenge in mice might be
particularly relevant to LPS-driven septic shock in humans.

Among the death pathways tested, canonical inflammasome-
mediated pyroptosis had only a minimal effect on LPS-induced
lethality in our model (Fig. 1B). However, at least one published
study reported the contribution of canonical inflammasome
signaling to LPS-induced death [22]. One explanation is that we
used an LD;go dose of LPS, whereas the previous study used a
lower dose; at high doses, LPS may override the contribution of
canonical inflammasome-dependent pyroptosis. A similar expla-
nation may apply to the limited effects of Tnfrsfla deletion or
indomethacin treatment in our high-dose model (Fig. S5). There is
no doubt that these pathways are activated in endotoxic shock,
and their role could involve enhancing or amplifying the main
stem signaling in the network that governs the death of LPS-
treated mice.

Most prior work on caspase-11-mediated pyroptosis has
focused on macrophages [10-13]. In contrast, our results indicate
that caspase-11 acts predominantly in nonhematopoietic cells
(Fig. 2B) and is responsible for major histological changes and liver
injury in LPS-treated mice (Fig. 3), which is consistent with earlier
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evidence that endothelial caspase-11 can contribute to tissue
injury during endotoxic shock [63]. Conversely, although RIPK3
and caspase-8 have often been studied in nonhematopoietic
contexts [64-68], our in vivo data show that their contributions to
LPS-induced lethality arise primarily from hematopoietic cells
(Fig. 2Q). Using mixed bone marrow chimeras, we found that
monocytes—and unexpectedly, B cells—were major contributors
to the decline in circulating hematopoietic cells in endotoxin-
shocked mice (Fig. 5). We note that these compartment-specific
roles may be context-dependent and should not be generalized to
all inflammatory conditions. Nevertheless, our findings support
the broader concept that the activation of distinct cell death
programs in vivo can exhibit strong spatial specificity across
tissues and cell types.

This study also addresses the complex relationship between
programmed cell death and cytokine storm during endotoxic
shock. Our data support the existence of amplification cycles,
driven by bidirectional cross-talk between death pathways and
cytokine networks (Fig. 6). When LPS is recognized by the host,
proinflammatory cytokines are produced as part of the first-wave
response. The impaired production of TNF-a and IL-6 in Ripk3™’
~Casp8~'~ mice (Fig. 6C, D) may be partially related to the effect
of caspase-8 on NF-kB activation [43, 44], but the major cause is
most likely the impairment of hematopoietic cell death, which
triggers later waves of TNF-a and IL-6 production [69]. Defects in
IL-1B induction in Casp11~/~, Casp1~'~ and Ripk3~'~Casp8~'~
mice have been reported previously [45, 70, 71] (Fig. 6F). These
findings indicate that caspase-11 acts via caspase-1 to process
pro-IL-1B and that caspase-11-mediated pyroptosis contributes to
the release of IL-1B into the circulation. In addition, IL-13 mRNA
induction by LPS was impaired in Ripk3~/~Casp8~'~ mice. NK and
T cells are known to be the major sources of IFN-y, and the
induction of IFN-y occurs with slower kinetics (Fig. 6E); thus, the
impaired IFN-y induction in these gene deletion mice could be a
sequential consequence of NK and T cells, which respond to the
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first wave of other proinflammatory cytokines. The first wave of
proinflammatory cytokines can trigger later waves of cytokines.
They, as well as LPS, can also sensitize cells to death pathways,
since the expression of the pyroptosis mediator caspase-11 can be
induced by cytokines, including IFNs, TNF-g, and IL-1, in several
in vitro models [39-41, 72]. In the model proposed here, both the
existing cytokines and the DAMPs released from cell death could
amplify inflammatory responses in vivo by promoting both
cytokine production and cell death (Fig. 8).

According to Mandal et al., the secretion of TNF-a and type | IFNs
contributes to the coordinated activation of caspase-8 and caspase-
11 in intestinal epithelial cells, thereby promoting endotoxic shock
[17]. Here, we reported that the lung and spleen were the primary
organs showing histological damage after LPS challenge (Fig. 3A-C),
whereas intestinal damage was limited. In our experiments,
Tnfrsfla~’~ mice were not resistant to high-dose LPS challenge
(Fig. S5A), whereas Mandal et al. reported that a TNF-a-neutralizing
antibody can rescue mice from lethal endotoxic shock. In contrast to
the full protection against LPS-induced death induced by the
genetic deletion of Casp8 and Ripk3 reported by Mandal et al. [17],
we observed only partial protection in Casp8~'~Ripk3™'~ mice.
Given that intestinal tissues are major targets of damage during
TNF-a-induced SIRS [73-75] and that RIPK3 and caspase-8 are
essential components of the TNF-a signaling pathway, the
differences between these studies could result from the purity of
the LPS used and/or the rearing conditions of the animals, which
could lead to different levels of involvement of the TNF-a signaling
pathway in endotoxic shock. An important piece of information
provided by this study is that the effects of Casp8 and Ripk3 deletion
predominantly rely on hematopoietic cells rather than intestinal
epithelial cells. A framework proposed by Mandal et al. suggests
that through the IRF3-IFN axis, caspase-11 is induced, which is the
precondition for caspase-11 to play a dominant role in LPS-induced
mouse death. Similar studies, including the protective effects
observed in Ripk3”” mice in models of low-dose LPS challenge, TNF-
a treatment, or lethal polymicrobial sepsis [74, 76], also help to
refine our working model (Fig. 8).

In summary, simultaneous blockade of caspase-11-, caspase-8-,
and RIPK3-mediated pathways completely protected mice from
high-dose LPS-induced death, and additional COX inhibition
eliminated the remaining sickness behaviors of endotoxic shock.
Together, these four pathways constitute the core of the main
signaling network governing endotoxic shock pathology in mice.

MATERIALS AND METHODS

Extraction and purification of lipopolysaccharide

LPS from the E. coli O111:B4 strain was extracted using the hot-phenol-
water method [77].

Briefly, E. coli was cultured in LB medium at 37°C with shaking at
200 rpm overnight. The bacterial cells were harvested by centrifugation
and washed once with physiological saline to remove residual medium.
The bacterial pellet was resuspended in saline at a ratio of 2 mL per gram
of wet weight. The mixture was heated to 68 °C, and an equal volume of
hot phenol was added with vigorous stirring. The mixture was maintained
at 68°C with stirring for 1h. After cooling on ice, the mixture was
centrifuged at 12,000 xg for 15min at 4°C. The aqueous phase was
collected, and the phenol phase was re-extracted with an equal volume of
saline. The aqueous phases were combined and centrifuged again to
remove the remaining phenol phase.

The aqueous phase was dialyzed against deionized water using a
3500 Da molecular weight cutoff membrane until residual phenol was
removed. MgCl, was added to a final concentration of 5 mM, followed by
the addition of excess DNase and RNase and subsequently proteinase K.
Sodium acetate was added to a final concentration of 20 mM, and the
sample was subjected to ultracentrifugation at 200,000 x g for 2 h at 4 °C.
The resulting pellet was resuspended in double-distilled water and
lyophilized to obtain a crude LPS preparation.

LPS from the E. coli 083 strain was extracted using the phenol-
chloroform—petroleum ether (PCP) method [78].
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Briefly, bacterial cells were harvested and sequentially washed with 1%
phenol, double-distilled water, ethanol, acetone, and petroleum ether.
After drying, 50 g of bacteria was resuspended in 200 mL of extraction
solution consisting of 90% phenol, chloroform, and petroleum ether (2:5:8,
v/v/v) and homogenized. The suspension was subsequently centrifuged at
5000 x g for 15 min at 4 °C, after which the supernatant was collected. The
extraction was repeated twice, and the supernatants were combined and
concentrated by rotary evaporation at 60 °C to remove organic solvents.
The remaining phenol phase containing LPS was mixed with 0.1 volume of
double-distilled water and centrifuged at 3000 x g for 10 min to pellet the
LPS. The pellet was subsequently washed three times with 80% phenol and
three times with acetone, dried overnight, resuspended in double-distilled
water, and subjected to ultracentrifugation at 200,000 x g for 2 h at 4°C.
The resulting pellet was resuspended in double-distilled water and
lyophilized to obtain a crude LPS preparation.

Both extracted LPS preparations were purified using the triethylamine-
deoxycholate (TEA-DOC) method [57] to minimize TLR4-independent
contaminants.

Crude LPS was dissolved in extraction solution (0.2% TEA and 0.5% DOC
in double-distilled water) at a ratio of 0.2 mL per mg of crude material and
heated to 65 °C to ensure complete dissolution. Half the volume of water-
saturated phenol was added, followed by vigorous vortexing for 5 min. The
mixture was incubated at room temperature for 5 min and subsequently
placed on ice for an additional 5min. The mixture was subsequently
centrifuged at 10,000xg for 5min at 4°C. The aqueous phase was
carefully collected, and the phenol phase was re-extracted with an equal
volume of extraction solution. The aqueous phases were combined and
subjected to repeated extractions with an equal volume of water-saturated
phenol until no visible interphase remained. The aqueous phase was
collected and centrifuged at 10,000 x g for 5 min at 4 °C again to remove
residual phenol. Sodium acetate was added to a final concentration of
30 mM, after which three volumes of ethanol were added, and the samples
were incubated at —20 °C overnight to precipitate LPS.

The precipitated LPS was subsequently washed with cold ethanol, dried,
resuspended in double-distilled water, and subjected to ultracentrifugation
at 200,000 x g for 2 h at 4 °C. The resulting LPS pellet was resuspended in
double-distilled water and lyophilized. Lyophilized LPS was dissolved in
endotoxin-free PBS or saline at 5 mg/mL and sterilized by filtration.

Protein contamination in the purified LPS was less than 0.5%, as
measured by the Pierce BCA protein assay (Thermo Fisher Scientific,
23227). DNA and RNA contamination were each less than 0.5%, as
measured by Qubit assays (Thermo Fisher Scientific). The TLR4-dependent
activity of the purified LPS was validated experimentally (Fig. S1A, B).

Mice

Ripk3~'~, Casp8~'~, Casp11~'~, Tnfrsfla~'~, Ticam1~'~, Pycard~'~, Gsdmd ™’
=, and Casp1™7/117/~ mice were generated as previously described
[79, 80]. All cross-genotype mice were produced using IVF technology. For
all experiments except bone marrow transplantation, 8- to 12-week-old
male littermate mice were used. All mice were on a C57BL/6 J background
and housed in a conventional environment under a 12-hour light/dark
cycle at the Xiamen University Laboratory Animal Center. All mouse
experiments were approved by the Institutional Animal Care and Use
Committee and conducted in strict accordance with the good animal
practices defined by the Xiamen University Laboratory Animal Center.

In vivo treatments
For the LPS challenge, mice were injected intraperitoneally (i.p.) with
50 mg/kg LPS, unless otherwise indicated. LPS was dissolved in PBS and
sterilized by filtration.

For indomethacin treatment, the mice were injected i.p. with 15 mg/kg
indomethacin. Indomethacin was administered at 0 h and 6 h, with LPS
challenge performed at 0.5 h. Samples were collected at 12 h after the
initial indomethacin administration, and the mice were subjected to
behavioral tests at 8h after the initial indomethacin administration.
Indomethacin was dissolved in 10% DMSO and 20% sulfobutylether-3-
cyclodextrin (SBE-B-CD) in saline for injection. Control mice received the
corresponding vehicle.

Bone marrow transplantation

Bone marrow transplantation was performed as previously described [81].
Briefly, 6-week-old recipient mice were irradiated at a dose of 8 Gy. Bone
marrow cells from donor mice were intravenously injected into each
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recipient mouse 4 h following irradiation. The chimerism of the recipient
mice was examined one month later, and the mice were challenged with
LPS two months later. To examine chimerism, the ear pinna tissue and
peripheral blood leukocytes of mice were collected to extract genomic
DNA from nonhematopoietic and hematopoietic cells, respectively. The
genotypes of nonhematopoietic and hematopoietic cells were examined
by PCR analysis.

Preparation of mouse serum

Peripheral blood was collected from the mice, ensuring that the samples
remained free of contamination. For serum preparation, the blood was
kept at room temperature for 30 minutes, followed by centrifugation at
2000x g for 10 min. The supernatant (serum) was carefully collected.
Serum was diluted 1:3 with saline, and AST and ALT levels were measured
by a chemical analyzer (Mindray, BS-240VET).

H&E staining

The mice were euthanized, and the tissues were collected immediately.
The tissues were fixed in 4% paraformaldehyde for 24h at room
temperature. Fixed tissues were dehydrated and embedded in paraffin.
The slides were cut into 5pum sections and stained with hematoxylin—
eosin. Slides were analyzed on a Leica Aperio Versa 200 (Leica Biosystems).

Flow cytometry

Peripheral blood samples were collected, and erythrocytes were lysed with
ACK buffer (Beyotime, C3702). The cells were subsequently washed and
resuspended in FACS buffer (PBS containing 2% FBS). Fc receptors were
blocked with a purified rat anti-mouse CD16/CD32 antibody (BD
Biosciences, 553141). For surface staining, the cells were incubated with
fluorochrome-conjugated antibodies for 30 min at 4°C. The following
antibodies were used: CD45.1 (BioLegend, 110714), CD45.2 (BioLegend,
109830), Ly-6G (BioLegend, 127616), Ly-6C (BioLegend, 128026), NK-1.1
(BioLegend, 108706), CD11b (eBioscience, 12-0112-81), B220 (BioLegend,
103241), CD3 (Thermo Fisher Scientific, 367-0032-80), CD4 (eBioscience, 48-
0041-82), and CD8(B (BioLegend, 126633). Data were acquired on an
ID7000 spectral cell analyzer (Sony).

Tissue RNA extraction and qPCR

The mice were euthanized, and the tissues were collected immediately.
The tissues were frozen in liquid nitrogen, and 1.5 ml of RNA extraction
reagent (AG RNAex Pro Reagent, Accurate Biotechnology, AG21102) was
added to 150mg of tissue sample. RNA extraction was performed
following the manufacturer's instructions. ¢cDNA was synthesized by
reverse transcription, and RNA expression was measured by RT-qPCR.
RNA expression was normalized to the expression of Actb.

The primers for Ptgs1 were 5- GATTGTACTCGCACGGGCTAC -3’ and 5'-
GGATAAGGTTGGACCGCACT -3'. The primers for Ptgs2 were 5-TGTGACTG-
TACCCGGACTGG-3' and 5-TGCACATTGTAAGTAGGTGGAC-3". The primers
used for Actb were 5-TCCAGCCTTCCTTCTTGGGT-3' and 5-GCACTGTGTT
GGCATAGAGGT-3".

Mouse behavioral tests

The mice were subjected to the open field test (OFT) and the tail
suspension test (TST). For the open field test, mice were placed in a
40x40cm open field arena and allowed to move freely for 5min.
Locomotor activity and movement trajectories were recorded using the
Panlab SMART video tracking system. For the tail suspension test, mice
were suspended by the tail and tested for 5min, during which the
immobility time was recorded. All behavioral tests were performed in a
dimly lit and quiet environment.

Cell culture and treatments

The generation of BMDMs has been previously described [82]. Bone
marrow cells from the tibia and femur of mice were differentiated for
7 days in DMEM supplemented with 10% (v/v) heat-inactivated FBS and
30% L929 conditioned medium. RAW264.7 cells were cultured in DMEM
supplemented with 10% (v/v) heat-inactivated FBS. The following reagents
were used for cell stimulation: z-VAD-FMK (Calbiochem, 627610), GSK872
(MedChemExpress, HY-101872), LCL-161 (MedChemExpress, HY-15518), a
mouse TNF-a-neutralizing antibody (Cell Signaling Technology, 11969S),
and an isotype antibody (Invitrogen, 02-6102).
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In vitro transfection of LPS

FUGENE 6 transfection reagent (Promega, E2691) was used to transfect LPS
into cells in vitro. Before transfection, the BMDMs were primed with
100 ng/mL LPS for 7 h. The transfection mixture was prepared by mixing
0.5 pL of FUGENE 6 transfection reagent and 0.2 uL of 1 mg/mL LPS with
10 uL of FBS-free DMEM. After incubation for 10 min at room temperature,
10 uL per well of the transfection mixture was added to a 96-well culture
plate (20 uL per well for a 48-well culture plate). After transfection, LDH
release was measured. Cells and culture supernatants were directly mixed
with 6x Laemmli sample buffer to generate total culture lysates, which
were subsequently subjected to Western blot analysis.

Cytotoxicity assay

Cell death was assessed using the LDH assay with the Cytotoxicity LDH
Assay Kit WST (Dojindo Molecular Technologies, CK12). Cell viability was
evaluated using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, G7571).

Enzyme-linked immunosorbent assay (ELISA)

The supernatant from cultured cells was diluted 1:6 and assayed for mouse
TNF-a by a mouse TNF-a uncoated ELISA kit (Thermo Fisher Scientific, 88-
7324-77). Serum samples were assayed using a multiple cytokine ELISA kit
(Millipore, MCYTOMAG-70K-06) following the manufacturer’s instructions.

Inflammatory lipid analysis

Mouse plasma was collected and immediately transferred to cold
methanol for storage at —80 °C. Inflammatory lipids were identified and
quantified by AB SCIEX QTRAP-6500 plus. The synthetic standards were
purchased from Cayman Chemical.

Western blot

All the samples were collected in Laemmli sample buffer. After brief
boiling to denature the proteins, the samples were cooled and loaded onto
a Tris—glycine SDS-PAGE gel with an 8-15% acrylamide concentration,
depending on the molecular weight of the proteins of interest. Following
electrophoresis, the proteins were transferred to a PVDF membrane and
blocked with 5% (w/v) BSA in TBST buffer. The membranes were then
incubated overnight at 4 °C with diluted primary antibodies on an orbital
shaker. After thorough washing, secondary antibodies were applied for
1hour at room temperature. Following additional wash steps, the
membranes were visualized using enhanced chemiluminescence (ECL).
The following antibodies were used for Western blotting: histone H1.2
(Proteintech Group, Inc., 19649-1-AP), histone H2A.X (Proteintech Group,
Inc., 10856-1-AP), histone H3 (Proteintech Group, Inc., 17168-1-AP), HMGB1
(Abcam, 18255), caspase-11 (Cell Signaling Technology, 14340), GSDMD
(Abcam, 209845), RIPK3 (homemade), caspase-8 (Cell Signaling Technol-
ogy, 4790), RIPK1 (Cell Signaling Technology, 3493), phospho-RIPK1
(Ser166) (Cell Signaling Technology, 31122), phospho-RIPK3 (Thr231/
Ser232) (Cell Signaling Technology, 91702), MLKL (homemade), phospho-
MLKL (Ser345) (Abcam, 196436), cleaved-caspase-8 (Cell Signaling
Technology, 9429), caspase-3 (Cell Signaling Technology, 9662), caspase-
7 (Cell Signaling Technology, 9492), PARP (Cell Signaling Technology,
9542), BID (Proteintech Group, Inc, 10988-1-AP), GSDME (Abcam,
ab215191), p38a (homemade), phospho-p38a (Cell Signaling Technology,
9211), c-Jun N-terminal kinase (JNK) (Cell Signaling Technology, 9252),
phospho-JNK (Thr183/Tyr185) (Cell Signaling Technology, 4668), extra-
cellular signal-related kinase (ERK) (Cell Signaling Technology, 9107),
phospho-ERK (Thr202/Tyr204) (Cell Signaling Technology, 4370), IkBa (Cell
Signaling Technology, 4812), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Proteintech Group, Inc., 60004-1-lg). Ponceau S (Sangon,
A100860) staining was used to normalize the protein in serum samples.
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Figure S5
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