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I M M U N O L O G Y

NLRC4 inflammasome–dependent cell death occurs by 
a complementary series of three death pathways 
and determines lethality in mice
Peipei Zhang1†, Yifei Liu2†, Lichen Hu2, Kai Huang2, Mao Hong2, Yuze Wang2, Xinrui Fan2,  
Richard J. Ulevitch3, Jiahuai Han1,2*

Inflammasome is an innate immune defense mechanism, but its overactivation can lead to host death. Here, we 
show that cell death dictates mouse death caused by NLRC4 inflammasome overactivation. To execute NLRC4- 
dependent cell death, three death pathways complement each other in a specific order: Pyroptosis pathway re-
quiring caspase-1 and GSDMD is the default path; impairment of it initiates ASC-mediated caspase-8–dependent 
apoptosis; when these two pathways are blocked, caspase-1 triggers intrinsic apoptotic pathway. Blocking one or 
two of these death pathways inhibits induction of various cytokines and lipid mediators, but mice still succumb, 
and only genetic deletions that block all death paths prevent NLRC4-mediated cell death, tissue damage, and mice 
death. In addition, infection of nonpropagative Salmonella-caused mice death is attenuated by blocking these 
death pathways. Thus, to reduce the lethality of infection-related diseases, preventing cell death might be necessary 
when propagation of infected pathogen was controlled by other means.

INTRODUCTION
Inflammasomes are multiprotein complexes assembled by pattern 
recognition receptor (PRR) proteins in response to pathogen-associated 
molecular patterns and sterile stress signals (1). Canonical inflam-
masomes serve as key cellular activation platforms for caspase-1, 
whereas noncanonical inflammasomes elicit the activation of murine 
caspase-11 or human caspase-4 and caspase-5 (2–4). Activation of 
both types of inflammasomes leads to maturation of pro–interleukin-1 
(IL-1), pro–IL-18, and pyroptosis (1, 2, 5, 6). Cleavage of gasdermin 
D (GSDMD) into N-terminal (N-GSDMD) and C-terminal (C-GSDMD) 
by caspase-1 is required for pyroptosis (7–9). The cleaved N-GSDMD 
fragment forms large oligomeric membrane pores that lead to 
pyroptosis, which facilitates IL-1 secretion (10, 11). IL-1 and IL-18 
secretions are part of the innate immune defense functions of inflam-
masomes, and pyroptosis could further enhance the release of these 
cytokines (7). Although “cytokine storm” is widely proposed to be 
responsible for the acute lethality of animal induced by systematic 
inflammation (5, 12), inflammatory lipid mediators may also par-
ticipate in the lethal inflammatory responses in  vivo (13). It has 
been demonstrated that inflammasome-mediated cell death is im-
portant for controlling infected pathogens, and limiting pathogen(s) 
in vivo is critical for preventing host from mortality (14–18). How-
ever, hyperactivation of inflammasomes alone can also lead to organ 
damage and host death (13, 17). The contribution of inflammasome- 
mediated cell death to animal death has remained unclear.

A canonical inflammasome complex is typically composed of a 
PRR protein, such as NLRP3 [NACHT, leucine-rich repeat, and 
pyrin domain (PYD)–containing protein 3], NLRP1, NLRC4 [NLR 
family caspase recruitment domain (CARD)–containing protein 4] 

or absent in melanoma-2 (AIM2) and pyrin, the adaptor protein ASC 
(apoptosis-associated speck-like protein), and caspase-1 (1, 19). In 
the cases of NLRP3 and AIM2 inflammasomes, their interaction 
with caspase-1 is mediated by ASC, which interacts with NLRP3 or 
AIM2 through its PYD and with caspase-1 through its CARD. These 
proteins form structures known as “specks,” where the activation 
and cleavage of caspase-1 occur (1, 19). As for NLRC4 and murine 
NLRP1b that lack a PYD domain, specks can be formed by recruit-
ing ASC directly through their CARD. Different from NLRP3 
and AIM2, NLRC4 and NLRP1b can directly recruit caspase-1 via 
their CARD and activate caspase-1–mediated pyroptosis in an 
ASC-independent manner. However, specks formed with ASC still 
have promoting effects on the activation of NLRC4 and NLRP1b 
inflammasomes (1, 19).

It was reported that genetic deletion of Gsdmd or Caspase-1 
(Casp1) blocked NLRP3 inflammasome–mediated pyroptosis, but cells 
still died via an apoptotic pathway (7, 20, 21). In this case, caspase-8 
and ASC have been shown to be responsible for the apoptosis 
(7, 21–23). Caspase-8 was also reported to compensate the loss of 
caspase-1 in NLRC4 inflammasome, and the Rip3−/−Casp1−/−

Casp8−/− or Asc−/−Casp1−/−Casp11−/− mice were resistant to NLRC4- 
elicited hypothermia (17), which is known to often precede 
mouse death. A very recent report also showed flexible usage and 
switches of diverse cell death pathways in Salmonella-treated 
macrophages (15). To fully understand inflammasome-mediated cell 
death, we systematically studied switches from pyroptosis to apop-
tosis in canonical inflammasomes, including those inflammasomes 
where ASC is not obligatory. We showed that there are three cell 
death pathways that are adopted in a specific and preferential order 
downstream of inflammasome activation, and only blocking all of 
them can prevent cell death. We used flagellin-mediated NLRC4 
inflammasome hyperactivation to evaluate whether and how cell 
death influences the outcome of mice. Strikingly, we found that as 
long as there is a remaining inflammasome-dependent cell death 
pathway, regardless of pyroptosis or apoptosis, the tissue/organ 
damages occur, and animals succumb. By this, we mean that it is 
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cell death that plays a decisive role in the lethality of animals caused 
by inflammasome overactivation. In line with this result, impair-
ment of the death pathways downstream of NLRC4 attenuated mice 
death caused by infection of nonpropagative Salmonella. These data 
suggest that blocking death pathways might be beneficial to the le-
thal infections when the propagation of pathogen(s) has been effec-
tively inhibited by other therapeutic approaches.

RESULTS
The occurrence of cell death and subsequent cytolysis 
correlates with tissue damage and mouse death triggered 
by NLRC4 inflammasome
Flagellin is a subunit protein of bacterial flagellum. FlaTox, a com-
bination of recombinant flagellin fused to the amino-terminal domain 
of Bacillus anthracis lethal factor (LFn-Fla) and anthrax protective 
antigen (PA), was developed to selectively activate NLRC4 (13). 
LFn-Fla can enter cells by PA-mediated endocytosis, leading to 
NLRC4-dependent pyroptosis, small intestinal damage, and mouse 
death (Fig. 1, A and B, and fig. S1, A to F) (13, 16, 17, 24). Pyroptosis 
is a type of necrotic cell death with membrane disruption, which 
can be measured by lactate dehydrogenase (LDH) release. NLRC4- 
dependent pyroptosis and IL-1 release were detected in peritoneal 
lavage and blood of FlaTox-treated mice (fig. S1, G, H, K, and L). It 
was reported that extracellular flagellin induces tumor necrosis factor 
(TNF) and IL-6 production via an NLRC4-independent but Toll-
like receptor 5 (TLR5)–dependent mechanism (25). As expected, 
Nlrc4 deletion only slightly reduced the TNF and IL-6 levels in 
peritoneal lavage from FlaTox-treated mice (fig. S1, I and J). The 
levels of TNF and IL-6 in the blood of FlaTox-treated Nlrc4−/− mice 
were notable lower than those in wild-type (WT) mice (fig. S1, 
M and N). The LFn-Fla that we used can induce TNF and IL-6 
production in bone marrow–derived macrophages independent of 
NLRC4 in the absence of PA (fig. S1, O to R). The local (peritoneal 
cavity) TNF and IL-6 should be induced by intraperitoneally injected 
FlaTox, and the circulating (blood) TNF and IL-6 ought to be con-
trolled by other factor(s) that was directly or indirectly influenced 
by NLRC4 inflammasome activation.

Since caspase-1 and GSDMD are downstream of NLRC4 to me-
diate pyroptosis and the release of IL-1 and IL-18, we sought to 
examine the effect of Gsdmd and Casp1 deletion in vivo. As we have 
Casp1 and Casp11 double knockout (KO) (Casp1/11−/−) mice, and 
knowing that caspase-11 does not regulate FlaTox-induced NLRC4 
inflammasome activation (17), we used Casp1/11−/− mice in our 
experiments. Slightly different from the published data on 
F laTox-induced pathology and body temperature drop (17), 
Gsdmd−/− and Casp1/11−/− mice behaved more like WT mice in 
FlaTox-induced small intestinal damage and death (Fig. 1, A and B). 
It is known that deletion of Gsdmd or Casp1 blocks pyroptosis as 
well as IL-1 and IL-18 release (1, 7–9), but we found that their 
deletion is quite different from Nlrc4 deletion, which total-
ly blocks FlaTox-induced mouse death (Fig. 1, A and B). Thus, a 
more complicated mechanism is underneath the in vivo responses 
to FlaTox.

To address the mechanism of in vivo responses to FlaTox, we 
analyzed FlaTox-induced pyroptosis ex vivo. We collected perito-
neal lavages at 1 and 2 hours after FlaTox injection and measured 
the release of LDH, IL-1, TNF, and IL-6. Deletion of Gsdmd or 
Casp1 effectively blocked LDH release at 1 hour. However, the level 

of LDH release into peritoneal cavity became comparable among 
Gsdmd−/−, Casp1−/−, and WT mice at later times (Fig. 1C), indicat-
ing that cytolysis still occurred. It is known that in cultured cells, 
pyroptotic stimuli can trigger apoptosis when Casp1 or Gsdmd was 
deleted (7, 20, 21). Therefore, LDH release in Gsdmd−/−, Casp1−/− mice 
at later times could be attributed to secondary necrotic lysis of the 
apoptotic cells or caspase-3–mediated pyroptosis via GSDME cleavage 
(26, 27). However, the latter hypothesis is unlikely as no difference 
was observed between Gsdmd−/− mice and Gsdmd−/−Gsdme−/− mice 
(fig. S2, A to H). IL-1 secretion into peritoneal cavity was inhibited 
to different extents by deletion of Gsdmd−/− or Casp1−/− at 1 hour, 
and continued inhibition was observed in Casp1−/− but not Gsdmd−/− 
mice (Fig. 1D). The blockade of IL-1 release in Casp1−/− mice 
should be resulted from failure to process IL-1 to its mature form 
(28), and the inhibited IL-1 release did not reduce animal death, 
supporting the conclusion by a previous report that flagellin-induced 
mouse death is independent of IL-1 and IL-18 production (13). 
The release of TNF and IL-6 into peritoneal cavity was not affected 
by gene deletion of Gsdmd or Casp1 (Fig. 1, E and F) because 
FlaTox-induced TNF and IL-6 production is NLRC4 pathway 
independent (Fig.  1,  E  and  F). We then analyzed blood from 
FlaTox- treated mice and found that deletion of Gsdmd did not 
affect the increase of circulating LDH, IL-1, TNF, and IL-6, and 
the Casp1 deletion also had no effect except for affecting IL-1 
release (fig. S1, S to V). By measuring the correlations, we observed 
that the increase of blood TNF and IL-6 in FlaTox-treated mice is 
associated with LDH release but not IL-1 release. Here, it 
s h o u l d  be noted that TNF is not required for the death of 
FlaTox-treated mice as FlaTox was equally toxic to WT and Tnfr1−/− 
mice (fig. S1W).

Since inflammatory signaling lipids such as prostaglandins and 
leukotrienes are known to play a role in inflammasome-mediated 
pathological effects, we measured representatives of these lipids in 
peritoneal lavages at 0, 20, and 60 min after FlaTox injection. The 
induction of the eicosanoid lipids generated by lipoxygenase was 
almost completely blocked in both Gsdmd−/− and Casp1/11−/− mice 
(Fig.  1G). Some of the cyclooxygenase (COX)–produced eicosa-
noids, prostaglandin D2 (PGD2), and thromboxane B2 (TXB2) were 
significantly inhibited in Gsdmd−/− and Casp1/11−/− mice, whereas 
the inhibition was slight on the production of prostaglandin E2 (PGE2) 
(Fig. 1H). We used COX inhibitor SC-560, which effectively inhibited 
the increase of PGE2 and TXB2 and, to a less extent, of PGD2 in 
peritoneal lavages of FlaTox-treated mice (Fig. 1I), and had little or 
no effect on the other lipids (Fig. 1J). FlaTox-induced death of mice was 
not affected by SC-560 (Fig. 1K). Thus, none of these eicosanoid lipids 
is required for the lethality of FlaTox-treated mice (Fig. 1, A and G to K). 
Collectively, as for FlaTox-induced mouse death per se, TNF, IL-
1/18 induction, and “eicosanoid storm” seem to be dispensable, and 
only LDH release was found to have correlation with FlaTox-induced 
mouse death. Thus, cytolysis in vivo is likely the major risk of 
animal death.

Cell death driven by NLRC4 and other canonical 
inflammasomes could be mediated by apoptosis when 
pyroptosis was blocked
To understand why LDH release still occurred when pyroptotic 
pathway was already blocked in FlaTox-treated mice, we explored 
possible switches in death pathways. It was reported that ASC in 
NLRP3 or AIM2 complex can recruit caspase-8 to trigger apoptosis 
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Fig. 1. Release of LDH, a cytolysis indicator, but not inflammatory cytokines or lipid mediators into peritoneal lavages is correlated with NLRC4 inflammasome–
triggered mouse death. (A) Mice of indicated genotypes were intraperitoneally injected with FlaTox [LFn-Fla (4 g/g body weight) and PA (2 g/g body weight)] and 
monitored for survival rate (n = 5). (B) Hematoxylin and eosin (H&E) staining of small intestinal tissue of mice treated as indicated for 2 hours. Scale bars, 100 m. 
(C to F) Mice of indicated genotypes were intraperitoneally injected with FlaTox. Peritoneal lavages were isolated by using 1 ml of PBS at 1 and 2 hours after FlaTox challenge 
and then subjected to measurements of LDH (C), IL-1 (D), TNF (E), and IL-6 (F). n = 1 for PBS group (Ctrl) and n = 3 for FlaTox-treated group. (G and H) Mice of indicated 
genotypes were intraperitoneally injected with FlaTox for indicated times, and peritoneal lavages were collected for liquid chromatography tandem mass spectrometry 
(LC/MS/MS)–based lipidomics (n = 3). (I to K) Mice of indicated genotypes were pretreated intraperitoneally for 30 min with of COX-1 inhibitor (SC-560) (5 g/g body 
weight). Mice were intraperitoneally injected with FlaTox for indicated times, and peritoneal lavages were collected for LC/MS/MS-based lipidomics (n = 3). Survival rate 
was monitored (K) (n = 5).
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when Casp1 was deleted (20, 21). We showed previously that Gsdmd 
deletion also switched NLRP3 inflammasome–mediated pyroptosis 
to apoptosis (7) and here that Gsdmd deletion has the same effect on 
cell death induced by AIM2 inflammasome (fig. S3, A to C). 
Caspase-1–GSDMD axis controls pyroptosis, and deletion of either 
Casp1 or Gsdmd switches NLRP3- and AIM2-mediated pyroptosis 
to apoptosis.

To determine whether the switch to apoptosis also occurs in the 
activation of inflammasomes such as NLRC4 where ASC is not re-
quired, we used peritoneal macrophages from Gsdmd−/− mice. FlaTox 
induced pyroptosis in vitro in peritoneal macrophages as measured 
by LDH release, which was blocked by Gsdmd gene deletion (Fig. 2A). 
However, cytolysis still occurred at later times and reached a com-
parable level to that of WT macrophages at 8 hours (Fig. 2A). To 

understand what caused the later cytolysis, we used intracellular 
adenosine triphosphate (ATP) loss as a general indicator of cell death. 
Deletion of Gsdmd only inhibited about 20% of cell death at 4 hours 
(Fig. 2B), suggesting that cell death in a form other than pyroptosis 
occurred in Gsdmd−/− macrophages, and this type of cell death might be 
responsible for the later cytolysis. To better define the cell death path-
way, we measured activities of different caspases. Gsdmd deletion did 
not affect FlaTox-induced autocleavage of caspase-1 as revealed by 
Western blotting (Fig. 2C). In contrast, activation of caspase-8 and 
caspase-3 was detected in FlaTox-treated Gsdmd−/− but not WT cells 
(Fig.  2,  D  and  E), indicating that activation of pathways leads to 
apoptosis in Gsdmd−/− cells. Western blotting analysis also showed the 
cleavage of caspase -8 and caspase-3 in Gsdmd−/− cells (Fig. 2C), support-
ing our speculation that there is activation of an apoptotic pathway.

Fig. 2. The effects of genetic deletion of Gsdmd, Caspase-1/11, or Asc on NLRC4 inflammasome–mediated IL-1 secretion, cell death and type of cell death, and 
mice death. (A to E) Peritoneal macrophages of indicated genotypes were treated with FlaTox [LFn-Fla (2 g/ml) and PA (2 g/ml)] for indicated times. LDH release (A) 
and ATP loss (B) were measured. Cell lysates combined with medium were subjected to Western blot for indicated proteins (C). Caspase-8 activity (D) and caspase-3/7 
activity (E) in cell lysates were measured. Graphs show means ± SE from three independent experiments. (F) Model of the death paths. Blue color is used to indicate that 
this pathway is activated if the other death pathway was blocked. Note that LDH release is an indicator of pyroptosis, ATP loss is an indicator of cell death of any types, 
and caspase-8 and caspase-3 activations are indicators of apoptosis. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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As caspase-1 is essential for NLRC4-induced pyroptosis, we 
used Casp1/11−/− peritoneal macrophages to analyze the role of 
caspase-1 in FlaTox-induced NLRC4 inflammasome activa-
tion. Similar to the loss of Gsdmd, deletion of Casp1 effectively 
blocked FlaTox-induced pyroptosis (Fig. 2A), but we still could de-
tect cell death (Fig. 2B). As expected, we cannot detect caspase-1 
in caspase-1–deficient cells (Fig. 2C). Activation of caspase -8 and 
caspase-3 was observed in caspase-1–deficient cells after FlaTox 
treatment (Fig. 2, C to E), supporting our contention that when 
pyroptosis was blocked, cells switched to apoptosis. Collectively, 
we proposed that since the secondary necrotic lysis of apoptotic 
cells occurs in vitro, the release of LDH at later time in Fig. 2A should 
be caused by apoptosis.

ASC is dispensable for NLRC4 inflammasome activation, but its 
presence can enhance NLRC4 inflammasome–mediated pyroptosis 
and cytokine production (14, 29, 30). We used peritoneal macrophages 
from Asc KO mice to address the role of ASC in FlaTox-induced 
pyroptosis. Deletion of Asc had almost no effect on FlaTox-induced 
pyroptosis (LDH release) (Fig. 2A) and apoptosis (Fig. 2, B to E). 
Autocleavage of caspase-1 was not detected in FlaTox-treated Asc 
KO cells, but the cleavage of GSDMD was detected (Fig. 2C). These 
data are consistent with published findings that pro–caspase-1  in 
inflammasome cleaves GSDMD (7). Unlike the deletion of Gsdmd 
or Casp1, caspase-8 and caspase-3 activation cannot be detected in 
Asc-deficient cells (Fig. 2, C to E). These data clearly show that 
deletion of Asc did not alter the mechanisms of cell death in FlaTox- 
treated macrophages.

We then explored whether the deletion of Gsdmd or Casp1 
switches NLRP1b inflammasome–induced pyroptosis to apoptosis. 
RAW264.7 cell is a murine macrophage cell line in which NLRP1b 
inflammasome activation can be triggered by lethal toxin (LT; lethal 
factor plus PA) (31–35). Note that RAW264.7 cells lack ASC; RAW-
asc is a RAW264.7-derived cell line containing ectopically expressed 
ASC (7). We confirmed that LT-induced pyroptosis in RAW264.7 
and RAW-asc cells can be completely abolished by Nlrp1b dele-
tion (fig. S4, A to C). Similar to what we observed in NLRC4 inflam-
masome activation, Casp1 or Gsdmd deletion blocked pyroptosis, 
but cells died via apoptosis instead (fig. S5, A to E). Similar data 
were obtained when J774, another murine cell line, was used 
(fig. S5, F to J).

The data aforementioned support the idea that LDH release can 
be resulted directly from pyroptosis and indirectly from apoptosis. 
To explain the underlying mechanisms on the basis of the above 
results, we summarized pathway switches from pyroptosis to apop-
tosis in canonical inflammasome activation and their proposed 
function in vivo (Fig. 2F). Blockage of caspase-1–GSDMD path [named 
(first) path] inhibits pyroptosis and allows apoptosis instead. Inhibition 
of the first path blocks IL-1/18 release and eicosanoids production. 
ASC is known to recruit caspase-8 [named (second) death path here] 
when the first path was impaired during NLRP3 or AIM2 inflam-
masome activation. On the basis of the data described above, we do not 
know at this moment which molecule(s) is responsible for caspase-8 
activation in FlaTox- or LT-treated Casp1- and/or Gsdmd-deficient 
cells. Nonetheless, we can conclude that apoptosis backs up pyro-
ptosis in canonical inflammasomes, regardless of whether ASC 
is an indispensable or dispensable component of the given inflam-
masome, and not only pyroptosis but also apoptosis can be down-
stream of inflammasome activation to elicit cytolysis, which is likely 
the cause of animal death.

Completely preventing cell death by simultaneously 
impairing ASC–caspase-8 apoptotic and  
caspase-1–GSDMD pyroptotic pathways inhibits NLRC4 
overactivation–mediated animal death
Although deletion of Asc did not affect FlaTox- or LT-induced pyro-
ptosis, we next asked whether ASC is needed for caspase-8 activa-
tion and subsequent apoptosis when Casp1 was deleted. Therefore, 
we used Asc−/-Casp1/11−/− (triple KO) mice and cells to address this 
question. Neither FlaTox-induced LDH release nor ATP loss was 
detected in Asc−/−Casp1/11−/− macrophages (Fig. 3, A and B), indi-
cating a complete block of pyroptosis and apoptosis. Consistently, 
activation of caspases was also blocked in Asc−/−Casp1/11−/− macro-
phages (Fig. 3, C to E, and fig. S6A).

Genetic deletion of either Casp1/11−/− or Asc−/− had almost no 
effect on FlaTox-induced mouse death (Figs. 1A and 3F). Amazingly, 
Asc−/−Casp1/11−/− mouse is completely resistant to FlaTox-induced 
death (Fig. 3, F and G), supporting the idea that cell death is the key 
determinant in the lethality of animal. Since the function of ASC is 
to mediate caspase-8 activation when Casp1 was deleted, we addi-
tionally tested whether caspase-1 inhibitor belnacasan plus pan 
caspase inhibitor emricasan can affect FlaTox-induced mouse death. 
These inhibitors indeed attenuated FlaTox-induced mouse death 
(Fig. 3H).

We collected peritoneal lavages from the Asc−/−Casp1/11−/− mice 
challenged with FlaTox for analyzing caspase activities, LHD release, 
levels of cytokines, and lipid mediators. Caspase-1, caspase-8, and 
caspase-3/7 activities (Fig. 3, I to K); LDH release (Fig. 3L); and IL-
1 secretion (Fig. 3M) were found to be completely blocked. As it 
was observed in Gsdmd−/− and Casp1/11−/− mice, TNF or IL-6 re-
leased into peritoneal cavity was not affected in Asc−/−Casp1/11−/− 
mouse (Fig. 3, N and O). The generation of eicosanoids was almost 
completely eliminated in Asc−/−Casp1/11−/− mouse except for PGE2 
(Fig.  3,  P  and  Q). Similar to what had been observed in Nlrc4−/− 
mice (fig. S1, K to N), FlaTox-induced increase of blood LDH, 
IL-1, TNF, and IL-6 was blocked by deletion of Asc and Casp1/11 
(Fig. 3, R to U). As for the increase of circulating TNF and IL-6 in 
FlaTox-treated mice, its association with LDH release was observed 
again. To this end, we can conclude that LDH release is downstream 
of apoptosis, and only LDH release consistently correlates with 
mouse death.

We used RAW264.7 cells to examine the effect of Asc and Casp1 
double KO on LT-induced cell death. Since RAW264.7 cells do not 
express ASC, RAW-asc cells were included in the experiments. We 
found that LT did not induce LDH release, ATP loss, activation of 
caspases in the cells without caspase-1, and ASC expression (fig. S7). 
Collectively, our data indicate that although ASC is not required for 
NLRC4 and NLRP1b inflammasome activation, it is required for 
NLRC4- and NLRP1b-mediated apoptosis in Casp1-deficient cells 
(Fig. 3V). Thus, the (second) death path also functions in canonical 
inflammasomes, including those that ASC participates in but not 
required for their activation. As for the FlaTox-induced mice death 
per se, cell death dictates animal death.

Salmonella Typhimurium is a type of flagellin-producing bacte-
ria whose infection can cause host death (36). The animal death by 
Salmonella infection is mainly based on the bacterial dissemination 
in the host, and inflammasome-mediated immune responses are 
known to be important in limiting the bacterial burden in vivo as 
genetic deletion of Nlrc4, Asc, or Casp1 leads to increased suscepti-
bility to Salmonella infection (37–39). However, when the in vivo 
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Fig. 3. KO of Casp1/11 and Asc completely blocks FlaTox-induced cell death and mouse death. (A to E) Peritoneal macrophages were treated with FlaTox for 4 hours. 
LDH release (A), ATP loss (B), caspase-1 (C), caspase-8 (D), and caspase-3/7 activities (E) were measured (n = 3). (F) FlaTox-treated mice were monitored for survival (n = 8). 
(G) H&E staining of small intestinal tissue of mice treated for 3 hours. Scale bars, 100 m. (H) WT mice were intraperitoneally injected with FlaTox, or FlaTox + belnacasan 
(100 mg/kg body weight) + emricasan (20 mg/kg body weight) and were monitored for survival (n = 6). (I to U) Peritoneal lavages from FlaTox-treated mice were isolated 
at 1 hour and 3 hours for caspase-1 (I), caspase-8 (J), caspase-3/7 (K), LDH (L), IL-1 (M), TNF (N), and IL-6 (O) (n = 3). Peritoneal lavages at 20 min were collected for LC/MS/
MS-based lipidomics (P and Q) (n = 3). Serum was used for LDH (R), IL-1 (S), TNF (T), and IL-6 (U). n = 1 for PBS group and n = 3 for FlaTox-treated mice. (V) Model of death 
paths. (W and X) Mice were infected with Salmonella SL7207 and monitored for survival (n = 10). The bacterial loads in spleen and liver were analyzed at the time of mice 
death (n = 4). Graphs show means ± SE. OD490, optical density at 490 nm.



Zhang et al., Sci. Adv. 2021; 7 : eabi9471     22 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 15

propagation of Salmonella was limited by using a propagation- 
defective SL7207 strain (40, 41), the Asc−/−Casp1/11−/− mice were 
significantly more resistant to Salmonella infection–caused host death 
in comparison with WT mice (Fig.  3,  W  and  X). It appears that 
Salmonella propagation–caused in vivo pathological changes masked 
the pivotal role of cell death in animal death since the primary dif-
ference between WT and SL7207 strain is that WT but not SL7207 
Salmonella propagates in mice. It seems that host responses to the 
process of Salmonella propagation but not the amount of bacteria 
loading in above experimental conditions are important for animal 
death as bacteria amounts in the spleen and liver had no correlation 
with the sensitivity to animal death (Fig. 3X). Inhibition of bacteria 
propagation in vivo is a primary therapeutic approach in treating 
infectious diseases, which could demask the decisive role of cell 
death in animal death, and inhibition of death pathways could be a 
clinically relevant cotreatment for lethal infections.

Asc and Gsdmd double KO does not prevent mice 
from NLRC4 inflammasome–induced lethality because 
a caspase-1–dependent apoptosis pathway (the third path) 
is activated to arbitrate mouse death
Figure 3F shows that Asc and Casp1 double KO completely blocked 
FlaTox-induced mouse death, but unexpectedly, double deletion of 
Asc and Gsdmd did not protect the animal from death (Fig. 4A). We 
obtained peritoneal cells by lavage from FlaTox-challenged mice 
and analyzed their caspase activities, cytokines, and LDH release. 
Caspase-1 activation was impaired in Asc−/−Gsdmd−/− sample at 
1 hour but reached WT level at 3 hours (Fig. 4B). Significantly, more 
caspase-8 and caspase-3/7 activation was observed in Asc−/−Gsdmd−/− 
lavages (Fig. 4, C and D). LDH release in Asc−/−Gsdmd−/− lavages 
was not detected at early time (1 hour) but reached to a comparable 
level of WT lavages at 3 hours (Fig. 4E). Western blotting data re-
vealed patterns of caspase cleavage that mirror results from enzy-
matic assays (fig. S6A). Similar to the deletion of Gsdmd (Fig. 1D), 
double deletion of Asc and Gsdmd did not affect the secretion of 
IL-1 into peritoneal cavity in FlaTox-treated mice (Fig. 4F). The 
production of TNF and IL-6 is not related to inflammasome activa-
tion and was not affected by double deletion of Asc and Gsdmd 
(Fig. 4, G and H). In addition, double deletion of Asc and Gsdmd 
did not affect the tissue damage (fig. S6B). The activation of apop-
totic caspases indicates the occurrence of apoptosis, and the later LDH 
release is most likely caused by secondary necrosis of apoptosis.

We then analyzed the death of macrophages from those KO 
mice in vitro (Fig. 4, I to M). The cells with double deletion of Asc 
and Gsdmd behaved more like Gsdmd−/− other than Asc and Casp1 
double KO in terms of protecting cells from death caused by NLRC4 
or NLRP1b inflammasome (Figs.  1 and 4,  I  to  M, and fig. S6A). 
FlaTox-induced LDH release was blocked in Asc−/−Gsdmd−/− peri-
toneal macrophages until 4 hours, but ATP loss was only partially 
inhibited at this time point (Fig. 4, I and J). With the evidence of 
apoptotic caspase activation (Fig. 4, L and M, and fig. S6A), we believe 
that the cell death mode was apoptosis. Because Asc−/−Casp1/11−/− cells 
were completely protected from NLRC4- or NLRP1b-mediated death 
(Fig. 3, A to E, and fig. S5), caspase-1 activation (Fig. 4K) observed 
in Asc−/−Gsdmd−/− cells must be required for their apoptotic death.

The effect of Asc and Gsdmd double KO on LT-induced cell 
death was evaluated using RAW264.7 cells, and the data show that 
cells with no Asc and Gsdmd undergo apoptosis upon LT stimulation 
(fig. S7). It appears that caspase-1 is capable of triggering apoptosis 

when both Asc and Gsdmd were deleted, and we called this 
caspase-1–dependent apoptosis pathway the (third) death path 
(Fig. 4N).

The third path is caspase-1–activated intrinsic 
apoptotic pathway
As RAW264.7 cell is not sensitive to FlaTox, we used LT stimulation 
of RAW264.7 cells to study the caspase-1–dependent apoptosis. We 
measured LT-induced LDH release and ATP loss in RAW-asc and 
its Gsdmd−/−, Gsdmd−/-Casp8−/−, and Gsdmd−/-Casp8−/-Casp1−/− cell 
lines at 4 hours after LT treatment. Deletion of Gsdmd and Casp8 
inhibited LDH release (Fig. 5A), but significant ATP loss occurred 
in Gsdmd−/-Casp8−/− cells (Fig. 5B), suggesting that it was caspase-1 
that triggered cell death in the absence of caspase-8 and GSDMD 
(third death path). Gsdmd−/−Casp8−/−Casp1−/− cells are fully resis-
tant to LT-induced cell death (Fig. 5, A to F). Caspase-3 activation 
should be downstream of caspase-1 since the increase of caspase-3 
activity in LT-treated Gsdmd−/−Casp8−/− cells was observed by en-
zymatic assay and Western blotting (Fig. 5, C to F). Thus, the third 
death pathway should be caspase-1 → caspase-3 → apoptosis. 
Consistently, RAW-asc Casp8−/−Casp1−/− cells were fully resistant 
to LT-induced cell death (fig. S8).

It is known that oligomerization of ASC is required for ASC to 
function in all subtype inflammasomes (1). Since both caspase-1 and 
caspase-8 can interact with ASC, we analyzed ASC oligomerization 
in Gsdmd−/−, Gsdmd−/-Casp8−/−, and Gsdmd−/-Casp8−/-Casp1−/− RAW-
asc cell lines. Cross-link and immunostaining of ASC in these dif-
ferent cells were performed before and after LT treatment. Results 
showed that LT-induced oligomerization and speck formation of 
ASC were not influenced by the single, double and triple deletions 
(Fig. 5, G and H). These data excluded the possibility that there was 
reverse signaling to affect ASC oligomerization when GSDMD, 
caspase-8, and caspase-1 were impaired.

Caspase-1 (IL-l–converting enzyme) was reported to induce 
apoptosis in fibroblasts (42), and the cleave BH3-interacting domain 
death agonist (Bid) at D59 by caspase-1 could be the underlying 
mechanism as the cleaved Bid activates intrinsic apoptosis pathway 
(43–46). To determine whether intrinsic apoptosis plays a role in the 
third pathway, we deleted Apaf1 in Gsdmd/Casp8 double KO RAW-asc 
cells and found that it inhibited LT- induced ATP loss (apoptosis) 
(Fig. 6, A to E) but did not affect caspase-1 activation in RAW-asc 
Gsdmd−/-Casp8−/− cells (Fig. 6C). Enzymatic assay and Western blotting 
confirmed abrogation of LT-induced caspase-9 and caspase-3 activa-
tion by this additional Apaf1 deletion (Fig. 6, C to E). Consistently, 
deletion of Casp9 in RAW-asc Gsdmd−/-Casp8−/− cells also inhibited 
LT-mediated apoptosis (Fig.  6,  A  to  E). We also measured IL-1 
release by lipopolysaccharide (LPS)–primed RAW-asc cells with vari-
ous gene deletions and found that LT-induced IL-1 release was 
partially blocked in Gsdmd−/− cells and completely eliminated in 
Gsdmd−/-Casp8−/−, Gsdmd−/-Casp8−/−Apaf1−/−, and Gsdmd−/-Casp8−/-Casp9−/− 
cells (Fig. 6F). The caspase-1–dependent activation of caspase-3 and 
apoptosis in Asc and Gsdmd double-deficient (RAW264.7 Gsdmd−/−) 
cells were blocked by genetic deletion of Casp9 (fig. S9). The modest 
activation of caspase-8 was also observed in Asc and Gsdmd double- 
deficient cells, which was abrogated by genetic deletion of Casp9 (fig. S9). 
This caspase-9–dependent activation of caspase-8 may be attributed 
to a caspase-3 feedback signal reported previously (47). Thus, 
caspase-1–induced apoptosis is primarily mediated by the intrinsic 
apoptosis pathway (apaf1 → caspase-9 → caspase-3) (Fig. 6G).
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The third death path can also be induced by the activation 
of NLRP3 or AIM2 inflammasome if Gsdmd and Casp8 
were deleted
Next, we sought to determine whether the third death path can be 
activated by NLRP3 and AIM2 inflammasomes. NLRP3- and 

AIM2-dependent inflammasome activation was induced by LPS 
plus nigericin or LPS plus Poly (dA:dT), respectively, in RAW-asc 
and its Gsdmd−/−, Gsdmd−/−Casp8−/−, and Gsdmd−/-Casp8−/−Casp1−/− cells. 
Microscopy revealed that NLRP3 or AIM2 inflammasome activa-
tion leads to pyroptosis in RAW-asc cells, apoptosis in Gsdmd−/− and 

Fig. 4. Double KO of Gsdmd and Asc cannot block FlaTox-induced cell death and mouse death. (A to H) Mice of indicated genotypes were intraperitoneally injected 
with FlaTox (4 g/g LFn-Fla body weight and 2 g/g PA body weight) and monitored for survival (A) at indicated times (n = 9). Peritoneal lavages were isolated by using 
1 ml PBS at 1 and 3 hours after FlaTox challenge and then subjected to measurements of caspase-1 activity (B), caspase-8 activity (C), caspase-3/7 activity (D), LDH (E), IL-1 
(F), TNF (G), and IL-6 (H) (n = 3). (I to M) Peritoneal macrophages from mice of indicated genotypes were treated with FlaTox (2 g/ml LFn-Fla and 2 g/ml PA) for 4 hours. 
The LDH release (I) and ATP loss (J) were measured. The caspase-1 activity (K), caspase-8 activity (L), and caspase-3/7 activity (M) were measured. Graphs show means ± SE 
from three independent experiments. (N) Model of the death paths.
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Gsdmd−/−Casp8−/− cells, and no death of Gsdmd−/−Casp8−/−Casp1−/− 
cells (Fig. 7A). We also analyzed oligomerization of ASC in LPS 
plus nigericin or LPS plus Poly (dA:dT)–treated RAW-asc cells and 
found that ASC oligomerized normally in Gsdmd−/−, Gsdmd−/−

Casp8−/−, and Gsdmd−/−Casp8−/−Casp1−/− cells (Fig. 7B). The IL-1 
induction by Poly (dA:dT) in LPS-primed RAW-asc cells was par-
tially blocked in Gsdmd−/− cells and completely eliminated in 
Gsdmd−/−Casp8−/− and Gsdmd−/−Casp8−/−Casp1−/− cells (Fig. 7C). 
As anticipated, caspase-1 activation was detected in all cells except 
Gsdmd−/−Casp8−/−Casp1−/− cells (Fig. 7D), and caspase-8 activation was 

only detected in Gsdmd−/− but not WT (RAW-asc), Gsdmd−/−Casp8−/−, 
and Gsdmd−/−Casp8−/−Casp1−/− cells (Fig. 7E). Caspase-3/7 activity 
was detected not only in Gsdmd−/− cells but also in Gsdmd−/−

Casp8−/− cells (Fig. 7F), demonstrating that the third death path 
(caspase-1 → caspase-3) was activated by NLRP3 and AIM2 inflam-
masomes when both GSDMD-mediated pyroptosis and caspase-8–
mediated apoptosis were inhibited (Fig. 7G). These results indicate 
that the third death path appears to be universally used by canonical 
inflammasomes. We also have data that THP1 CASP1−/−CASP8−/− 
cells are fully resistant to NLRP3 and AIM2 inflammasome–mediated 

Fig. 5. Caspase-1 is responsible for NLRP1b inflammasome–mediated apoptosis in Gsdmd and Casp8 double deleted cells. (A to F) RAW-asc cells of indicated 
genotypes were treated with LT (2 g/ml LF and 2 g/ml PA) for 4 hours. LDH release (A) and ATP loss (B) were measured. Cell lysates combined with medium were sub-
jected to Western blot for indicated proteins (C). Caspase-1 activity (D), caspase-8 activity (E), and caspase-3/7 activity (F) were measured. (G and H) RAW-asc cells of indi-
cated genotypes were treated with LT for 90 min. ASC oligomerization was analyzed by cross-linking and Western blotting (G), and speck formation was viewed under 
confocal microscope (H). Graphs show means ± SE from three independent experiments.
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cell death (fig. S10), indicating that our conclusion could extend 
to human cells. Thus, targeting both ASC and caspase-1 or 
both caspase-1 and caspase-8 is a potential therapeutic way to 
block cell death driven by canonical inflammasome activation, 
which may help to prevent the lethality caused by inflammasome 
overactivation.

DISCUSSION
Inflammasome-mediated cell death on one hand contributes to the 
activation of immune system to control infected pathogens (14–18). 
On the other hand, cell death by itself subsidizes the pathological 
changes in infected animals (17). The data presented in this report 

demonstrate that cell death plays a decisive role in the death of mice 
caused by NLRC4 inflammasome in an infection-free system. In the 
case of live bacteria, such as S. Typhimurium infection, NLRC4- 
triggered cell death contributes to host death, but the outcome 
should be determined by multiple factors. Blocking the cell death 
pathways downstream of NLRC4 attenuated mice death caused by 
growth-defective Salmonella infection (Fig. 3W), but this inhibition 
was not observed when WT Salmonella was used, suggesting that 
the lethal effect of bacteria propagation is before that of cell death 
(37–39). Therefore, if propagation of infected pathogens can be 
blocked by pharmacological approaches, blocking inflammasome 
overactivation–caused cell death shall be important for preventing 
the host from death.

Fig. 6. Caspase-1–initiated apoptosis during NLRP1b inflammasome activation is mediated by Apaf1–caspase-9 intrinsic apoptotic pathway. (A to E) RAW-asc 
cells of indicated genotypes were treated with LT [LF (2 g/ml) and PA (2 g/ml)] for 4 hours. The LDH release (A) and ATP loss (B) were measured. Cell lysates combined 
with medium were subjected to Western blot for indicated proteins (C). The caspase-8 activity (D) and caspase-3/7 activity (E) were measured. (F) RAW-asc cells of indi-
cated genotypes were pretreated with or without LPS (500 ng/ml) for 4 hours and then stimulated with LT for 2 hours. The IL-1 in supernatant was measured by 
enzyme-linked immunosorbent assay (ELISA). (G) Model of the death paths. Graphs show means ± SE from three independent experiments.
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A previous study showed that deletion of Casp1 and Casp8 
(Casp1−/−Casp8−/−Rip3−/− mice) reduced ability of mice in con-
trolling the propagation of orally infected S. Typhimurium (17). A 
recent study further showed that simultaneous genetic deletion of 

Casp1, Casp11, Casp12, Casp8, and Rip3 ensured the blockade of 
Salmonella-induced cell death and sensitized mice to the infection 
with a growth-attenuated Salmonella ∆AroA strain BRD509 (15). 
WT mice were capable of controlling the propagation of intravenously 

Fig. 7. The third death path also applies to NLRP3 and AIM2 inflammasomes. (A to E) RAW-asc cells of indicated genotypes were treated with LPS (1 g/ml) and then 
stimulated with nigericin (10 M) or Poly (dA:dT) (2 g/ml). Arrows indicate pyroptotic or apoptotic cells under microscopy (A). ASC oligomerization was measured at 
90 min (B). The IL-1 in supernatant was measured by ELISA (C). Caspase-1 activity (D), caspase-8 activity (E), and caspase-3/7 activity (F) were measured. (G) Model of the 
death paths. Graphs show means ± SE from three independent experiments.
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injected BRD509 [200 colony-forming units (CFU)] within a certain 
level and eventually clearing the bacteria after 12 weeks, whereas the 
injected BRD509  in Casp1−/−Casp11−/−Casp12−/−Casp8−/−Rip3−/− 
mice continued propagating, and the infected mice had to be euth-
anized in 4 to 5 weeks after infection because of heavy in-organ 
bacterial burden (15). It appears that similar to virus infections, cell 
death is a mechanism to eliminate intracellular bacteria such as Sal-
monella. In agreement with this notion, animal death caused by 
high-dose nonpropagative SL7207 was significantly attenuated by 
blocking NLRC4-mediated cell death (Fig.  3W). Thus, cell death 
should have dual roles in host defense against intracellular bacteria, 
and the pro-death role would be predominant if bacteria propaga-
tion has been eliminated by other means.

Global induction of the production of inflammatory cytokines, 
the so-called cytokine storm, is believed to be the major trigger of 
infection/inflammation-caused animal death. The levels of FlaTox- 
induced cytokines such as IL-1, TNF, and IL-6 in mice are compa-
rable to those induced by S. Typhimurium infection, indicating the 
induction of cytokine storm by NLRC4 activation directly or indi-
rectly. However, in line with a published study (13), we confirmed 
that there is no correlation between the levels of IL-1, TNF, or IL-6 
and death in FlaTox-treated mice (Figs. 1 and 3). The increase of 
circulating TNF and IL-6, an NLRC4-independent response to 
flagellin, was associated with LDH release (cytolysis) (fig. S1, K to N 
and S to V, and Fig. 3, R to U). The factors that caused the increase 
of circulating (blood) TNF and IL-6 in FlaTox-treated cells are very 
likely to be the damage-associated molecular patterns released from 
dead cells. We also did not find a correlation between animal death 
and eicosanoids production. We showed here that eicosanoids pro-
duction is dependent on pyroptosis (Fig. 1, G and H), which is not 
unexpected as it was previously proposed that eicosanoid biosyn-
thesis is stimulated by Ca2+ influx via FlaTox-induced plasma mem-
brane pore (13), which should be GSDMD pore based on current 
knowledge (7–9). We proposed that either “cytokine or eicosanoid 
storm” is not essential for FlaTox-induced animal death, or the an-
imal death is resulted from the compound effect of a large number 
of different cytokines/lipids, and the commonly used measurement 
of cytokines cannot evaluate the effect of cytokine storm.

Our data demonstrated that irreversible cell death induced by 
NLRC4 overactivation definitely can play a decisive role in animal 
death, which is consistent with a published study by Rauch et al. 
(17) showing that deletion of Casp1 and Casp8, which should block 
all three death pathways described in this study (Fig. 7G), inhibited 
FlaTox-induced body temperature drop (an indicator of animal 
viability). Rauch et al. (17) also showed that Asc−/−Casp1/11−/− and 
Rip3−/−Casp1−/−Casp8−/− mice were fully protected from FlaTox- 
induced pathological changes, including hypothermia, hematocrit 
increase, diarrhea, intestinal epithelial cell expulsion, PGE2, and body 
temperature drop. Our data that FlaTox-induced animal death was 
prevented by gene deletion of Asc and Casp1/11 are in line with 
their finding.

Cell death in vivo could be a result of cytokine storm, which, in 
turn, can induce cytokine production. In the situation of FlaTox- 
induced sterile NLRC4 activation, cell death is a direct consequence 
of FlaTox treatment. Pyroptosis is important for the production of 
some cytokines such as IL-1 and IL-18 and inflammatory lipids, 
and they could induce other cytokines such as TNF, but those cyto-
kines and lipids are not essential for FlaTox-induced animal death. 
Bacterial infection, such as S. Typhimurium infection, is a much 

more complicated situation in comparison with the NLRC4 activation 
by FalTox, and pathway switches such as pyroptosis to caspase-8–
dependent apoptosis in Salmonella-treated macrophages occur (15). 
The cytokine to cell death and cell death to cytokine circles could 
function in bacterial infections.

Previous studies have revealed switches among or compensation 
of different cell death pathways when one of them was absent or 
impaired (7,  8,  15,  20–22,  48,  49). In this report, we revealed the 
order of complementation of three distinct cell death pathways in 
inflammasome-mediated cell death process. It seems that cell death 
is destined to take place after inflammasome has been fully activat-
ed. The inevitable cell death does not necessarily promote IL-1 se-
cretion as there was cell death in FlaTox-treated Casp1/11−/− mice 
but not much IL-1 in peritoneal lavages (Fig. 1, C and D). IL-1 
secretion is definitely not a must to reach destination by the inher-
ent complementary cell death pathways. The preferential adoption 
of these cell death pathways in a specific order could be programmed 
for animal death since only the mutant mice in which cell death was 
blocked survived from FlaTox treatment (Figs.  1,  A  and  F, and 
4A. Cell death types are not important for outcomes at animal level.

It was reported that GSDMD can be inactivated by caspase-3/-7 
when apoptosis occurred (50). This is the case in Casp1−/− cells 
when apoptosis was induced by NLRC4, NLRP1b, NLRP3, or AIM2 
inflammasome. Cleavage of GSDMD by caspase-8 was also reported 
to mediate pyroptosis when transforming growth factor –activated 
kinase 1 was inhibited (51), although we did not detect GSDMD 
cleavage by caspase-8 in our experimental settings. The cleavage of 
GSDMD by apoptotic caspases suggests possible inhibition of pyro-
ptosis by apoptosis.

We detected activation of caspase-8 and caspase-9 when the 
third pathway was activated, and caspase-9 but not caspase-8 is re-
quired for the third pathway (Fig. 6). Caspase-8 activation should 
be an associated event of caspase-9 activation and could be additive 
but not essential for the third path of inflammasome-induced cell 
death. Activation of caspase-8 by caspase-9–activated caspase-3 was 
reported (47), and here, it is likely the same case. A recent report 
showed that forced activation of caspase-1 in cells without GSDMD– 
induced apoptosis through the Bid → caspase-9 → caspase-3 axis 
(46), supporting the idea that caspase-1 can activate intrinsic apoptotic 
pathway when pyroptotic pathway is impaired. In addition, cleavage 
of Bid by caspase-8 can mediate the intrinsic apoptosis pathway 
(44). In the current study, we indeed observed caspase-9 activation 
in Casp1-deficient conditions when NLRC4, NLRP3, AIM2, and 
NLRP1b inflammasomes were activated (Fig. 2C, and figs. S3C 
and S5, C and H).

Since FlaTox-induced mouse death is the only model available 
for lethality solely mediated by inflammasomes, we were unable to 
evaluate whether hyperactivation of the inflammasomes other than 
NLRC4 is lethal. Because of similarity among the subtype inflam-
masomes, we would predict that the conclusion of this study can be 
applicable to other inflammasomes. However, we shall note that 
injection of FlaTox in mice is an artificial approach, and unfortu-
nately, there is no model available that can recapitulate NLRC4 ac-
tivation in a more physiologically relevant setting. Efforts should be 
given to find relevant stimulus and animal model that can better 
mimic NLRC4-dependent pathological changes reported in human 
patients. Nonetheless, the preexistence of three death paths suggests 
a firm commitment to cell death after inflammasome hyperactiva-
tion, which is not important for inflammasome-mediated cytokine 
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secretion but destined to inflammasome-caused animal death. Cell 
death, regardless of its type, plays a decisive role in animal death 
caused by NLRC4 inflammasome hyperactivation. The decisive role 
of cell death might be applicable to other inflammation-related 
lethality, such as septic shock. Cell death is a marker of the immuno-
suppression stage of sepsis, and this phase links to the lethality of 
septic individuals (52, 53). It is highly possible that inhibition of cell 
death is an effective cotreatment of lethal infectious diseases when 
the propagation of infected pathogen can be eliminated by other 
therapeutic approaches.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the relation between 
canonical inflammasome–mediated cell death and host death. We 
deleted various canonical inflammasome–related genes individually 
or in combination in cells and mice and analyzed their effects on 
cell and mouse death as well as death pathways triggered by differ-
ent canonical inflammasomes. The stimulation and replicates of 
each experiment are presented in the figure legends.

Mice
All mice used were housed in a specific pathogen-free environment. 
WT C57BL/6J mice were originally obtained from the Jackson Lab-
oratory. Casp1/11−/− and Gsdmd−/− mice were used as previously 
described (7). Asc−/−, Nlrc4−/−, and Gsdme−/− mice were generated 
by co-microinjection of in vitro translated Cas9 mRNA and guide 
RNA (gRNA) into the C57BL/6J zygotes. The targeting sequence in 
the gRNA vector was 5′-CAGACGAGCCCTTATTCAA-3′ for 
mouse Nlrc4, 5′-TATGGGCGCATCCCACGCG-3′ for mouse Asc, 
and 5′-TTCGCCTTTCTGGACATGC-3′ for mouse Gsdme. All KO 
alleles have been crossed onto the C57BL/6J background. Male mice 
between 8 and 12 weeks of age were used for the animal experi-
ments in the current study. All animal experiments were conducted 
following the guidelines for housing and care of laboratory animals 
and performed in accordance with regulations approved by the 
Animal Care and Use Committee at Xiamen University.

For intraperitoneal injection of FlaTox into mice, toxin doses 
were PA (2 g/g body weight) combined with LFn-Fla or LFn-Fla 
3A (4 g/g) and diluted in 250 l of phosphate-buffered saline 
(PBS). The survival rate of the animals was checked every few hours.

Generation of KO cell lines using CRISPR-Cas9 technique
The targeting sequence in the gRNA vector was 5′-TCTCTA-
AAAAAGGGCCCC-3′ for mouse caspase-1, 5′-TGCAACAGCTTC-
GGAGTCG-3′ for mouse Gsdmd, 5′-TATGGGCGCATCCCACGCG-3′ 
for mouse Asc, 5′- GTCTAGGAAGTTGACCAGC-3′ for mouse 
caspase-8, 5′-GGATGAAGAGCAGCTTCTCA-3′ for mouse Nlrp1b, 
5′-  ATGGATCACATGATCAGTAA-3′ for mouse Apaf1 , 
5′-CTGGCTTCACTCTTGCAAAG-3′ for mouse caspase-9, 5′- 
ATTGACTCCGTTATTCCGAA-3′ for human CASP1, and 
5′-CCCTCAAGTTCCTGAGCCT-3′ for human CASP8. The plasmids 
(vector pBOB) harboring the gene gRNA sequences and Cas9 gene 
were transfected into 293T in the presence of lentivirus helper 
plasmids, and the supernatants were collected after 48 hours. The 
viruses were then used to infect J774 cells, RAW264.7 cells, RAW-asc 
cells, or THP1 cells. KOs were confirmed by immunoblots and 
further confirmed by sequencing.

LFn fusion protein preparation
pET15b LFn-Fla (Addgene plasmid no. 84871) and pET15b LFn-
Fla 3A (Addgene plasmid no. 84872) were gifts from R. Vance. The 
LFn-Fla and LFn-Fla 3A were expressed and purified as described 
in previous publications (13). The endotoxin was removed with the 
ToxinEraserTM Endotoxin Removal Kit (L00338, GenScript).

Bacterial strains for infection studies
For in  vivo infection, Salmonella SL7207 (aroA) was incubated 
with shaking at 37°C in Luria-Bertani (LB) broth for 16 hours, and 
then 500 l of medium with bacteria was added to a new tube with 
15 ml of LB broth shaking until an optical density at 600 nm (OD600) 
reached 1.0. The collected Salmonella was diluted in PBS, and 
5 × 108 CFU for Salmonella SL7207 (aroA) were injected intraper-
itoneally in a volume of 200 l. The number of bacteria was exam-
ined by homogenizing organs of infected mice in 5 ml of sterilized 
PBS. The homogenate was diluted and plated onto LB agar plates 
and incubated at 37°C for 16 hours.

Hematoxylin and eosin staining
Animals were euthanized. Small intestines were collected and fixed 
immediately in 4% paraformaldehyde for 24 hours. The fixed tis-
sues were embedded in a water-free procedure. Five-micrometer 
sections were cut and stained with hematoxylin and eosin. Slides 
were analyzed on the Leica Aperio Versa 200.

Eicosanoid analysis
For peritoneal lavage analysis, mice were injected intraperitoneally 
with FlaTox. After the indicated time, mice were euthanized and 
injected intraperitoneally with 1 ml of cold PBS. Peritoneal lavage 
(600 l) was collected, and 50 l of which was immediately trans-
ferred to 500 l of cold methanol for storage at −80°C. Eicosanoids 
and docosanoids were identified and quantified by AB SCIEX 
QTRAP-6500 plus. The synthetic standards were purchased from 
Cayman Chemical.

Cell cultures and stimulation
Peritoneal macrophages were isolated from mice after being inject-
ed intraperitoneally with 3% thioglycollate solution for 4 days. For 
NLRC4 inflammasome activation, peritoneal macrophages were 
treated with LFn-Fla or LFn-Fla 3A with PA for the indicated times. 
For NLRP1b inflammasome activation, the cells (J774, RAW264.7, 
or RAW-asc) were cultured with LF (2 g/ml; no. 172C, List Biolog-
ical Labs) together with PA (2 g/ml; no. 171E, List Biological Labs) 
for the indicated times. LPS (L2018, Sigma-Aldrich)–primed J774 
or RAW-asc cells were stimulated with 10 M nigericin (tlrl-nig-5, 
InvivoGen) for NLRP3 inflammasome activation and transfected 
with Poly (dA:dT) (2 g/ml; tlrl-patn-1, InvivoGen) for AIM2 in-
flammasome activation by using Lipofectamine LTX with Plus 
Reagent (15338100, Thermo Fisher Scientific). Human THP-1 cells 
were treated with 100 nM phorbol 12-myristate 13-acetate (PMA) 
for 3 hours and then cultured overnight without PMA before stim-
ulation. Peritoneal macrophages and THP1 cells were cultured in 
RPMI 1640 medium supplemented with 10% fetal bovine serum 
(FBS; SH30071.03, HyClone), penicillin (100 units/ml), and strep-
tomycin (100 g/ml). The J774, RAW264.7, and RAW-asc cells 
were cultured in Dulbecco’s modified Eagle’s medium supplement-
ed with 10% FBS (10099-141, Gibco), penicillin (100 units/ml), and 
streptomycin (100 g/ml).
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Immunoblot analysis
Cell lysates and culture supernatants were collected by adding 
5× sample buffer [50% glycerol, 10% SDS, 5% 2-mercaptoethanol, 
0.02% bromophenol blue, and 250 mM (pH 6.8) tris-HCl] for im-
munoblot analysis. Proteins were separated by 10 to 15% polyacryl-
amide gels, followed by electrophoretic transfer to polyvinylidene 
difluoride membranes (IPVH00010, Millipore). The membrane 
was then blocked by incubation with 5% bovine serum albumin be-
fore being incubated with primary antibodies. Antibodies used 
include caspase-1 (clone 4B4) [a gift from V. M. Dixit (Genetech, 
USA)], caspase-3 (9662, Cell Signaling Technology), pro–caspase-8 
(4790, Cell Signaling Technology), cleaved caspase-8 (9429, Cell 
Signaling Technology), Apaf1 (8723, Cell Signaling Technology), 
caspase-9 (9508, Cell Signaling Technology), GSDMD (ab209845, 
Abcam), ASC (67824, Cell Signaling Technology), GSDME (ab215191, 
Abcam), and glyceraldehyde-3-phosphate dehydrogenase (AC002, 
ABclonal).

Cross-linking of ASC oligomers
To detect ASC oligomerization, cells were lysed with 0.5% Triton 
X-100 lysis buffer and then centrifuged at 6000g at 4°C for 15 min. 
Supernatants were transferred to new tubes (lysates). The pellets 
were washed twice with tris-buffered saline and then cross-linked 
for 45  min at 37°C by disuccinimidyl suberate (2 mM; Thermo 
Fisher Scientific). The cross-linked pellets were centrifuged at 
6000g for 15 min, dissolved in SDS sample buffer, and subjected to 
Western blot.

Confocal microscopy
Mouse ASC was detected by using a rabbit-ASC monoclonal anti-
body (67824, Cell Signaling Technology) followed by Alexa Fluor 
488 goat anti-rabbit immunoglobulin G (H + L) antibody (A11034, 
Invitrogen). The nuclei were stained by Hoechst (H1399, Invitrogen). 
The stained cells were examined under Axio Observer (Zeiss, Ger-
many) at room temperature. Images were acquired and analyzed 
using Zen2012 software (Zeiss, Germany).

LDH and cell viability assay
Cytotoxicity was determined by measuring LDH activity in the cul-
ture medium using the Cytotoxicity LDH Assay Kit-WST (CK12-
500-wells, Dojindo). For peritoneal lavage detection, 50 l of assay 
reagent was added to peritoneal lavages of an equal volume isolated 
from mice by using 1  ml of PBS. The CellTiter-Glo Luminescent 
Cell Viability Assay Kit was used to determine the number of viable 
cells according to the manufacturer’s instructions (G7571, Promega).

Measurement of caspase-1, caspase-3/7, and  
caspase-8 activities
Caspase-1, caspase-3/7, and caspase-8 activities were determined by 
using a caspase-Glo 1 (G9951, Promega), caspase-Glo 3/7 (G8092, 
Promega), or caspase-8 assay kit (G8202, Promega) according to 
the manufacturer’s instructions. Cells were seeded in 96-well 
plate with white wall (Nunc). After treatment, an equal volume of 
caspase-Glo 1, caspase-Glo 3/7, or caspase-8 reagent was added to 
the cell culture medium and shaken for 30 min. Luminescent re-
cording was performed with POLAR star Omega (BMG Labtech). 
For peritoneal lavage detection, 50 l of assay reagent was added to 
peritoneal lavages of an equal volume isolated from mice by using 
1 ml of PBS.

Enzyme-linked immunosorbent assay
Mouse TNF (88-7324-88, eBioscence), IL-1 (88-7013-88, eBioscence), 
and IL-6 (88-7064-77, eBioscence) were measured by enzyme-linked 
immunosorbent assay according to the manufacturer’s instructions.

Statistical analysis
GraphPad Prism 5.0 software (GraphPad Software Inc) was used 
for data analysis. Data are shown as means  ±  SE. Survival curves 
were compared using log rank test (Mantel-Cox). P value less than 
0.05 was considered to be statistically significant. ***P < 0.001 ver-
sus WT group and *P < 0.05 versus WT FlaTox group.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi9471

View/request a protocol for this paper from Bio-protocol.
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