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Bacillus cereus cereolysin O induces pyroptosis in an
undecapeptide-dependent manner
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Bacillus cereus is a clinically significant foodborne pathogen that causes severe gastrointestinal and non-gastrointestinal disease.
Cereolysin O (CLO) is a putative virulence factor of B. cereus, and its function remains to be investigated. In this study, we examined
the biological activity of CLO from a deep sea B. cereus isolate. CLO was highly toxic to mammalian cells and triggered pyroptosis
through NLRP3 inflammasome-mediated caspase 1 and gasdermin D activation. CLO-induced cell death involved ROS
accumulation and K+ efflux, and was blocked by serum lipids. CLO bound specifically to cholesterol, and this binding was essential
to CLO cytotoxicity. The structural integrity of the three tryptophan residues in the C-terminal undecapeptide was vital for CLO to
interact with membrane lipids and cause membrane perforation. Taken together, these results provided new insights into the
molecular mechanism of B. cereus CLO-mediated cytotoxicity.
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INTRODUCTION
Bacillus cereus is a Gram-positive bacterium and a foodborne
pathogen that is able to cause serious human diseases. It is
widespread in natural environments, including deep sea [1, 2]. The
pathogenesis of B. cereus still remains to be explored. It has been
reported that B. cereus produces abundant potential virulence
factors, including hemolysins, phospholipases, and proteases
[3, 4]. The heat-stable toxin cereulide can cause vomiting, while
the three enterotoxins, i.e., the tripartite non-hemolytic enter-
otoxin (NHE), hemolysin BL (HBL), and the single cytotoxin K
(CytK), induce diarrhoeal syndromes [5–7]. In immunocompro-
mised patients, B. cereus can cause certain fatal non-
gastrointestinal infections, including endophthalmitis, respiratory
and urinary tract infections, endocarditis, systemic bacterial
septicemia, and central nervous system infection [8–10]. Recent
studies showed that HBL, NHE, and CytK could activate the NLRP3
inflammasome, which triggered pyroptosis and led to rapid death
of mice [5–7]. The biological activity of other enterotoxin
candidates remains to be explored.
The cholesterol-dependent cytolysin (CDC) is a family of pore-

forming exotoxins traditionally thought to bind cholesterol in cell
membranes and form transmembrane pores [11–13]. The pore
formation involves the assembly of oligomeric and soluble
monomers into annular pre-pores that undergo conformational
changes to insert into the membrane, eventually forming a large
amphipathic transmembrane β-barrel structure [14–16]. Cereoly-
sin O (CLO), also known as hemolysin I, is a protein secreted by B.
cereus. It shares 57–68% amino acid identities with the perfringo-
lysin O (PFO) and streptolysin O of Clostridium perfringens and
Streptococcus pyogenes [17, 18], and therefore is considered to

belong to the CDC family. Reports showed that CLO as low as
1–2 μg administered intravenously into mice was lethal, and that
CLO was able to induce the release of lactate dehydrogenase
(LDH), which exacerbated B. cereus-induced endophthalmitis
[19, 20]. In addition, recent studies showed that membrane
perforation caused by CDC could activate the NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammasome, which in
turn induced the secretion of pro-inflammatory cytokines such as
interleukin (IL)-1β and IL-18 [13, 21, 22].
Pyroptosis is a type of programmed cell death that can be

caused by pathogen invasion [23]. Pyroptosis is executed by a
group of pore-forming proteins called gasdermin (GSDM). In
canonical and noncanonical pyroptotic pathways, caspase (Casp) 1
and Casp4/5/11, respectively, cleave gasdermin D (GSDMD) to
release the N-terminal domain (GSDMD-N) [24–26]. The released
GSDMD-N binds to acidic phospholipids on the plasma membrane
and forms oligomeric pores that lead to cell swelling and rupture
[27–29]. The GSDMD pores enables the release of large amounts
of pro-inflammatory factors, notably IL-1β and IL-18, which
activate macrophages and T lymphocytes and subsequently
induce inflammation [30]. The NLRP3 inflammasome is critical
for the activation of the Casp1-dependent canonical pathway. The
NLRP3 inflammasome assembly and activation can be triggered
by multiple molecular and cellular events, including pathogen
infection, mitochondrial dysfunction, ROS release, lysosomal
disruption, trans-Golgi disassembly, and ion flux, such as K+

efflux, Na+ influx, and Ca2+ mobilization [31–37].
Recently, we reported a pathogenic B. cereus (MB1) isolated

from the deep sea in Mariana Trench [38]. MB1 exhibited strong
cytotoxicity and induced pyroptosis characterized by activation of
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Casp1 and GSDMD and secretion of IL-1β and IL-18 [38]. Genome
sequencing showed that MB1 encoded CLO, but the function of
CLO is unknown. In this study, we examined the biological activity
of CLO from MB1. We found that CLO was a cytotoxin that bound
plasma cholesterol and induced GSDMD-mediated pyroptosis in a
structure-dependent manner. Our findings added new insights
into the pathogenesis of B. cereus.

RESULTS
CLO induces pyroptosis
Sequence analysis showed that the CLO encoded by B. cereus MB1
highly resembles the CLO of clinically isolated B. cereus group
strains, with identities exceeding 90% (Supplementary Table S1).
When incubated with THP-1 cells, purified recombinant CLO
(Supplementary Fig. S1) caused cellular swelling in a dose- and
time-dependent manner (Fig. 1A, B). CLO at 1 nM could induce
marked hemolysis and LDH release (Fig. 1C, D). Similar cell death
was observed with CLO-treated J774A.1 cells (Supplementary Fig.
S2). CLO-induced cell death was not affected by the inhibitors
targeting the key necroptosis factors, i.e., RIPK1, the RIPK3, and
MLKL (Fig. 2A, B), suggesting that necroptosis was not involved in
this process. In contrast, when cells were incubated with CLO in
the presence of the pan-caspase inhibitor Q-VD-OPh or the Casp1
inhibitor Ac-YVAD-CMK, cell death was significantly blocked in an
inhibitor dose dependent manner (Fig. 2C, D; Supplementary Fig.
S3A, B). To examine whether GSDMD was required in CLO-induced
cell death, the effect of CLO on GSDMD-knockout THP-1 cells
(THP-1 GSDMD-KO) was determined. The results showed that
compared with CLO-treated control cells, CLO-treated THP-1
GSDMD-KO cells exhibited sharply reduced release of LDH and

IL-1β, and the presence of caspase inhibitors had no significant
effect on the LDH release in CLO-treated GSDMD-KO cells (Fig. 2E,
F, G). Time-dependent analysis showed that with the increase of
time, apparent LDH release was observed in CLO-treated THP-1
Casp1 knockdown cells (THP-1 Casp1-KD) and GSDMD-KO cells,
although in significantly lower amounts than that in the wild type
cells (Supplementary Fig. S3C), indicating that, after prolonged
interaction with the cells, CLO could induce cell death in a Casp1-
and GSDMD-independent manner.

NLRP3, ROS, and K+ efflux are involved in CLO-induced
pyroptosis
The NLRP3 inflammasome is an important regulator of Casp1
activation. In the presence of the NLRP3 inhibitor (MCC950), the
ability of CLO to induce LDH release and Casp1/GSDMD activation
cleavage was abolished (Fig. 3A–C). Similar abolishing effects on
CLO cytotoxicity were observed with the Casp1 inhibitor (VX765)
(Fig. 3A–C). In THP-1 cells with NLRP3 knockdown (NLRP3-KD) or
Casp1-KD, CLO-induced LDH/IL-1β release and Casp1/GSDMD
activation were significantly reduced comparing to that in the
THP-1 Null cells (Fig. 3D–F). Previous studies showed that some
NLRP3 inflammasome stimulators induced the production of ROS,
which acted as a second messenger to drive inflammasome
activation [39]. In CLO-treated J774 A.1 cells, ROS induction was
observed, and this induction was markedly inhibited by ROS
production inhibitor (DPI) and ROS scavenger (NAC) (Fig. 4A, B). In
the presence of DPI or NAC, the viability of CLO-treated cells
increased significantly (Fig. 4C), and CLO-induced LDH/IL-1β
release, ASC speck formation, and Casp1/GSDMD activation
significantly decreased (Fig. 4D–G; Supplementary Fig. S4A). In
addition to ROS, K+ efflux is also a factor involved in NLRP3

Fig. 1 Cell death induced by CLO. A THP-1 cells were incubated with or without (Ctrl) CLO at different doses for 1 h and then observed with a
microscope. B The time-lapse images of THP-1 cells treated with CLO (100 nM). C The hemolytic activity of CLO at different doses was
determined. D THP-1 cells were incubated with or without (Ctrl) CLO at different doses for 1 h, and then measured for LDH release. In panels
A and B, arrows indicate membrane blebbing, and the scale bar is 30 μm. In panels C and D, values are shown as means ± SD (N= 3). N, the
number of replicates. **p < 0.01(one-way ANOVA).
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inflammasome activation. In CLO-treated J774A.1 cells, the
intracellular K+ level was significantly reduced (Fig. 4H). With the
supplementation of extracellular K+, CLO-induced cell death, IL-1β
release, and GSDMD activation were inhibited in a manner that
depended on the dose of the supplemented K+ (Fig. 4I–K). In
contrast, CLO-induced death of NLRP3-KD cells and Casp1-KD cells
was not significantly affected by supplementation of extracellular
K+ (Supplementary Fig. S4B, C).

Plasma cholesterol binding is required for the cytotoxicity of
CLO
In general, CDC members are able to interact with plasma
cholesterol. In our study, we found that the cytotoxicity of CLO
was markedly inhibited in the presence 10% serum but not in the
presence of 10% lipid-depleted serum (Supplementary Fig. S5),
suggesting that CLO probably interacted with serum lipids, such
as cholesterol, which blocked subsequent CLO interaction with the
plasma membrane. In support of this hypothesis, lipid binding
analysis showed that CLO bound specifically to cholesterol and, to
a lesser extent, PtdIns (4,5) P2 (Fig. 5A). Following incubation with

J774A.1 cells, CLO was localized on the cellular membrane, and
exogenously added cholesterol blocked the membrane binding of
CLO (Fig. 5B). Furthermore, the presence of free cholesterol
significantly reduced CLO-induced cell death, IL-1β secretion, and
Casp1/GSDMD cleavage and activation (Fig. 5C–E).

CLO cytotoxicity depends on the tryptophan residues in the
undecapeptide for membrane binding
Like other CDC members, CLO was structurally predicted to contain
four domains (D1 to D4), with the D4 domain harboring the
undecapeptide (5’- ECTGLAWEWWR-3’) (Supplementary Fig. S6). To
find key residues essential to CLO function, seven mutant CLO were
created, which bear single residue mutation (P254R, P277R, N383R,
D429R and R481A) or double residue mutation (E396A-T397A and
W447S-W479S). Compared to CLO, the W477S-W479S mutant
exhibited significantly weakened ability to induce cell death and
hemolysis, while all other mutants were comparable to CLO in
cytotoxicity (Fig. 6A, B). W477S-W479S was unable to bind
cholesterol (Fig. 6C) and barely detectable in the cell membrane
following incubation with THP-1 cells (Fig. 6D). Consistent with its

Fig. 2 The involvement of caspase 1 and GSDMD in CLO-induced cell death. A, B THP-1 cells were treated with CLO (100 nM) or necroptosis
inducer TBZ (TNFα, the SMAC mimetic BV-6 and Z-VAD) in the presence of DMSO or the inhibitors GSK’963, GSK’872, and GW806742X
(targeting RIPK1, RIPK3, and MLKL respectively) for 1 h or 16 h. The cells were then subjected to LDH release determination (A) and microscopy
after PI staining (B). Scale bar, 30 μm. C THP-1 cells were treated with or without (Ctrl) CLO (100 nM) in the presence of Q-VD-OPh, Ac-YVAD-
CMK, Ac-DEVD-CMK, Z-LEVD-FMK, Z-IETD-FMK, or DMSO for 1 h. LDH release was then measured. D THP-1 cells were treated with or without
(Ctrl) CLO (100 nM) in the presence or absence of different concentrations of Ac-YVAD-CMK for 1 h. LDH release was then measured. E, F THP-1
WT and THP-1 GSDMD-KO cells were treated with or without (Ctrl) CLO (100 nM) or nigericin (Nig) for 1 h. LDH (E) and IL-1β (F) release was
then determined. G THP-1 GSDMD-KO cells were treated as C and then measured for LDH release. **p < 0.01. NS no significance (one-way
ANOVA test A, C, D, and G or student’s unpaired t test E and F. Values are shown as means ± SD (N= 3). N the number of replicates.
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inability to induce cell death, W477S-W479S triggered no IL-1β
release or Casp1/GSDMD cleavage (Fig. 6E, F). Since W477 and
W479 are both located in the undecapeptide, the functional
importance of these residues, as well as the other tryptophan
residue (W480) in the undecapeptide, were further evaluated by
creating single residue mutation (W477S, W479S, and W480S). The
results showed that mutation of either of these three tryptophan
residues deprived CLO of its ability to induce cell death, IL-1β
release, and Casp1/GSDMD cleavage and activation (Fig. 6G–I).

DISCUSSION
Previous reports have indicated that the pathogenicity of B. cereus
mainly depends on the production of virulence factors. Various
toxins, enzymatically active proteases, and phospholipases are
closely associated with B. cereus diarrheal food poisoning and
trigger host immune responses through cytosolic inflammasome
sensor or surface Toll like receptor [10, 40–43]. However, the roles
of many putative toxins and enzymes, such as the CDC family
protein CLO, in B. cereus virulence still remain to be explored. In
this study, we examined the cytotoxicity of the CLO from a deep-
sea B. cereus isolate. We found that CLO induced hemolysis and
rapid lytic death of mammalian cells at concentrations as low as
1 nM. These results indicated a highly cytotoxic nature of CLO and
suggested a role of CLO in the pathogenesis of B. cereus.
Among the cytotoxins of B. cereus, HBL, NHE, and Cytk are

known to be able to activate the NLRP3 inflammasome, whereby
linking the toxins to the innate immune inflammasome pathway
by establishing a toxin-inflammasome axis [5–7]. Several CDC
family members, such as the tetanolysin O of Clostridium tetani,
the streptolysin O of Staphylococcus aureus, and the pyolysin O of
Trueperella pyogenes, can also activate the NLRP3 inflammasome,
and hence are considered to have the potential to trigger the

toxin-inflammation pathway [13, 21, 44]. In our study, we found
that the toxicity of CLO was blocked by Casp1/NLRP3 inhibitors
and under the condition of GSDMD deficiency, but it was not
affected by the RIPK or MLKL inhibitors.
Since many NLRP3 activators induce ROS production, ROS is

considered to signal NLRP3 inflammasome activation [45–47]. In
the present study, significantly elevated ROS was detected in CLO-
treated cells, and the presence of ROS inhibitor or scavenger
markedly inhibited CLO-induced cell death and Casp1/GSDMD
activation. These results indicated a positive contribution of ROS
to CLO-mediated NLRP3 activation and downstream pyroptotic
signaling. Intracellular K+ efflux is another common trigger for
NLRP3 inflammasome activation. It has been reported that
depletion of intracytoplasmic K+ promoted IL-1β maturation and
secretion in response to ATP or nigericin, while high extracellular
K+ blocked the activation of the NLRP3 inflammasome [48, 49]. In
the case of CLO, it caused a significant reduction of intracellular K+

concentration, and this reduction was required to induce
pyroptosis, since supplementation of extracellular K+ significantly
inhibited CLO-induced Casp1/GSDMD activation and cell death. It
was most likely that CLO-induced cell membrane perforation
initiated K+ efflux, which subsequently activated the NLRP3
inflammasome pathway, resulting in Casp1 and GSDMD-executed
pyroptosis. The involvement of the K+−NLRP3−Casp1 axis in CLO-
induced cell death was further supported by the result that
extracellularly added KCL failed to affect the death NLRP3/Casp1-
KD cells. However, similar to previous reports, which observed
significant but moderate inhibitory effects of extracellularly
supplemented KCL on cell death [50, 51], we found that the
effect of supplemented KCL on CLO-induced LDH release was,
although significant and substantial, relatively moderate (30%
reduction), which was possibly due to the fact that CLO could also
induce pyroptosis-independent cell death.

Fig. 3 The involvement of the NLRP3-caspase 1 pathway in CLO-induced cell death. A J774A.1 cells were pretreated with MCC950, VX765,
or DMSO for 1 h and then treated with CLO (CLO 100 nM) or ATP for 1 h. LDH release was then determined. B, C The cell lysate and
supernatants from J774A.1 cells treated as above was immunoblotted with antibodies against Casp1, GSDMD, or β-actin (loading control).
D, E PMA-differentiated THP-1 cells with or without (Null) deficiency in NLRP3 (NLRP3-KD) or Casp1 (Casp1-KD) were treated with or without
(Ctrl) CLO (CLO 100 nM) or nigericin (Nig) for 1 h. LDH (D) and IL-1β (E) release was then determined. F The supernatant and the corresponding
cell lysate from the above (D, E) treated J774A.1 cells were blotted with antibodies against Casp1, GSDMD, or β-actin (loading control). For
panels A, D, and E, values are shown as means ± SD (N= 3). N, the number of replicates. **p < 0.01 (one-way ANOVA).
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The ability of the CDC family proteins to form pores in the
cellular membrane is traditionally thought to be absolutely
dependent on the interaction with membrane cholesterol [52].
In our study, CLO was observed to bind to cholesterol, and this
binding was required for CLO to aggregate in cellular membrane
and induce cell death. These observations suggested that
cholesterol was the main target for CLO localization in the cell
membrane. Recently, eight CDC members were shown to
recognize single/multiple glycans as candidate cellular receptors
and be able to independently bind glycans and cholesterol [53].
For CLO, we found that in addition to cholesterol, it also bound to
PtdIns (4,5) P2. It remains for future studies to examine whether
there are other membrane targets involved in bridging CLO to the
target cells.
The undecapeptide is the most conserved region in the primary

sequence of CDC, and the pore formation capacity of CDC is
highly sensitive to changes in the primary structure of the
undecapeptide [14, 54, 55]. Substitution of cysteine, tryptophan, or
arginine in the undecapeptide motif, such as PFOR468A, LLOC492S

and PLOW433F, rendered CDC proteins incapable of membrane-
binding, hemolysis, or cytolysis [54, 56, 57]. One study showed that

mutation in any of the tryptophan residues on the undecapeptide
of PFO resulted in reduced hemolytic activity but retained
cholesterol-binding specificity [58]. For CLO, we observed that the
W477S-W479S, but not R481A, mutation disabled CLO to bind
cholesterol and plasma membrane, and mutation of either of the
three tryptophan residues in the undecapeptide completely
abolished cell death and Casp1/GSDMD activation. These results
suggested that all of the tryptophan residues were critical for CLO
to interact with the membrane target molecules, notably choles-
terol, and this interaction was most likely a prerequisite for the
oligomerization of CLO molecules to form the pore complexes on
the cell membrane. These findings indicated that undecapeptide-
mediated binding to the plasma membrane was a prerequisite for
B. cereus CLO to induce the downstream pyroptosis.

MATERIALS AND METHODS
Cell lines
J774A.1 and THP-1 cells were obtained from China Infrastructure of Cell
Lines Resource (China). The THP-1 cell line with GSDMD knockout (THP-1
GSDMD-KO) was reported previously [7]. J774A.1 cells were cultured in

Fig. 4 The involvement of ROS production and K+ efflux in CLO-induced pyroptosis. A, B J774A.1 cells pretreated with DCFH-DA were
incubated with or without (Ctrl) DPI or NAC for 1 h. The cells were treated with or without CLO (10 nM) for 30min. ROS production (A) and
fluorescence intensity (λex, 488 nm; λem, 525 nm) (B) were then determined. C–G J774A.1 cells were pretreated with or without (−) DPI or NAC
for 1 h and then treated with CLO (10 nM) or ATP for 1 h. Cell viability (C), LDH release (D), and IL-1β (E) release were determined. ASC speck
(red) was detected by treating the cells with ASC-antibody and DAPI (F). The supernatant plus the corresponding cell lysate were blotted with
antibody against Casp1, GSDMD, or β-actin (loading control) (G). H J774A.1 cells were incubated with or without (Ctrl) CLO (100 nM) or
nigericin (Nig) for 30min, and intracellular K+ was then determined. I–K J774A.1 cells were pretreated with or without (−) different
concentrations of KCl for 1 h, and then treated with or without (−) CLO (100 nM) for 1 h. LDH (I) and IL-1β release (J) was then determined.
Immunoblot analysis of Casp-1, GSDMD, or β-actin was performed as above (K). Scale bars of panels A and F are 30 μm and 10 μm,
respectively. For panels B–E and H–J, values are shown as means ± SD (N= 3). N, the number of replicates. **p < 0.01, *p < 0.05. NS no
significance (one-way ANOVA).
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Dulbecco’s Modified Eagle Medium (DMEM) (Corning, NY, USA) supple-
mented with 10% (v/v) FBS (Sigma-Aldrich, USA) and 1% penicillin-
streptomycin (Yeasen, shanghai, China) at 37 °C with 5% CO2. THP-1 and
THP-1 GSDMD-KO cells were cultured in RPMI 1640 medium (Gibco,
Renfrewshire, UK) supplemented with 10% (v/v) FBS and 1% penicillin and
streptomycin. THP-1-Null, THP-1-defCasp1 (Casp1-KD), and THP-1-
defNLRP3 (NLRP3-KD) were purchased from InvivoGen and cultured as
instructed by the manufacturer.

Recombinant protein purification
The DNA sequence of CLO (GenBank: CP091971) without signal peptide
was amplified by PCR with primers F1 and R1 (Supplementary Table S2).
The PCR product was ligated into pET-28a at between the Nde I and Xho I
restriction sites using ClonExpress II One Step Cloning Kit (Vazyme,
Nanjing, China), yielding pET28a-CLO. The BL21(DE3) E. coli strain (Tsingke,
Beijing, China) was transformed with pET28a-CLO. The transformant was
cultured in LB medium with shaking at 37 °C to OD600 0.6. Isopropyl-β-d-
thiogalactopyranoside (ITPG) was added to the culture at the final
concentration of 0.06mM. The culture was continued at 16 °C for 16 h,
and then the bacteria were collected by centrifugation (6000 g, 10 min).
The bacteria were resuspended in lysis buffer (50mM NaH2PO4, 300mM
NaCl, and 10mM imidazole) and subjected to sonication. The sonicated
bacteria were centrifuged (12,000 g, 20 min), and the supernatant was
collected and filtered through 0.2 μm filter. The filtered supernatant was
purified using nickel-nitrilotriacetic acid (Ni-NTA) columns and eluted with
elution buffer (50mM NaH2PO4, 300 mM NaCl, and 250mM imidazole). The
eluted proteins were concentrated using Ultra Centrifugal Filter (Millipore,
MA, USA). The proteins were separated in 12% SurePAGE gels (GenScript,
Nanjing, China) and stained with coomassie blue. The protein concentra-
tion was determined using the BCA Protein Assay Kit (GenStar, Beijing,
China). To prepare the CLO mutants, the plasmids expressing the mutants
(P254R, P277R, N383R, E396A-T397A, D429R, W477S-W479S, R481A,
W477S, W479S, and W480S) were constructed by using TransTaq® DNA

Polymerase High Fidelity (TransGen Biotech, Beijing, China) to perform
inverse PCR with pET28a-CLO as the template and the primer pairs F2/R2-
F11/R11, respectively (Supplementary Table S2). Expression and purifica-
tion of the recombinant CLO mutants were performed as above for CLO.

Hemolysis assay
The assay was performed as reported previously [59]. For hemolytic activity
analysis, CLO variants were adjusted to 1 μM in PBS. The protein (100 μL)
was transferred to a U-bottom 96-well microtiter plate in a serial two/ten-
fold dilution with PBS. Then, 50 μL of 2% sheep red blood cell (sRBC)
suspension was added to each well of the plate, and the plate was
incubated at 37 °C for 30min. For quantitative analysis, 1% sRBC were
sonicated on ice or incubated at 37 °C for 30min, and then centrifuged
(1500 g) to collect the supernatant. The OD450 of the sonicated sRBC
supernatant was defined as 100% hemolysis, while the OD450 of the 37 °C-
treated sRBC supernatant represented 0% hemolysis. Serially diluted CLO or
its mutants were mixed with sRBC (2%) at a 1:1 ratio and incubated at 37 °C
for 30min. The mixture was centrifuged (1500 g), and the supernatant was
collected. The supernatant (100 μL) of each sample was transferred to a 96-
well microtiter plate, and the absorbance was measured at 450 nm.

Treatment of cells with CLO
THP-1 cells (as well as variants) were pretreated with phorbol 12-myristate
13-acetate (PMA, 50 nM, Sigma-Aldrich, USA) overnight at 37 °C to
differentiate into macrophages before being used for all experiments.
J774A.1 and differentiated THP-1 cells were grown overnight to a density
of 106 and 5 ×105 cells per well, respectively, in 24-well plates, and then
the medium was replaced with Opti-MEM. For J774A.1 cells, the cells were
primed with 1 μg/mL LPS for 4 h before CLO treatment. All CLO treatments
were performed at 37 °C for 1 h with 100 nM CLO/variant unless otherwise
stated. To examine the effect of necroptosis and pyroptosis inhibitors, the
cells were treated with GSK’963 (5 µM, Selleck, TX, USA), GSK’872 (3 µM,
Selleck), GW806742X (5 µM, MCE, NJ, USA), Q-VD-OPh (5 µM, MCE), Ac-

Fig. 5 CLO binding to plasma membrane lipids and its effect on CLO-induced pyroptosis. A CLO was incubated with a membrane lipid strip
spotted with 15 lipids, and the bound CLO was detected by immunoblotting. B THP-1 cells were incubated with or without (Ctrl) CLO (100 nM)
or cholesterol (Cho.)-pretreated CLO for 1 h. CLO was localized by immunofluorescence microscopy using dyLight 650 anti-6×His tag antibody.
Scale bar, 30 μm. C–E J774A.1 cells were treated with or without (Ctrl) CLO (100 nM), nigericin (Nig), or Cho-pretreated CLO or Nig for 1 h. LDH
(C) and IL-1β (D) release was then determined, and Casp1 and GSDMD cleavage was determined by Western blot with antibodies against
Casp1, GSDMD, and β-actin (loading control) (E). For panels C and D, values are shown as means ± SD (N= 3). N, the number of replicates.
**p < 0.01. NS no significance (student’s unpaired t test).
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YVAD-CMK (50 µM, MCE), Ac-DEVD-CHO (5 µM, MCE), Z-LEVD-FMK (50 µM,
MCE), Z-IETD-FMK (5 µM, MCE), MCC950 (50 µM, Selleck), or VX-765 (50 µM,
Selleck) at 37 °C for 1 h. The cells were then treated with or without CLO. To
examine the effect of ROS inhibitors, the cells were treated with DPI (20 μM,
Selleck), or NAC (20mM, Selleck) at 37 °C for 1 h before CLO (10 nM)
treatment. To examine the effect of cholesterol and K+, the cells were
treated with cholesterol (100 μg/ml) and various concentrations of KCl
(6.25–100mM) for 30min and then treated with CLO. As a positive control
of pyroptosis, nigericin (20 μM, Sigma-Aldrich) or ATP (5mM, Sigma-Aldrich)
was incubated with the cells at 37 °C for 1 h. To induce necroptosis, THP-1
cells were treated with a combination of TNFα (30 ng/ml), the SMAC
mimetic BV-6 (1mM) and Z-VAD-FMK (50 µM) for 16 h at 37 °C.

Immunoblot
The cell culture supernatants or cell lysates were prepared as reported
previously [7]. For immunoblotting, the samples were mixed with SDS-

PAGE buffer and heated at 100 °C for 10min, followed by electrophoresis
in 12% polyacrylamide gel (GenScript). The proteins were transferred to a
nitrocellulose membrane. The membrane was blocked with 5% skimmed
milk for 1 h at room temperature and then incubated overnight with the
primary antibodies against caspase-1 (1:1000 dilution) (Abcam, Cambridge,
MA, USA) and GSDMD (1:1000 dilution) (CST, MA, USA). Next, the
membrane was incubated with HRP goat-anti-rabbit (1:2000 dilution)
(ABclonal, Wuhan, China) for 1 h. The immunoreactive proteins were
detected using ECL plus kit (Shandong Sparkjade Biotechnology Co., Ltd,
China) and imaged with the GelDoc XR System (Bio-Rad, PA, USA).

Immunofluorescence microscopic analysis
J774A.1 cells or THP-1 cells were transferred to glass-bottomed dishes
(NEST Biotechnology, Wuxi, China) and incubated overnight to 106 or
5 ×105 cells/well. The cells were treated with CLO variants as described
above for 1 h, washed three times with PBS, and fixed with 4%

Fig. 6 Identification of the functionally important residues of CLO. A J774A.1 cells were treated with CLO (100 nM) or its mutants (100 nM)
for 1 h, and LDH release was then determined. B Sterile defidrinated sheep blood was incubated with CLO (100 nM) or its mutants (100 nM) for
30min and then detected for hemolysis. C A membrane lipid strip was incubated with the W477S-W479S mutant, and the bound protein was
detected by immunoblotting. D THP-1 cells were incubated with or without (Ctrl) CLO (100 nM) or the W477S-W479S mutant (100 nM) for 1 h.
The cells were stained with DAPI and subjected to immunofluorescence microscopy with dyLight 650 anti-6×His tag antibody. Scale bar,
30 μm. E, F J774A.1 cells were treated with or without (Ctrl) ATP, CLO (100 nM), or the W477S-W479S mutant (100 nM) for 1 h. The cells were
determined for IL-1β release (E) and Casp1/GSDMD cleavage by immunoblot using antibodies against Casp1, GSDMD, and β-actin (loading
control) (F). J774A.1 cells were treated with mutants (100 nM) for 1 h. LDH (G), IL-1β (H) and immunoblot analysis of Casp-1 and GSDMD (I)
were assessed as above. **p < 0.01. NS no significance (one-way ANOVA test A, B, G, and H or student’s unpaired t test E. Values are shown as
means ± SD (N= 3). N the number of replicates.
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paraformaldehyde at room temperature for 15min, followed by blocking
in 5% BSA in PBST (PBS with 0.1% Tween 20) for 1 h. To examine
membrane binding, the cells were incubated with DyLight® 650 Anti-6 ×
His tag antibody (1:200 dilution, Abcam) for 1 h at room temperature. To
examine ASC speck formation, the cells were incubated with ASC-antibody
(1:1000, Abclonal) for 1 h and then incubated with anti-Rabbit IgG antibody
conjugated with Alexa Fluor 594 (1:200, Abcam) for 1 h. Cells were washed
as above with PBST and incubated with DAPI (Sangon, Shanghai, China) for
15min. The cells were observed with a confocal microscope (Carl Zeiss
LSM710, Jena, Germany).

Cell viability, cytotoxicity and IL-1β release assay
Cell viability was assessed using Calcein AM Cell Viability Assay Kit
(Beyotime) according to the manufacturer’s instructions. The cytoplasmic
lactate dehydrogenase (LDH) released by the treated cells was evaluated
using the CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega,
Leiden, Netherlands). IL-1β release was measured using mouse IL-1β ELISA
kit (Solarbio, Beijing, China) and human IL-1β ELISA kit (Solarbio) according
to the manufacturer’s instructions.

Protein-lipid binding assay
The binding of CLO to lipids was determined using Membrane Lipid Strips
(Echelon Biosciences, UT, USA) as reported previously [60]. The lipid strips
were pretreated in Buffer A (PBST containing 3% BSA) for 1 h at room
temperature and then covered with CLO in Buffer A for 1 h. The lipid strips
were washed 3 times with PBST and incubated with HRP-conjugated
Mouse anti-His-Tag antibody (1:1000 dilution, ABclonal) in Buffer A for 1 h.
The lipid strips were detected using ECL kit (Sparkjade) and imaged with
the GelDoc XR System.

Intracellular K+ detection
J774A.1 cells were cultured overnight to 2 × 106 cells/well in 12-well plates
as described above. The cells were treated with CLO (100 nM) or Nig
(20 μM) for 30minutes in fresh Opti-MEM medium and then washed three
times with potassium-free PBS (NaCl, 140mM; Na2HPO4, 10 mM; NaH2PO4,
2 mM). The cells were treated with concentrated nitric acid to obtain cell
lysates, and then the concentration of intracellular K+ was measured by
inductively coupled plasma optical emission spectrometry (ICP-OES) with a
PerkinElmer Optima 7300 DV spectrometer.

Statistical analysis
Statistical analysis was carried out using GraphPad Prism 7.0 (GraphPad,
San Diego, CA, USA). Statistical significance was determined with Student’s
t test for two groups or with one-way analysis of variance (ANOVA) for
more than two groups. P < 0.05 was considered statistically significant.

DATA AVAILABILITY
All data in the paper are present in the paper or the Supplementary Materials.

REFERENCES
1. Ceuppens S, Boon N, Uyttendaele M. Diversity of Bacillus cereus group strains is

reflected in their broad range of pathogenicity and diverse ecological lifestyles.
FEMS Microbiol Ecol. 2013;84:433–50.

2. Liu Y, Du J, Lai Q, Zeng R, Ye D, Xu J, et al. Proposal of nine novel species of the
Bacillus cereus group. Int J Syst Evol Microbiol. 2017;67:2499–508.

3. Enosi Tuipulotu D, Mathur A, Ngo C, Man SM. Bacillus cereus: Epidemiology,
Virulence Factors, and Host-Pathogen Interactions. Trends Microbiol.
2021;29:458–71.

4. McDowell RH, Sands EM, Friedman H. Bacillus Cereus. StatPearls. Treasure Island
(FL): StatPearls Publishing LLC.; 2022.

5. Mathur A, Feng S, Hayward JA, Ngo C, Fox D, Atmosukarto II, et al. A multi-
component toxin from Bacillus cereus incites inflammation and shapes host
outcome via the NLRP3 inflammasome. Nat Microbiol. 2019;4:362–74.

6. Fox D, Mathur A, Xue Y, Liu Y, Tan WH, Feng S, et al. Bacillus cereus non-
haemolytic enterotoxin activates the NLRP3 inflammasome. Nat Commun.
2020;11:760.

7. Zhao Y, Sun L. Bacillus cereus cytotoxin K triggers gasdermin D-dependent
pyroptosis. Cell Death Discov. 2022;8:305.

8. Bottone EJ. Bacillus cereus, a volatile human pathogen. Clin Microbiol Rev.
2010;23:382–98.

9. Dietrich R, Jessberger N, Ehling-Schulz M, Märtlbauer E, Granum PE. The Food
Poisoning Toxins of Bacillus cereus. Toxins (Basel). 2021;13(2):98.

10. Stenfors Arnesen LP, Fagerlund A, Granum PE. From soil to gut: Bacillus cereus
and its food poisoning toxins. FEMS Microbiol Rev. 2008;32:579–606.

11. Billington SJ, Jost BH, Songer JG. Thiol-activated cytolysins: structure, function
and role in pathogenesis. FEMS Microbiol Lett. 2000;182:197–205.

12. Olofsson A, Hebert H, Thelestam M. The projection structure of perfringolysin O
(Clostridium perfringens theta-toxin). FEBS Lett. 1993;319:125–7.

13. Chu J, Thomas LM, Watkins SC, Franchi L, Núñez G, Salter RD. Cholesterol-
dependent cytolysins induce rapid release of mature IL-1beta from murine
macrophages in a NLRP3 inflammasome and cathepsin B-dependent manner. J
Leukocyte Biol. 2009;86:1227–38.

14. Tweten RK. Cholesterol-dependent cytolysins, a family of versatile pore-forming
toxins. Infection Immunity. 2005;73:6199–209.

15. Heuck AP, Tweten RK, Johnson AE. Beta-barrel pore-forming toxins: intriguing
dimorphic proteins. Biochemistry. 2001;40:9065–73.

16. Ramachandran R, Tweten RK, Johnson AE. The domains of a cholesterol-
dependent cytolysin undergo a major FRET-detected rearrangement during pore
formation. Proc Natl Acad Sci USA. 2005;102:7139–44.

17. Alouf JE, Billington SJ, Jost BH. Repertoire and General Features of the Family of
Cholesterol-Dependent Cytolysins. In: Alouf JE, Popoff MR, editors. The Com-
prehensive Sourcebook of Bacterial Protein Toxins. 3rd ed. Academic Press;
London, UK: 2005. pp. 643–658.

18. Ramarao N, Sanchis V. The pore-forming haemolysins of Bacillus cereus: a review.
Toxins. 2013;5:1119–39.

19. Bernheimer AW, Grushoff P. Cereolysin: production, purification and partial
characterization. J Gen Microbiol. 1967;46:143–50.

20. Beecher DJ, Olsen TW, Somers EB, Wong AC. Evidence for contribution of tri-
partite hemolysin BL, phosphatidylcholine-preferring phospholipase C, and col-
lagenase to virulence of Bacillus cereus endophthalmitis. Infection Immunity.
2000;68:5269–76.

21. Liang H, Wang B, Wang J, Ma B, Zhang W. Pyolysin of Trueperella pyogenes
Induces Pyroptosis and IL-1β Release in Murine Macrophages Through Potas-
sium/NLRP3/Caspase-1/Gasdermin D Pathway. Front Immunol. 2022;13:832458.

22. Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E,
et al. Staphylococcus aureus alpha-hemolysin activates the NLRP3-inflammasome
in human and mouse monocytic cells. PloS One. 2009;4:e7446.

23. Man SM, Karki R, Kanneganti TD. Molecular mechanisms and functions of pyr-
optosis, inflammatory caspases and inflammasomes in infectious diseases.
Immunol Rev. 2017;277:61–75.

24. Sborgi L, Rühl S, Mulvihill E, Pipercevic J, Heilig R, Stahlberg H, et al. GSDMD
membrane pore formation constitutes the mechanism of pyroptotic cell death.
EMBO J. 2016;35:1766–78.

25. Kayagaki N, Stowe IB, Lee BL, O’Rourke K, Anderson K, Warming S, et al. Caspase-
11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature.
2015;526:666–71.

26. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin D is an executor
of pyroptosis and required for interleukin-1β secretion. Cell Res. 2015;25:1285–98.

27. Aglietti RA, Estevez A, Gupta A, Ramirez MG, Liu PS, Kayagaki N, et al. GsdmD p30
elicited by caspase-11 during pyroptosis forms pores in membranes. Proc Natl
Acad Sci USA. 2016;113:7858–63.

28. Gao W, Wang X, Zhou Y, Wang X, Yu Y. Autophagy, ferroptosis, pyroptosis, and
necroptosis in tumor immunotherapy. Signal Transduct Targeted Therapy.
2022;7:196.

29. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. 2015;526:660–5.

30. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The Pore-Forming Protein
Gasdermin D Regulates Interleukin-1 Secretion from Living Macrophages.
Immunity. 2018;48:35–44.e36.

31. Muñoz-Planillo R, Kuffa P, Martínez-Colón G, Smith BL, Rajendiran TM, Núñez GK.
efflux is the common trigger of NLRP3 inflammasome activation by bacterial
toxins and particulate matter. Immunity. 2013;38:1142–53.

32. Murakami T, Ockinger J, Yu J, Byles V, McColl A, Hofer AM, et al. Critical role for
calcium mobilization in activation of the NLRP3 inflammasome. Proc Natl Acad
Sci USA. 2012;109:11282–7.

33. Schorn C, Frey B, Lauber K, Janko C, Strysio M, Keppeler H, et al. Sodium
overload and water influx activate the NALP3 inflammasome. J Biol Chem.
2011;286:35–41.

34. Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. Thioredoxin-interacting protein
links oxidative stress to inflammasome activation. Nat Immunol. 2010;11:136–40.

35. Zhao Y, Jiang S, Zhang J, Guan XL, Sun BG, Sun L. A virulent Bacillus cereus strain
from deep-sea cold seep induces pyroptosis in a manner that involves NLRP3
inflammasome, JNK pathway, and lysosomal rupture. Virulence. 2021;12:1362–76.

36. Chen J, Chen ZJ. PtdIns4P on dispersed trans-Golgi network mediates NLRP3
inflammasome activation. Nature. 2018;564:71–6.

Y. Wang et al.

8

Cell Death Discovery          (2024) 10:122 



37. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, et al. The
NALP3 inflammasome is involved in the innate immune response to amyloid-
beta. Nat Immunol. 2008;9:857–65.

38. Wang Y, Zhang J, Yuan Z, Sun L. Characterization of the pathogenicity of a
Bacillus cereus isolate from the Mariana Trench. Virulence. 2022;13:1062–75.

39. Harijith A, Ebenezer DL, Natarajan V. Reactive oxygen species at the crossroads of
inflammasome and inflammation. Front Physiol. 2014;5:352.

40. Ehling-Schulz M, Lereclus D, Koehler TM. The Bacillus cereus Group: Bacillus
Species with Pathogenic Potential. Microbiol Spectr. 2019;7(3). https://doi.org/
10.1128/microbiolspec.GPP3-0032-2018.

41. Doll VM, Ehling-Schulz M, Vogelmann R. Concerted action of sphingomyelinase and
non-hemolytic enterotoxin in pathogenic Bacillus cereus. PloS One. 2013;8:e61404.

42. Fedhila S, Nel P, Lereclus D. The InhA2 metalloprotease of Bacillus thuringiensis
strain 407 is required for pathogenicity in insects infected via the oral route. J
Bacteriol. 2002;184:3296–304.

43. Xue Y, Tuipulotu DE, Tan WH, Kay C, Man SM. Emerging activators and regulators
of inflammasomes and pyroptosis. Trends Immunol. 2019;40:1035–52.

44. Keyel PA, Roth R, Yokoyama WM, Heuser JE, Salter RD. Reduction of streptolysin O
(SLO) pore-forming activity enhances inflammasome activation. Toxins.
2013;5:1105–18.

45. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 Inflammasome: An Overview of
Mechanisms of Activation and Regulation. Int J Mol Sci. 2019;20:3328.

46. Dostert C, Pétrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J. Innate
immune activation through Nalp3 inflammasome sensing of asbestos and silica.
Science. 2008;320:674–7.

47. Cruz CM, Rinna A, Forman HJ, Ventura AL, Persechini PM, Ojcius DM. ATP activates a
reactive oxygen species-dependent oxidative stress response and secretion of
proinflammatory cytokines in macrophages. J Biological Chem. 2007;282:2871–9.

48. Perregaux D, Gabel CA. Interleukin-1 beta maturation and release in response to
ATP and nigericin. Evidence that potassium depletion mediated by these agents
is a necessary and common feature of their activity. J Biological Chem.
1994;269:15195–203.

49. Walev I, Klein J, Husmann M, Valeva A, Strauch S, Wirtz H, et al. Potassium
regulates IL-1 beta processing via calcium-independent phospholipase A2. J
Immunol. 2000;164:5120–4.

50. Da Costa LS, Outlioua A, Anginot A, Akarid K, Arnoult D. RNA viruses promote
activation of the NLRP3 inflammasome through cytopathogenic effect-induced
potassium efflux. Cell Death Dis. 2019;10:346.

51. Liu R, Liu Y, Liu C, Gao A, Wang L, Tang H, et al. NEK7-Mediated Activation of
NLRP3 Inflammasome Is Coordinated by Potassium Efflux/Syk/JNK Signaling
During Staphylococcus aureus Infection. Front Immunol. 2021;12:747370.

52. Soltani CE, Hotze EM, Johnson AE, Tweten RK. Structural elements of the
cholesterol-dependent cytolysins that are responsible for their cholesterol-
sensitive membrane interactions. Proc Natl Acad Sci USA. 2007;104:20226–31.

53. Shewell LK, Day CJ, Jen FE, Haselhorst T, Atack JM, Reijneveld JF, et al. All major
cholesterol-dependent cytolysins use glycans as cellular receptors. Sci Adv.
2020;6:eaaz4926.

54. Dowd KJ, Farrand AJ, Tweten RK. The cholesterol-dependent cytolysin signature
motif: a critical element in the allosteric pathway that couples membrane binding
to pore assembly. PLoS Pathog. 2012;8:e1002787.

55. Nakamura M, Sekino N, Iwamoto M, Ohno-Iwashita Y. Interaction of theta-toxin
(perfringolysin O), a cholesterol-binding cytolysin, with liposomal membranes:
change in the aromatic side chains upon binding and insertion. Biochemistry.
1995;34:6513–20.

56. Korchev YE, Bashford CL, Pederzolli C, Pasternak CA, Morgan PJ, Andrew PW, et al.
A conserved tryptophan in pneumolysin is a determinant of the characteristics of
channels formed by pneumolysin in cells and planar lipid bilayers. Biochem J.
1998;329:571–7.

57. Michel E, Reich KA, Favier R, Berche P, Cossart P. Attenuated mutants of the
intracellular bacterium Listeria monocytogenes obtained by single amino acid
substitutions in listeriolysin O. Mol Microbiol. 1990;4:2167–78.

58. Sekino-Suzuki N, Nakamura M, Mitsui KI, Ohno-Iwashita Y. Contribution of
individual tryptophan residues to the structure and activity of theta-toxin
(perfringolysin O), a cholesterol-binding cytolysin. Eur J Biochem.
1996;241:941–7.

59. Zhang W, Wang H, Wang B, Zhang Y, Hu Y, Ma B, et al. Replacing the 238th
aspartic acid with an arginine impaired the oligomerization activity and
inflammation-inducing property of pyolysin. Virulence. 2018;9:1112–25.

60. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-activated
gasdermin D causes pyroptosis by forming membrane pores. Nature.
2016;535:153–8.

AUTHOR CONTRIBUTIONS
LS, YW, and YZ designed the study, YW conducted the experiments, YW, YZ, and XG
analyzed the data, YW wrote the first draft of the manuscript; LS edited the
manuscript.

FUNDING
This work was supported by the Strategic Priority Research Program of the Chinese
Academy of Sciences (XDA22050402 and XDA22050403) and the Innovation
Research Group Project of the National Natural Science Foundation of China
(42221005).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-024-01887-7.

Correspondence and requests for materials should be addressed to Yan Zhao or
Li Sun.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Y. Wang et al.

9

Cell Death Discovery          (2024) 10:122 

https://doi.org/10.1128/microbiolspec.GPP3-0032-2018
https://doi.org/10.1128/microbiolspec.GPP3-0032-2018
https://doi.org/10.1038/s41420-024-01887-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bacillus cereus cereolysin O induces pyroptosis in an undecapeptide-dependent�manner
	Introduction
	Results
	CLO induces pyroptosis
	NLRP3, ROS, and K&#x0002B; efflux are involved in CLO-induced pyroptosis
	Plasma cholesterol binding is required for the cytotoxicity�of CLO
	CLO cytotoxicity depends on the tryptophan residues in the undecapeptide for membrane binding

	Discussion
	Materials and methods
	Cell�lines
	Recombinant protein purification
	Hemolysis�assay
	Treatment of cells with�CLO
	Immunoblot
	Immunofluorescence microscopic analysis
	Cell viability, cytotoxicity and IL-1β release�assay
	Protein-lipid binding�assay
	Intracellular K&#x0002B; detection
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




