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Abstract

Inflammasome signaling is a central pillar of innate immunity trig-
gering inflammation and cell death in response to microbes and
danger signals. Here, we show that two virulence factors from the
human bacterial pathogen Clostridium perfringens are nonredun-
dant activators of the NLRP3 inflammasome in mice and humans.
C. perfringens lecithinase (also known as phospolipase C) and C.
perfringens perfringolysin O induce distinct mechanisms of activa-
tion. Lecithinase enters LAMP1+ vesicular structures and induces
lysosomal membrane destabilization. Furthermore, lecithinase
induces the release of the inflammasome-dependent cytokines IL-
1b and IL-18, and the induction of cell death independently of the
pore-forming proteins gasdermin D, MLKL and the cell death effec-
tor protein ninjurin-1 or NINJ1. We also show that lecithinase trig-
gers inflammation via the NLRP3 inflammasome in vivo and that
pharmacological blockade of NLRP3 using MCC950 partially pre-
vents lecithinase-induced lethality. Together, these findings reveal
that lecithinase activates an alternative pathway to induce inflam-
mation during C. perfringens infection and that this mode of action
can be similarly exploited for sensing by a single inflammasome.
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Introduction

Clostridium perfringens is a human and animal pathogen that causes

gastroenteritis and diarrhea associated with food poisoning. In

severe cases, disease can progress to necrotizing enterocolitis and

sepsis. The most serious clinical manifestation mediated by

C. perfringens is trauma-associated gas gangrene or clostridial

myonecrosis (Darke et al, 1977; Stevens et al, 2012; Stevens & Bry-

ant, 2018). In untreated cases, clostridial myonecrosis mortality

approaches 100% (Leiblein et al, 2020). However, even with appro-

priate management, including surgical debridement of the affected

limb and antibiotic treatment, mortality still exceeds 50% when

myonecrosis is accompanied by bacteraemia (Martinschek et al,

2012; Stevens et al, 2012). Many of the deaths are attributable to

sepsis and multiorgan failure (McHenry et al, 1995).

During C. perfringens infection in humans, the pore-forming toxin

perfringolysin O (PFO) released by the bacterium is thought to be the

primary virulence factor driving diseases such as gas gangrene and

enteritis (Verherstraeten et al, 2015; Gharieb et al, 2021). Indeed,

PFO can trigger inflammation via the NLRP3 inflammasome, which,

in part, contributes to the progression of gas gangrene (Yamamura

et al, 2019). However, C. perfringens isolates that lack functional

PFO can cause inflammation and disease in humans (Myers

et al, 2006; Uzal et al, 2014), suggesting that other virulence factors

are critical in the pathogenesis of this pathogen. Clostridium perfrin-

gens express an ensemble of toxins that may have a role in disease

pathogenesis (Uzal et al, 2010). Combinations of the four major

toxins called a (also known as lecithinase), b, e and ι, and others

such as enterotoxin and b2 toxin, give rise to distinct C. perfringens
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toxinotypes, which have characteristic disease associations. The

presence of lecithinase is common to toxinotypes A–G; however,

toxinotypes B–G also typically produce additional toxins. For exam-

ple, toxinotype B produces lecithinase, b-toxin and e-toxin, whereas

toxinotype G produces lecithinase and NetB (Rood et al, 2018).

Inflammasomes are innate immune signaling complexes that

assemble in the cytoplasm of host cells in response to a variety of

pathogens, noxious molecules, and danger signals (Schroder &

Tschopp, 2010; He et al, 2016; Rathinam & Fitzgerald, 2016). Recogni-

tion of these signals, termed pathogen-associated molecular patterns,

danger-associated molecular patterns, and homeostasis-altering

molecular processes by inflammasome sensors, triggers assembly of

an inflammasome signaling hub leading to inflammation and pyrop-

tosis (Man & Kanneganti, 2016; Liston & Masters, 2017). Several

pattern-recognition receptors can instigate inflammasome formation,

including NLRP1, NLRP3, NLRP6, NLRP9b, NLRP10, NAIP, NLRC4,

AIM2, Pyrin, CARD8, and caspase-11 (Xue et al, 2019; Pandey

et al, 2021). Most inflammasome sensors recruit the inflammasome

adaptor protein apoptosis-associated speck-like protein containing a

caspase activation and recruitment domain (ASC, also known as

PYCARD). In turn, ASC can recruit the cysteine protease caspase-1, a

process that induces autoproteolytic cleavage and activation of

caspase-1. Activated caspase-1 proteolytically cleaves the propyrop-

totic executioner protein gasdermin D (GSDMD), which induces pores

on the plasma cell membrane (He et al, 2015; Kayagaki et al, 2015;

Shi et al, 2015). Caspase-1 also proteolytically cleaves the pro-

inflammatory cytokines interleukin-1b (IL-1b) and IL-18, which then

exit the cell via GSDMD pores. In addition, the membrane disruptor

protein called nerve injury-induced protein 1, also known as NINJ1,

via an undefined mechanism, oligomerizes to induce plasma mem-

brane rupture and pyroptosis (Kayagaki et al, 2021).

Inflammasome sensors can recognize diverse classes of microbes

and biomolecules. NLRP3 is the most versatile inflammasome sen-

sor that can respond to a plethora of pathogen-associated molecular

patterns, danger-associated molecular patterns, and homeostasis-

altering molecular processes, including pore-forming toxins from

bacteria (Greaney et al, 2015; Hayward et al, 2018; Man, 2018;

Swanson et al, 2019; Jing et al, 2021). In this study, we identify the

enzymatic toxin lecithinase (also known as alpha toxin or phospho-

lipase C), and PFO as nonredundant toxins secreted by the human

bacterial pathogen C. perfringens that converge on the activation of

the NLRP3 inflammasome. We show that, unlike the pore-forming

toxin PFO of C. perfringens, lecithinase triggers inflammasome acti-

vation via lysosomal membrane destabilization. Our results reveal

that functionally distinct toxins from C. perfringens are targeted by a

single inflammasome to initiate inflammation and cell death in the

host. This host strategy may offer a single immune sensor the flexi-

bility to respond to multiple toxins produced by the same bacterium

at different stages of infection.

Results

Clostridium perfringens virulence factors are nonredundant
activators of the NLRP3 inflammasome

Clostridium perfringens isolates that lack PFO can cause inflamma-

tion and disease (Myers et al, 2006; Uzal et al, 2014), suggesting

that other virulence factors of this pathogen are important for dis-

ease pathogenesis. To investigate this possibility, we stimulated

wild-type (WT) primary bone marrow-derived macrophages

(BMDMs) with WT C. perfringens and an isogenic mutant strain of

C. perfringens lacking PFO (called Dpfo C. perfringens). We

observed that WT C. perfringens, but not Dpfo C. perfringens,

induced hallmarks of inflammasome activation within 4 h, includ-

ing cleavage of caspase-1, secretion of IL-1b and IL-18, and induc-

tion of cell death (determined by the release of lactate

dehydrogenase [LDH]; Fig EV1A and B), consistent with the obser-

vation reported by a previous study (Yamamura et al, 2019). Fur-

thermore, WT and Dpfo C. perfringens had an impaired ability to

induce any of these responses in Nlrp3�/� BMDMs (Fig EV1A and

B), indicating a requirement for NLRP3. Indeed, recombinant PFO

induced the activation of inflammasome in WT, but not Nlrp3�/�,
BMDMs (Fig EV1C and D). While these observations suggest that

PFO is the sole virulence factor inducing activation of the NLRP3

inflammasome, we noticed that overnight stimulation of WT

BMDMs with the supernatant of Dpfo C. perfringens led to robust

proteolytic cleavage of caspase-1 and GSDMD, secretion of IL-1b
and IL-18, and induction of cell death (Fig 1A and B). Overnight

stimulation of WT BMDMs with Dpfo C. perfringens bacteria also

led to the activation of inflammasome responses (Fig 1A and B).

Furthermore, the Dpfo C. perfringens supernatant or bacteria did not

induce inflammasome responses in Nlrp3�/� BMDMs (Fig 1A and

B). These results suggest that virulence factor/s other than PFO can,

via NLRP3, trigger activation of these responses.

A candidate toxin which may be involved in the activation of

inflammasome responses is the enzymatic toxin lecithinase,

encoded by the cpa gene, which is ubiquitously present in type A C.

perfringens strains that infect humans (Uzal et al, 2014). In response

to stimulation with C. perfringens lacking lecithinase (called Dcpa C.

perfringens) or their supernatant, we observed cleavage of caspase-1

and GSDMD, secretion of IL-1b and IL-18, and induction of cell

death in WT BMDMs (Fig 1A and B). To investigate whether leci-

thinase and PFO might have overlapping roles in triggering inflam-

masome activation, we stimulated WT and Nlrp3�/� BMDMs with

an isogenic mutant strain of C. perfringens lacking both toxins

(called DpfoADcpa; Awad et al, 2001). Importantly, C. perfringens

lacking both lecithinase and PFO or their supernatant did not induce

inflammasome responses in WT and Nlrp3�/� BMDMs (Fig 1A and

B). These results suggest that lecithinase and PFO are overlapping

activators of the NLRP3 inflammasome and that absence of both

toxins abrogates C. perfringens-induced inflammasome activation.

The secretion of tumor necrosis factor (TNF) was similar between

WT BMDMs and Nlrp3�/� BMDMs stimulated WT and mutant

C. perfringens strains (Fig 1B), suggesting that the priming of the

inflammasome is not affected.

To confirm that lecithinase is a genuine activator of the NLRP3

inflammasome, we stimulated WT BMDMs and BMDMs lacking var-

ious inflammasome sensors or components with purified C. perfrin-

gens lecithinase. Proteolytic cleavage of caspase-1 and GSDMD,

secretion of IL-1b, IL-18 and induction of cell death, were impaired

in Nlrp3�/� and Asc�/� and Casp1/11�/� BMDMs, whereas these

responses were intact in WT, Nlrc4�/�, Aim2�/�, Mefv�/�, and

Casp11�/� BMDMs (Figs 1C and D, and EV2A and B). Secretion of

noninflammasome-dependent cytokines TNF, IL-6 and keratinocyte

chemoattractant (KC, also known as CXCL1) was not impaired in
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BMDMs (Figs 1D and EV2C). We confirmed our findings using C.

perfringens lecithinase from an alternative source and verified that

lecithinase induced activation of the NLRP3 inflammasome

(Fig EV2D and E). Scanning electron microscopy and transmission

electron microscopy techniques revealed that WT BMDMs stimulated

with lecithinase exhibited substantial plasma membrane damage,

cytoplasmic clearance, and architectural collapse (Appendix Fig S1).

Pharmacological inhibition of NLRP3 using the small-molecule inhib-

itor MCC950 (Coll et al, 2015, 2019; Tapia-Abellan et al, 2019)

impaired the ability of lecithinase to induce inflammasome responses

in mouse BMDMs, primary human peripheral blood mononuclear

cells (PBMCs), and human THP1 cells (Fig EV3A–D). Furthermore,

NLRP3�/� THP1 cells stimulated with lecithinase had an impaired

ability to undergo inflammasome activation compared with WT

THP1 cells (Fig EV3E and F). These findings suggest that lecithinase

triggers the activation of the NLRP3 inflammasome and that this pro-

cess is functionally conserved between mice and humans.

Clostridium perfringens virulence factors activate the NLRP3
inflammasome in vivo

Given that lecithinase and PFO activated inflammasome responses

in macrophages, we speculated that they might function synergisti-

cally to drive inflammasome activation in vivo. To assess this

possibility, we intraperitoneally infected WT mice with either WT C.

perfringens or its isogenic mutants, DpfoA, Dcpa, and DpfoADcpa C.

perfringens. We observed elevated levels of serum and peritoneal

IL-18 in mice infected with WT C. perfringens compared with mice

infected with the isogenic mutants DpfoA, Dcpa, or DpfoADcpa
(Fig 2A and B). Furthermore, mice infected with DpfoADcpa had the

lowest levels of IL-18 secretion, suggesting that both PFO and leci-

thinase are required to trigger inflammasome responses. Impor-

tantly, WT, Nlrp3�/� and Casp1/11�/� mice infected with WT C.

perfringens revealed that Nlrp3�/� and Casp1/11�/� mice had

reduced levels of IL-18 compared with WT mice (Fig 2C and D).

These results suggest that C. perfringens infection triggers NLRP3

activation in vivo. Importantly, levels of TNF and KC were similar in

the serum of mice infected with WT, DpfoA, Dcpa, and DpfoADcpa
C. perfringens (Fig EV2F), suggesting that the reduction in IL-18

levels was not due to differences between the different bacterial

strains in establishing systemic infection.

Injection of purified lecithinase into WT, Nlrp3�/� and Casp1�/�

mice showed elevated levels of IL-18 in both serum and peritoneal

fluid of WT mice compared with Nlrp3�/� and Casp1�/� mice

(Fig 2E and F). In addition, we observed that lecithinase induced

lethality in WT mice more rapidly than in Nlrp3�/� and Casp1�/�

mice (Fig 2G). Pharmacological inhibition of NLRP3 using MCC950

reduced the secretion of IL-18 in WT mice and prolonged the

◀ Figure 1. Clostridium perfringens secretes lecithinase to activate the NLRP3 inflammasome.

A Immunoblot analysis of caspase-1 (Casp-1) and gasdermin D (GSDMD) in WT or Nlrp3�/� unprimed and LPS-primed BMDMs left untreated [Medium alone (Med.)] or
assessed 20 h after stimulation with the supernatant (Sup.) of or assessed 20 h after infected with (MOI 100) WT C. perfringens (WT C. per.), DpfoA C. perfringens
(DpfoA), Dcpa C. perfringens (Dcpa, lacking lecithinase) or DpfoADcpa C. perfringens (DpfoADcpa).

B Release of IL-1b (top), IL-18 (middle-top), LDH (middle-bottom) and TNF (bottom) of BMDMs after treatment as in (A).
C Immunoblot analysis of caspase-1, gasdermin D and GAPDH (loading control) in WT or mutant BMDMs left untreated or LPS-primed and assessed 3 h after stimula-

tion with lecithinase (Lec.).
D Release of IL-1b (top), IL-18 LDH (middle-top), (middle-bottom) and TNF (bottom) of BMDMs after treatment as in (C).

Data information: Each symbol represents an independent biological replicate (B and D). NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (one-
way ANOVA with Dunnett’s multiple-comparisons test [B and D]). Data are representative of three independent biological experiments (A–D; mean and s.e.m. in B and D).
Source data are available online for this figure.

▸Figure 2. Lecithinase and perfringolysin O synergistically drive inflammation in the host via activation of the NLRP3 inflammasome.

A Concentration of IL-18 in the serum of WT mice, 8 h after intraperitoneal infection with 4 × 108 colony-forming units (CFUs) of C. perfringens (WT C. perf., n = 14),
DpfoA C. perfringens (DpfoA, n = 13), Dcpa C. perfringens (Dcpa, n = 11) or DpfoADcpa C. perfringens (DpfoADcpa, n = 12).

B Concentration of IL-18 in the peritoneal fluid of WT mice, 4 h after intraperitoneal infection with 4 × 108 CFUs of C. perfringens (WT C. per, n = 14), DpfoA C. perfrin-
gens (DpfoA, n = 15), Dcpa C. perfringens (Dcpa, n = 17) or DpfoADcpa C. perfringens (DpfoADcpa, n = 14).

C Concentration of IL-18 in the serum of WT mice (n = 10), Nlrp3�/� mice (n = 9), and Casp1/11�/� mice (n = 19), 6 h after intraperitoneal infection with 1 × 108 CFUs
of C. perfringens.

D Concentration of IL-18 in the peritoneal fluid of WT mice (n = 10), Nlrp3�/� mice (n = 9), and Casp1/11�/� mice (n = 19), 3 h after intraperitoneal infection as
described in (C).

E Concentration of IL-18 in the serum of WT mice (n = 10), Nlrp3�/� mice (n = 11), and Casp1�/� mice (n = 11), 4 h after intraperitoneal administration of 0.625 Units/
ml of lecithinase (Lec.).

F Concentration of IL-18 in the peritoneal fluid of WT mice (n = 10), Nlrp3�/� mice (n = 11), and Casp1�/� mice (n = 11), 2 h after intraperitoneal administration of
0.625 Units/ml of lecithinase (Lec.).

G Survival of WT (n = 19), Nlrp3�/� (n = 26) and Casp1�/� (n = 10) mice, after intraperitoneal administration of 0.312 Units/ml of lecithinase (Lec.).
H Concentration of IL-18 in the serum of WT mice 4 h after intraperitoneal administration with either PBS (n = 20) or MCC950 (n = 19), followed by intraperitoneal

administration of 0.625 Units/ml of lecithinase (Lec.) with a corresponding second dose of either PBS or MCC950.
I Concentration of IL-18 in the peritoneal fluid of WT mice administered with either PBS (n = 13) or with MCC950 (n = 14), 2 h after intraperitoneal administration of

0.625 Units/ml of lecithinase (Lec.). as in (H).
J Survival of WT mice administered with either PBS (n = 20) or MCC950 (n = 18), followed by intraperitoneal administration of 0.312 Units/ml of lecithinase (Lec.) as in (H).

Data information: Each symbol represents an individual mouse (A–F, H, and I). **P < 0.01, ***P < 0.001, and ****P < 0.0001 (two-sided log-rank test [G and J] or one-
way ANOVA with Dunnett’s multiple-comparisons test [A–F] or two-tailed t-test [H and I]). Data are pooled from two independent biological experiments (A–J; mean and
s.e.m. in A to D, E, F, H, and I).
Source data are available online for this figure.
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survival of WT mice in response to lecithinase (Fig 2H–J). These

results suggest that the NLRP3 inflammasome contributes to

lecithinase-induced inflammation and lethality and that pharmaco-

logical blockade of the NLRP3 is potentially protective.

Lecithinase but not perfringolysin O requires phagocytosis to
activate the inflammasome

Toxins have different mechanisms of action that may trigger activa-

tion of the inflammasome (Greaney et al, 2015; Jing et al, 2021).

Lecithinase ruptured liposomes containing phospholipids and heat

inactivation abrogated the phospholipase activity of lecithinase and

its ability to activate the NLRP3 inflammasome (Appendix Fig S2A–

C). Given its ability to cleave phospholipid moieties, lecithinase

may emanate a signal directly from the plasma membrane to acti-

vate NLRP3 without requiring cellular entry (Uzal et al, 2014). We

fluorescently labeled lecithinase with Alexa Fluor 568 (designated

as AF568-lecithinase) and stimulated BMDMs with AF568-

lecithinase to identify the distribution of lecithinase within the cell.

Fluorescent-labeling of lecithinase did not affect its phospholipase

activity or ability to induce inflammasome activation (Appendix

Fig S2D–F). Confocal microscopy analysis revealed that AF568-

lecithinase foci accumulated within BMDMs (Fig 3A and B). Fur-

thermore, cell-fractionation experiments revealed that lecithinase

localized to the cytoplasm rather than the plasma membrane

(Fig 3C). Depletion of the plasma membrane cholesterol using

methyl-b-cyclodextrin (MCD) or inhibition of actin polymerization

using cytochalasin D largely prevented the accumulation of AF568-

lecithinase in the cytoplasm of BMDMs (Fig 3A and B), suggesting

that both membrane cholesterol and actin dynamics may be

required for internalization of lecithinase. Inhibition of lecithinase

binding to the plasma membrane using MCD abrogated lecithinase-

induced inflammasome activation in WT BMDMs, whereas inhibi-

tion of phagocytosis using cytochalasin D or latrunculin B partially

abrogated inflammasome activation in WT BMDMs. The presence of

these inhibitors had no effect on nigericin-mediated inflammasome

activation (Fig 3D–I). The secretion of TNF, KC, or IL-6 by BMDMs

was not affected by MCD, cytochalasin D or latrunculin B (Appendix

Fig S3A–C). MCD also blocked PFO-induced inflammasome

activation; however, phagocytosis inhibitors cytochalasin B or cyto-

chalasin D did not impair the ability of PFO to induce inflamma-

some activation (Fig 3D; Appendix Fig S4A and B). These results

suggest that lecithinase, but not PFO, may require phagocytosis and

cytosolic access to engage the NLRP3 inflammasome, and highlights

that C. perfringens produces two functionally distinct toxins that

may have different cellular pathways converging on inflammasome

activation.

Lecithinase induces lysosomal destabilization

To identify the subcellular localization of lecithinase more precisely,

we stimulated BMDMs with AF568-lecithinase followed by analysis

with Correlative Light Electron Microscopy (CLEM). We found that

AF568-lecithinase largely localized within small- to medium-sized,

round-shaped vesicular structures of 0.3–2 lm in diameter (Fig 4A).

Further inspection suggests putative sites of lysosomal destabiliza-

tion (Fig 4A, white arrowheads). Upon internalization, endosomal

compartments frequently fuse with lysosomes to enable degradation

of pathogens and extracellular molecules (Luzio et al, 2007). We

labeled the endogenous lysosomal marker LAMP1 in BMDMs and

found that AF568-lecithinase puncta localized within LAMP1-

positive vesicles (Fig 4B). Three-dimensional reconstruction of

AF568-lecithinase revealed a layer of LAMP1 encased lecithinase

(Fig 4C). The average distance between the peak signal from the

LAMP-1 boundaries (left-side and right-side) and the peak signal

from the AF568-lecithinase puncta was 0.6 lm (Fig 4D), consistent

with the diameter range of the small-to-medium-sized vesicular

structures observed using CLEM. These analyses suggest that leci-

thinase is found within LAMP1-positive lysosomes.

Crystalline substances, such as silica crystals, can induce lyso-

somal destabilization and activation of the inflammasome (Hornung

et al, 2008), but whether enzymatic toxins can engage the lysosomal

pathway to trigger inflammasome activation is largely unknown. To

further investigate the role of lysosomes in lecithinase-mediated

inflammasome activation, we used the dual lysosomal H+ ATPase

and phago-lysosomal fusion inhibitor bafilomycin A (Yamamoto

et al, 1998; Mauvezin & Neufeld, 2015) and inhibitors of endo-

lysosomal fusion, ammonium chloride (Hart & Young, 1991), and

▸Figure 3. Lecithinase requires cholesterol-dependent phagocytosis and intracellular access to induce inflammasome activation.

A Confocal microscopy analysis of CD11b (green) and lecithinase (red) in unprimed WT BMDMs left untreated [Medium alone (Med.)] or assessed 1 h after stimulation
with Alexa Fluor 568 labeled lecithinase (AF568-Lec.) in the absence or presence of cytochalasin D (Cyto D; 50 lM) or methyl-b-cyclodextrin (MCD; 5 mM).

B Quantification of AF568-lecithinase (red) puncta shown in A, showing % of BMDMs positive for red puncta (number of cells counted = 200).
C Immunoblot analysis of His-lecithinase (Lec.) caspase-1 and CD14 of LPS-primed WT BMDMs left untreated or assessed 5 h after treatment with His-tagged lecithin-

ase (His-Lec.). Membrane, membrane fraction; Cytoplasm, cytosolic fraction.
D Immunoblot analysis of caspase-1 and gasdermin D of unprimed or LPS-primed WT BMDMs left untreated or assessed 3 h after stimulation with lecithinase (Lec.), or

3 h after stimulation with perfringolysin O (PFO), or 30 min after stimulation with nigericin (Nig.) in the absence or presence of methyl-b-cyclodextrin (MCD; 5 mM).
E Release of IL-1b (left) and IL-18 (middle), and death (right) of WT BMDMs after treatment as in (D).
F Immunoblot analysis of caspase-1 and gasdermin D of unprimed or LPS-primedWT BMDMs left untreated or assessed 3 h after stimulation with lecithinase (Lec.), or 4 h

after infection of with S. Typhimurium (S. Tm.; MOI, 5), or 30 min after stimulation with nigericin (Nig.) in the absence or presence of cytochalasin D (Cyto D; 50 lM).
G Release of IL-1b (left) and IL-18 (middle), and death (right) of WT BMDMs after treatment as in (F).
H Immunoblot analysis of caspase-1 and gasdermin D of unprimed or LPS-primedWT BMDMs left untreated or assessed 3 h after stimulation with lecithinase (Lec.), or 4 h

after infection of with S. Typhimurium (S. Tm.; MOI, 5), or 30 min after stimulation with nigericin (Nig.) in the absence or presence of latrunculin B (Lat B; 1 lg/ml).
I Release of IL-1b (left) and IL-18 (middle), and death (right) of WT BMDMs after treatment as in (H).

Data information: Scale bar, 12.5 lm (A). Each symbol represents an independent biological replicate (B, E, G, I). NS, not significant. **P < 0.01, ***P < 0.001 and
****P < 0.0001 (one-way ANOVA with Dunnett’s multiple-comparisons test [B] or two-way ANOVAs using Sidak multiple comparison test [E, G, I]). Data are representative
of three independent biological experiments (A–I; mean and s.e.m. in B, E, G, I).
Source data are available online for this figure.
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concanamycin A (Huss et al, 2002). We found that bafilomycin A

blocked inflammasome activation in WT BMDMs in response to lec-

ithinase, whereas ammonium chloride and concanamycin A par-

tially inhibited inflammasome activation in WT BMDMs stimulated

with lecithinase (Fig 5A–D; Appendix Fig S5A and B). In contrast,

nigericin-induced inflammasome activation was not affected by bafi-

lomycin A, ammonium chloride or concanamycin A (Fig 5A–D;

Appendix Fig S5A and B). Neither bafilomycin A, ammonium chlo-

ride or concanamycin A affected the secretion of TNF, KC and/or IL-

6 in BMDMs (Appendix Figs S5B and, S6A and B), suggesting that

priming is not impaired.

To assess whether lecithinase induced lysosomal destabilization,

WT BMDMs were loaded with acridine orange, a lysotrophic dye

which preferentially accumulates in the acidic environment within

the lysosome (Pierzynska-Mach et al, 2014). A loss of lysosomal sta-

bility leads to the release of acridine orange into the cytoplasm, and

therefore, a loss in the fluorescence intensity of the dye, which can

be quantified by flow cytometry (Wang et al, 2018). We observed a

loss of fluorescence intensity of acridine orange in BMDMs stimu-

lated with lecithinase (Fig 5E; Appendix Fig S7A), a level of loss

fluorescence intensity similar to that observed in BMDMs stimulated

with the lysosomal destabilization agent and activator of the NLRP3

inflammasome, LLOMe (Fig 5E; Hornung et al, 2008). In addition,

we observed a similar level of lecithinase-induced loss of acridine

orange fluorescence intensity between WT and Nlrp3�/� BMDMs

(Fig 5E), suggesting that lysosomal destabilization occurs prior to

the activation of NLRP3. Further, MCD, cytochalasin D, bafilomycin

A or ammonium chloride partially prevented a loss of fluorescence

intensity of acridine orange in BMDMs stimulated with lecithinase

(Fig 5F), suggesting that internalization and lysosomal localization

of lecithinase may be upstream of lysosomal membrane destabiliza-

tion. Further, heat-inactivated lecithinase did not induce a substan-

tial loss of acridine orange in BMDMs, and did not induce

inflammasome activation (Fig 5F; Appendix Fig S2B and C).

Lysosomal destabilization can precede or succeed cell death

(Lima et al, 2013; Frank & Vince, 2019). To evaluate the kinetics

between lysosomal destabilization and induction of cell death, we

designed a flow cytometric system to track lysosomal destabilization

and cell death in BMDMs by quantifying the amount of lysosome-

associated acridine orange leakage and accumulation of the live-

dead dye DAPI in the nucleus, respectively (Fig 5G; Appendix

Fig S7B). This flow cytometry system is defined by an acridine

orange signal on the y-axis indicating intact or ruptured lysosomes,

and the DAPI signal on the x-axis indicating live or dead cells,

resulting in four quadrants (Q1: Live cells with intact lysosomes;

Q2: Dead cells with intact lysosomes; Q3: Dead cells with ruptured

lysosomes; Q4: Live cells with ruptured lysosomes; Appendix

Fig S7B). BMDMs undergoing lysosomal destabilization followed by

cell death over time will traverse in the order of Q1 ? Q4 ? Q3

(Fig 5G). In contrast, BMDMs undergoing cell death followed by

◀ Figure 4. Lecithinase is internalized and gains access to the lysosome.

A Correlative light electron microscopy analysis of WT BMDMs left untreated (Medium alone [Med.]) or assessed 1 h after stimulation with Alexa Fluor 568 labeled
lecithinase (AF568-Lec.). Arrowheads indicate putative sites of lysosomal destabilization.

B Confocal microscopy analysis of LAMP1 (green) and lecithinase (red) in WT BMDMs left untreated or assessed 1 h after stimulation with AF568-lecithinase.
C Three-dimensional surface rendering of LAMP1 (green) and lecithinase (red) shown in (B).
D Line scan values for LAMP1, AF568-lecithinase, and DAPI taken from the white dashed line in the gold-colored inset in B. These values were plotted and fitted with a

single Gaussian equation (Arbitrary Unit [AU]).

Data information: Scale bar, 2 lm (A) 10 lm (B) 0.3 lm (C). Data are representative of two (A and B) independent biological experiments.
Source data are available online for this figure.

▸Figure 5. Endo-lysosomal transport and lysosomal destabilization is required for NLRP3 activation by lecithinase.

A Immunoblot analysis of caspase-1 and gasdermin D of unprimed or LPS-primed WT BMDMs left untreated (Medium alone [Med.]) or assessed 3 h after stimulation
with lecithinase (Lec.), or 30 min after stimulation with nigericin (Nig.) in the absence or presence of bafilomycin A (Baf A; 100 nM).

B Release of IL-1b (left) and IL-18 (middle), and death (right) of WT BMDMs after treatment as in (A).
C Immunoblot analysis of caspase-1 and gasdermin D of unprimed or LPS-primedWT BMDMs left untreated or assessed 3 h after stimulation with lecithinase (Lec.), or 16 h

after infection with F. novicida (F. novi., MOI 100), or 30 min after stimulation with nigericin (Nig.) in the absence or presence of ammonium chloride (NH4Cl; 20 lM).
D Release of IL-1b (left) and IL-18 (middle), and death (right) of WT BMDMs after treatment as in (C).
E Flow cytometry analysis of WT or Nlrp3�/� BMDMs stained with acridine orange (1 lg/ml) and assessed 30 min after stimulation with lecithinase (Lec.) or 30 min

after stimulation with LLOMe.
F Flow cytometry analysis of WT BMDMs stained with acridine orange (1 lg/ml) and pre-treated with various inhibitors (MCD, Cytochalasin D, Bafilomycin A, ammo-

nium chloride) for 30 min, and assessed 60 min after stimulation with lecithinase (Lec.). WT BMDMs stained with acridine orange were also assessed 60 min after
stimulation with heat-treated lecithinase (Heat).

G Schematics of the flow cytometry system used to determine the kinetics of lysosomal destabilization and cell death. An activator inducing lysosomal destabilization
followed by cell death will result in a cell population transitioning from quadrants Q1 ? Q4 ? Q3 (teal arrow). An activator inducing cell death followed by
lysosomal destabilization will result in a cell population transitioning from quadrants Q1 ? Q2 ? Q3 (gold arrow).

H Flow cytometry analysis of WT BMDMs stained with acridine orange (1 lg/ml) and DAPI (0.5 lg/ml) and assessed over time after stimulation with lecithinase (Lec.).
I Flow cytometry analysis of WT BMDMs stained with acridine orange (1 lg/ml) and DAPI (0.5 lg/ml) and assessed over time after stimulation with LLOMe.
J Flow cytometry analysis of WT BMDMs stained with acridine orange (1 lg/ml) and DAPI (0.5 lg/ml) and assessed over time after LPS transfection.

Data information: Each symbol represents an independent biological replicate (B, D, E, F, H, I, J). NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001 (two-way ANOVAs using Sidak multiple comparison test [B, D, E and F]). Data are representative of three independent biological experiments (A–F, H–J;
mean and s.e.m. in B, D, E, F, H, I, J).
Source data are available online for this figure.
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lysosomal destabilization over time will traverse in the order of

Q1 ? Q2 ? Q3 (Fig 5G).

Using this analysis, we observed a time-dependent transition of

lecithinase-stimulated BMDMs from Q1 (Live cells with intact lyso-

somes) to Q4 (Live cells with ruptured lysosomes), eventually accu-

mulating in Q3 (Dead cells with ruptured lysosomes; Fig 5H;

Appendix Fig S7C). We observed a similar pattern of transition over

time for BMDMs stimulated with LLOMe (Fig 5I; Appendix Fig S7C).

These findings suggest that lecithinase triggers lysosomal destabili-

zation before the activation of cell death. In contrast, following

transfection of LPS, BMDMs transitioned from Q1 (Live cells with

intact lysosomes) to Q2 (Dead cells with intact lysosomes), and ulti-

mately accumulated in Q3 (Dead cells with ruptured lysosomes;

Fig 5J; Appendix Fig S7C), suggesting that LPS-induced cell death

occurs without lysosomal destabilization, but lysosomes eventually

disintegrate within the cellular corpses. Together, these data not

only suggest that lecithinase localizes to and ruptures lysosomes,

but position lecithinase-induced lysosomal destabilization firmly

upstream of inflammasome activation and cell death.

Lecithinase-induced NLRP3 inflammasome activation requires K+

efflux prior to and after lysosomal destabilization, but not
lysosomal cathepsin release

Unlike several inflammasome complexes which have a more well-

defined mechanism of activation, such as AIM2 or NAIP-NLRC4, a

unified mechanism for the activation of NLRP3 has not been fully

established (Mathur et al, 2018). Lysosomal cathepsins are released

following lysosomal destabilization (Campden & Zhang, 2019). To

assess the role of cathepsins in lecithinase-mediated NLRP3 activa-

tion following lysosomal destabilization, we pretreated WT BMDMs

with a cell-permeable cathepsin B inhibitor, CA-074 Me and a pan-

cathepsin inhibitor, E64d, followed by stimulation with lecithinase,

nigericin or LLOMe. We observed that lysosomal cathepsin activity

was not required for lecithinase-induced or nigericin-induced

inflammasome activation (Fig EV4A–D). These findings suggest that

lysosomal cathepsins may not be a universal requirement for NLRP3

activators that act via destabilization of the endo-lysosomal

pathway.

Another proposed mechanism of NLRP3 activation is via K+

efflux following plasma membrane disruption (Petrilli et al, 2007;

Munoz-Planillo et al, 2013; Ruhl & Broz, 2015). Therefore, it is pos-

sible that plasma membrane damage might lead to K+ efflux-

induced lysosomal destabilization or that lysosomal destabilization

might lead to K+ efflux. To determine whether lecithinase-mediated

inflammasome activation required K+ efflux, BMDMs were stimu-

lated with lecithinase, followed by quantification of intracellular K+

concentrations using inductively coupled plasma optical emission

spectrometry (ICP-OES). Compared with untreated BMDMs, the

intracellular K+ concentration reduced substantially in BMDMs stim-

ulated with lecithinase, similar to that observed in BMDMs stimu-

lated with ATP (Appendix Fig S8A). Furthermore, supplementation

of extracellular KCl in the cell culture media inhibited, in a dose-

dependent manner, lecithinase-induced inflammasome activation

(Appendix Fig S8B and C). Treatment of BMDMs with MCD

prevented lecithinase-induced K+ efflux, whereas cytochalasin D

and bafilomycin A partially prevented lecithinase-induced K+

efflux (Appendix Fig S8D). None of these treatments impaired

nigericin-induced loss of intracellular K+ concentration (Appendix

Fig S8D). These results suggest that cholesterol-mediated attach-

ment of lecithinase to the plasma membrane is an apical step lead-

ing to lecithinase-induced K+ efflux, whereas phagocytosis and

lysosomal destabilization partially contribute to the efflux of K+.

Therefore, whilst some efflux of K+ occurs following binding of leci-

thinase to the plasma membrane, it is not sufficient to trigger NLRP3

activation. It is plausible that more substantial levels of K+ efflux

occur following internalization of lecithinase and lysosomal mem-

brane destabilization, leading to the activation of the NLRP3

inflammasome.

Lecithinase-mediated plasma membrane rupture occurs
independently of GSDMD, MLKL, NINJ1 and caspase-8

Following formation of the inflammasome, caspase-1 or caspase-11

mediates the proteolytic cleavage of GSDMD, liberating the N-

terminal domain of GSDMD to oligomerize in the plasma membrane

to form membrane pores (He et al, 2015; Kayagaki et al, 2015; Shi

et al, 2015). In response to lecithinase, WT and GsdmdI105N/I105N

BMDMs (encoding a mutant GSDMD protein lacking the ability to

form pores; Kayagaki et al, 2015; Aglietti et al, 2016; Sborgi

et al, 2016) released similar levels of IL-1b, IL-18, and LDH and

underwent cleavage of caspase-1 and GSDMD (Fig 6A and B). Simi-

lar levels of IL-1b and IL-18 were released by WT and GsdmdI105N/

I105N BMDMs, consistent with previous findings in response to cer-

tain stimuli, such as MSU crystals (Rashidi et al, 2019). We

performed additional time-course experiments using cells which

lacked GSDMD. We found that the release of IL-1b, IL-18 and LDH

between WT and Gsdmd�/� BMDMs were again similar (Fig 6C and

D). Kinetic analysis of cell death using Incucyte assays also revealed

no difference between WT, GsdmdI105N/I105N and Gsdmd�/� BMDMs

treated with lecithinase (Fig 6E–H), confirming that GSDMD is not

required for lecithinase-mediated release of IL-1b and IL-18 and cell

death. Unlike lecithinase, transfection of LPS induced GSDMD-

dependent responses (Fig 6A–D, F, and H), validating the functional

role of GSDMD in our assays.

The pseudokinase mixed-lineage kinase domain-like (MLKL) is a

functionally similar protein to GSDMD that mediates the final stages

of necroptosis (Murphy, 2020). Upon phosphorylation by RIPK3,

MLKL oligomerizes in the plasma membrane and drives necroptotic

cell death (Sun et al, 2012; Murphy et al, 2013). We observed simi-

lar levels of inflammasome activation, secretion of IL-1b, IL-18,

TNF, and KC, and cell death between WT and Mlkl�/� BMDMs

treated with lecithinase, PFO and nigericin (Fig EV5A and B). Intra-

cellular K+ levels were also similar between WT and Mlkl�/�

BMDMs treated with lecithinase (Fig EV5C), suggesting that MLKL

is not involved in the conduit of K+ ions. Therefore, lecithinase-

induced cell death does not rely on GSDMD or MLKL pores in the

plasma membrane.

Following inflammasome activation, larger cytoplasmic proteins

such as LDH and HMGB1 cannot escape through the narrower

GSDMD pores (Broz et al, 2020). These host-derived danger signals

are instead released following physical rupture of the plasma mem-

brane, a newly characterized programmed process dependent on the

oligomerization of the membrane-associated protein NINJ1 on the

plasma membrane (Kayagaki et al, 2021). As expected, caspase-1

and GSDMD activation and the secretion of IL-1b and IL-18 were
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largely similar between WT and Ninj1�/� BMDMs in response to

stimulation with lecithinase or transfection of LPS (Fig 6I and J).

The release of LDH in Ninj1�/� BMDMs transfected with LPS was

substantially impaired (Fig 6I). In response to lecithinase stimula-

tion, we observed a very partial reduction in the release of LDH in

Ninj1�/� BMDMs between 60 and 90 min of stimulation compared

with WT BMDMs; however, there was no difference across other

time points (Fig 6I). These data collectively suggest lecithinase-

mediated plasma membrane destabilization is largely independent

of NINJ1.

Finally, whilst we have identified a role for caspase-1 in

lecithinase-induced plasma membrane destabilization, it is possible

that other caspases may play a role. In particular, caspase-8 has

been implicated in NLRP3 activation in response to certain stimuli

(Allam et al, 2014; Gurung et al, 2014; Vince et al, 2018). We

observed that pretreatment of WT BMDMs with the pan-caspase

inhibitor QVD, but not the caspase-8-specific inhibitor Z-ietd, inhib-

ited the secretion of IL-1b and IL-18 and cell death in response to

lecithinase (Appendix Fig S9). Neither inhibitor blocked the secre-

tion of TNF. Cell death induced by staurosporine, an inducer of apo-

ptosis, was blocked by both QVD and Z-ietd. These data suggest

that caspase-8 is not required for lecithinase-mediated NLRP3

activation.

Discussion

Pathogen-associated molecular patterns are sensed by pattern-

recognition receptors, leading to activation of an immune response.

Activation of inflammasome sensor proteins is a central mechanism

driving host immunity. Here, we identified lecithinase produced by

the human and animal bacterial pathogen C. perfringens as an acti-

vator of the NLRP3 inflammasome. Our study extends the concept

that a single inflammasome sensor exploits immune sensing of func-

tionally distinct toxins produced by the same pathogen, in this case,

lecithinase and PFO of C. perfringens. A previous study has shown a

role for PFO, but not lecithinase, in NLRP3 activation in BMDMs fol-

lowing 3 h of infection with C. perfringens (Yamamura et al, 2019).

In our study, we initially stimulated WT BMDMs with C. perfringens

for 4 h and identified a role for PFO but not lecithinase at this

timepoint. However, overnight stimulation identified roles for both

PFO and lecithinase in NLRP3 inflammasome activation. The differ-

ential kinetics between PFO and lecithinase in activating NLRP3

may be due to delayed or reduced production of lecithinase relative

to PFO during the early phase of the infection, which is supported

by studies showing that the JIR325 strain, a toxinotype A C. perfrin-

gens, used in our study has relatively low lecithinase production

(Bullifent et al, 1996; Keyburn et al, 2006). Therefore, it is possible

that C. perfringens from other toxinotypes may activate the inflam-

masome differently and would require further investigation.

In addition to C. perfringens, the ability of NLRP3 to sense multi-

ple virulence factors from the same pathogen, such as Bacillus

cereus and S. aureus (Munoz-Planillo et al, 2009; Enosi Tuipulotu

et al, 2021), highlights the versatile nature of inflammasome sen-

sors. In the case of B. cereus, HBL and NHE are both pore-forming

toxins sensed by NLRP3 (Mathur et al, 2019; Fox et al, 2020),

whereas in the case of S. aureus, a combination of hemolysins and

leucocidins are sensed by NLRP3 (Munoz-Planillo et al, 2009; Perret

et al, 2012; Wang et al, 2020). Whilst these two pathogens produce

functionally similar toxins that are sensed by a similar mechanism

by NLRP3, our work demonstrated that NLRP3 can also detect func-

tionally distinct toxins which act via disparate mechanisms.

The majority of bacterial toxins that activate the NLRP3 inflam-

masome are pore-forming toxins; however, several enzymatic toxins

which do not induce pore-formation, such as Mycoplasma pneumo-

niae CARDS toxin and Shiga toxin, have been reported to activate

the NLRP3 inflammasome (Bose et al, 2014; Lee et al, 2016). Unlike

pore-forming toxins that emanate a signal from the plasma mem-

brane to trigger K+ efflux and subsequent NLRP3 activation (Jing

et al, 2022), lecithinase accesses the lysosome to trigger NLRP3 acti-

vation. Several exogenous activators of NLRP3, such as asbestos

and silica crystals (Dostert et al, 2008; Hornung et al, 2008), and

endogenous aggregates, including circulating ASC specks, neuronal

amyloid-b fibrils and multiple myeloma-associated b2-microglobulin

fibrils (Halle et al, 2008; Franklin et al, 2014; Hofbauer et al, 2021),

have been described to undergo a pathway of internalization, endo-

lysosomal trafficking and lysosomal membrane destabilization.

However, unlike many of these exogenous and endogenous activa-

tors, lecithinase-induced activation of the inflammasome does not

appear to require cathepsin activities, similar to that in Francisella

◀ Figure 6. GSDMD is not required for lecithinase-mediated cytokine release and cell death but NINJ1 is partially required for cell death.

A Release of IL-1b (top) and IL-18 (middle), and death (bottom) of WT or GsdmdI105N/I105N BMDMs left untreated [Medium alone (Med.)] or LPS-primed and assessed
for a range of time points after stimulation with lecithinase (Lec.) or 16 h after transfection with LPS (LPS trans.).

B Immunoblot analysis of caspase-1 and gasdermin D of WT or GsdmdI105N/I105N BMDMs left untreated or LPS-primed and assessed 3 h after stimulation with
lecithinase (Lec.) or 16 h after transfection with LPS (LPS trans.).

C Release of IL-1b (top) and IL-18 (middle), and death (bottom) of WT or Gsdmd�/� BMDMs left untreated or LPS-primed and assessed for a range of time points after
stimulation with lecithinase (Lec.) or 16 h after transfection with LPS (LPS trans.).

D Immunoblot analysis of caspase-1 and gasdermin D of WT or Gsdmd�/� BMDMs left untreated or LPS-primed and assessed 3 h after stimulation with lecithinase
(Lec.) or 16 h after transfection with LPS (LPS trans.).

E, F IncuCyte live-imaging analysis of the viability of BMDMs after treatment as in A.
G, H IncuCyte live-imaging analysis of the viability of BMDMs after treatment as in C.
I Release of IL-1b (top) and IL-18 (middle), and death (bottom) of WT or Ninj1�/� BMDMs left untreated or LPS-primed and assessed for a range of time points after

stimulation with lecithinase (Lec.) or 16 h after transfection with LPS (LPS trans.).
J Immunoblot analysis of caspase-1, gasdermin D and NINJ1 of WT or Ninj1�/� BMDMs left untreated or LPS-primed and assessed 3 h after stimulation with

lecithinase (Lec.) or 16 h after transfection with LPS (LPS trans.).

Data information: Each symbol represents an independent biological replicate (A, C and I). NS, not significant, *P < 0.05, ***P < 0.001 and ****P < 0.0001 (two-tailed
t-test [A, C, E–I]). Data are representative of three independent biological experiments (A–J; mean and s.e.m. in A, C, E–I).
Source data are available online for this figure.
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novicida infection (Qi et al, 2016), indicating that lysosomal cathep-

sins are not universally required for inflammasome activation trig-

gered by destabilization of lysosomal pathways.

Lysosomal destabilization can occur prior to K+ efflux across the

plasma membrane (Munoz-Planillo et al, 2013); however, it remains

unclear precisely how lysosomal destabilization facilitates K+ efflux

and activation of NLRP3. One possibility is that the activator itself

can escape the disrupted lysosome and damage the plasma mem-

brane from the cytoplasmic side, increasing the permeability of the

plasma membrane to K+. It is also possible that the lysosomal desta-

bilization releases a pro-pyroptotic factor from within the lysosome

and causes plasma membrane damage in the cytoplasm. These sce-

narios may also offer an explanation as to why GSDMD is not

required for cell death triggered by lecithinase and other phagocy-

tosed NLRP3 activators, such as platelet activating factor and silica

crystals (Deng et al, 2019; Rashidi et al, 2019). Future work investi-

gating the link between the lysosomes, K+ efflux and NLRP3 activa-

tion is required, and will deepen our understanding of the pathways

that lead to activation of the NLRP3 inflammasome. Indeed, other

studies have identified a role for the lysosome-tethered Ragulator-

Rag complex in GSDMD oligomerization and pyroptosis (Evavold

et al, 2021; Zheng et al, 2021; Tsujimoto et al, 2022), highlighting

the importance of the lysosome in inflammasome-driven cell death.

Whilst NINJ1 was recently identified as a terminal host compo-

nent of mammlian cells required for lytic cell death (Kayagaki

et al, 2021), many questions surrounding its activation mechanism

and physiological role remain unanswered. This initial study found

a considerable reduction in cell death and LDH release in Ninj1�/�

BMDMs compared with WT BMDMs in response to stimulation with

S. Typhimurium and Citrobacter rodentium (Kayagaki et al, 2021).

They also found that NINJ1 deficiency was protective in mice

infected with C. rodentium (Kayagaki et al, 2021). Given that we

found minimal difference in cell death between WT and Ninj1�/�

BMDMs in response to lecithinase, the cellular and physiological

roles of NINJ1 may be more subtle for certain cell-death inducers.

In conclusion, we identified that functionally and mechanistically

dissimilar toxins of C. perfringens are exploited for innate immune

sensing by an inflammasome sensor protein. Further studies investi-

gating the interplay between lecithinase and PFO or therapeutic

blockade of NLRP3 would provide more treatment options for

patients with C. perfringens infection.

Materials and Methods

Mice

C57BL/6, GsdmdI105N/I105N (Kayagaki et al, 2015), Ninj1�/� (Kaya-

gaki et al, 2021) and Mefv�/� (Feng et al, 2022) mice were sourced

from The Australian National University. Nlrp3�/� (Kovarova

et al, 2012), Casp1�/� (Rauch et al, 2017), Casp11�/� (Wang

et al, 1998) and Casp1/11�/� (Kuida et al, 1995) mice were sourced

from The Jackson Laboratory. Gsdmd�/� (Kayagaki et al, 2015),

Nlrc4�/� (Mariathasan et al, 2004) and Asc�/� (Mariathasan

et al, 2004) mice were sourced from the University of Queensland.

Aim2�/� mice (Jones et al, 2010) were sourced from Genentech.

Mlkl�/� (Murphy et al, 2013) mice were sourced from The Walter

and Eliza Hall Institute. All mice are on, or backcrossed to, the

C57BL/6 background for at least 10 generation. Male and female

mice of 6–8 weeks old were used. Mice were bred and maintained

at The Australian National University under specific pathogen-free

conditions. All animal studies were conducted in accordance with

the Protocol Number A2020/19 approved by The Australian

National University Animal Ethics Committee.

Mammalian cell culture

Primary bone marrow-derived macrophages (BMDMs) were cul-

tured for 5–6 days in DMEM (11995073, ThermoFisher Scientific)

supplemented with 10% FBS (F8192, Sigma), 30% L929 conditioned

media and 1% penicillin and streptomycin (10378016, Gibco Ther-

moFisher) as described previously (Man et al, 2016). BMDMs were

seeded in antibiotic-free media at a concentration of 1 × 106 cells

per well in 12-well plates. THP-1 cells were cultured in Rosewell

Park Memorial Institute (RPMI)-1640 media (11875093, Thermo-

Fisher Scientific) supplemented with 10% FBS, 1% penicillin and

streptomycin, and 1% L-Glutamine (A2916801, GibcoTM Thermo-

Fisher Scientific) at 37°C in 5% CO2. To induce differentiation of

THP-1 monocytes into adherent macrophages, seeded cells were

treated with 100 nM phorbol 12-myristate 13-acetate (PMA; 16561-

29-8, Sigma-Aldrich) for 24 h and then rested in fresh PMA-free

media for another 24 h. Cells were seeded in antibiotic-free media

at a concentration of 1 × 106 cells per well in 12-well plates.

Peripheral blood mononuclear cells (PBMCs)

Human blood was obtained with consent from healthy donors in

accordance with the Declaration of Helsinki, under protocols

approved by the Human Research Ethics Committee of The Austra-

lian National University (Protocol 2016/317). PBMCs were isolated

from blood by density gradient centrifugation over LymphoprepTM

(07851, STEMCELL Technologies) and suspended at 1 × 107 cells/

ml in RPMI-1640 supplemented with 10% FBS, 1% penicillin and

streptomycin, and 1% L-Glutamine. PBMCs were seeded in

antibiotic-free media at a concentration of 2 × 106 cells per well in

48-well plates.

Bacterial culture

Clostridium perfringens (WT), DpfoA C. perfringens (DpfoA), Dcpa
C. perfringens (Dcpa) and DpfoADcpa C. perfringens (DpfoADcpa)
strains were on the JIR325 background and belong to the type A

strain (Lyristis et al, 1994). The toxin profile consists mainly of leci-

thinase, as well as some other toxins such as PFO (Awad

et al, 2001). These bacteria were grown in brain heart infusion

(BHI) media (211059, BD Biosciences) inside anaerobic jars for 24 h

at 37°C (AG0025A, Thermo Fisher Scientific). Anaerobic gas-

generating sachets (AN0025A, Thermo Fisher Scientific) were used

to generate anaerobic conditions. Salmonella Typhimurium SL1344

was grown in Luria-Bertani (LB) media (244620, BD Biosciences)

overnight under aerobic conditions at 37°C. F. novicida strain

EXO186 (Feng et al, 2022) was grown in BBL Trypticase Soy Broth

(TSB; 211768, BD) supplemented with 0.2% L-cysteine (BP376-100,

Thermo Fisher Scientific) overnight under aerobic conditions at

37°C. Bacteria were then sub-cultured (1:10) into fresh LB the next

day, followed by 3-h incubation.
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Stimulation of BMDMs

For stimulation of BMDMs with bacterial toxins, BMDMs primed

with 500 ng/ml ultrapure LPS from E. coli (ALX-581-014-L002, Enzo

Life Sciences) were treated with 1.5 Units/ml of lecithinase (P7633,

Sigma) or lecinthinase which had been heat inactivated (at 100°C

for 10 min) for 3 h, 0.1 mg/ml of lecithinase (His-tag, CSB-

YP314672CMB, Cusabio) for 12 h, 0.6 mg/ml of perfringolysin O

(PFO, RPC2043, Biomatik) for 3 h, and 10 lM of Leu-Leu methyl

ester hydrobromide (LLOMe, L7393, Sigma-Aldrich) for 5 h. To acti-

vate the canonical NLRP3 inflammasome, LPS-primed BMDMs were

stimulated with 5 mM ATP (10127531001, Roche) for 1 h or 10 lM
nigericin (Nig., N7143, Sigma-Aldrich) for 30 min. To activate

caspase-11, 5 lg of LPS (tlrl-smlps, InvivoGen) were resuspended in

PBS and mixed with 0.3 ll of Xfect polymer in Xfect reaction buffer

(631318, Clontech Laboratories, Inc.). After 30 min, LPS complexes

were added to BMDMs in Opti-MEM (31985–070, ThermoFisher Sci-

entific) and left stimulated for 16 h. To activate the NLRC4 inflam-

masome, BMDMs were infected with S. Typhimurium at MOI of 5

for 4 h. To activate the AIM2 inflammasome, BMDMs were infected

with F. novicida at MOI of 100 for 16 h (Man et al, 2015).

For inhibition experiments BMDMs were pretreated for 30 min

with the following inhibitors; 20 lM of the selective and potent

NLRP3 inhibitor, MCC950 (Coll et al, 2015, 2019; Tapia-Abellan

et al, 2019), 5 mM, 25 mM, 50 mM or 75 mM of potassium chloride

(P9541, Sigma-Aldrich), 50 lM of cytochalasin D (Cyto D, C8273,

Sigma-Aldrich), 50 lM cytochalasin B (CytoB, C6762, Sigma), 1 lg/
ml of Latrunculin B (Lat B, ab144291, Abcam), 5 mM of methyl-b-
cyclodextrin (MCD, C4555, Sigma-Aldrich), 100 nM of bafilomycin

A (B1793, Sigma-Aldrich), 10 lM of ammonium chloride (A9434,

Sigma-Aldrich), 100 nM of concanamycin A (C9705, Sigma-

Aldrich), 20 lM of CA-074 methyl ester (CA-70 Me, C5857, Sigma-

Aldrich), 2 lM E-64d (E3132, Sigma-Aldrich), 20 lM of Q-VD-OPh

hydrate (QVD, A1901, APEx BIO) and 20 lM of Z-IETD-FMK (Z-

ietd, inh-ietd, ThermoFisher Scientific).

For bacterial supernatant, the overnight bacterial culture of C.

perfringens (WT) and its isogenic mutant strains was centrifuged at

4,000 g for 10 min. The supernatant was filter-sterilized using low-

protein-binding 0.45-lm filters (SLHV033RS, Merck) to remove the

bacteria. LPS-primed BMDMs were stimulated by 200 ll of the

supernatant of C. perfringens (WT) and its isogenic mutant strains

for 20 h. For infection experiments, BMDMs were stimulated with

C. perfringens WT and mutant strains (MOI 100) for 20 h. Cell cul-

ture supernatants were collected for ELISA and LDH assays. Cell cul-

ture supernatants and cell lysates were collected for immunoblot

analysis.

Stimulation of THP1 cells and PBMCs

WT THP-1 cells and THP-1 cells with a genetic deletion of the gene

encoding NLRP3 were sourced from InvivoGen (thp-konlrp3z, Invi-

voGen). THP-1 monocytes and macrophages were primed using

500 ng/ml ultrapure LPS from E. coli for 3 h. Cells were treated with

36 lg/ml of lecithinase or 10 lM nigericin. For inhibition experi-

ments, THP1 cells were pretreated for 30 min with 20 lM of

MCC950 (Enosi Tuipulotu et al, 2023). PBMCs were primed using

1 lg/ml Pam3CSK4 (tlrl-pms, InvivoGen) for 3 h, pretreated with or

without 20 lM MCC950 for 30 min, and then stimulated with

1.5 × 10�3 Units/ml lecithinase or 10 lM nigericin (N7143, Sigma)

for 1 h. Cell culture supernatants were collected for ELISA and LDH

assays. Cell culture supernatants and cell lysates were collected for

immunoblot analysis.

Immunoblotting analysis

For caspase-1 immunoblotting, BMDMs and supernatant were lysed

in lysis buffer and sample loading buffer containing SDS and

100 mM DTT. Proteins were separated on 8–12% polyacrylamide

gels. Following electrophoretic transfer of proteins onto PVDF mem-

branes (IPVH00010, Millipore), membranes were blocked in 5%

skim milk in TBST and incubated overnight with primary antibodies

against mouse caspase-1 (1:1,000 dilution, AG-20B-0042,

Adipogen), human caspase-1 (1:1,000 dilution, 3866, Cell Signaling

Technologies), mouse GSDMD (1:3,000 dilution, ab209845, Abcam),

human GSDMD (1:1,000 dilution, ab215203, Abcam), NINJ1

(1:1,000 dilution, A16406, ABclonal), CD14 (1:1,000 dilution,

17000-1-AP, Proteintech), and GAPDH (1:10,000 dilution, 5174, Cell

Signaling Technologies). PVDF membranes were then incubated

with HRP-conjugated secondary antibody (1:5,000) for 1 h and pro-

teins were visualized using the Super Signal Femto substrate

(34095, ThermoFisher Scientific) and the ChemiDocTM Touch Imag-

ing System (BioRad).

Fluorescent labeling of lecithinase

Alexa Fluor 568 Protein Labeling Kit (A10238, Invitrogen) was used

to label lecithinase for immunofluorescence studies. Briefly, the

concentration of lecithinase was determined using the Pierce BCA

Protein Assay Kit (23225, ThermoFisher Scientific), and an aliquot

of lecithinase was diluted to 2 mg/ml in 500 ll ddH2O 0.1 M bicar-

bonate (50 ll) was added to give an optimal pH (~ 8.3) for labeling.

This 550 ll reaction volume was added to a vial of Alexa Fluor 568

reactive dye and incubated at room temperature for 1 h with gentle

rotation. The reactive dye contains a succinimidyl ester moiety that

reacts with primary amines of proteins, producing stable protein–

dye conjugates. Excess dye was separated from labeled protein by

gel filtration using a Bio-Rad BioGel P-30 Fine size exclusion resin.

The column was assembled by filling a supplied plastic column

with resin until ~ 3 cm from the top and was equilibrated with PBS

to ensure proper flow. Next, the labeled protein mixture was added

to the column and allowed to settle into the resin, before elution of

the protein with elution buffer (10 mM potassium phosphate,

150 mM NaCl, 0.2 mM sodium azide, pH 7.2). The faster running

purple band containing labeled lecithinase was collected in 1 ml

fractions, whilst the slower running, unincorporated dye was not

collected.

Immunofluorescence staining

For immunofluorescence staining to visualize lecithinase, BMDMs

were stimulated with 60 lg/ml of Alexa Fluor 568 labeled lecithin-

ase for 2 h with or without inhibitors, 50 lM cytochalasin D or

5 mM MCD, washed three times with PBS and fixed with 4% para-

formaldehyde at room temperature for 15 min, followed by blocking

in 1% BSA in PBS for 1 h. Cells were incubated with a rat FITC-

conjugated anti-CD11b antibody (1:200 dilution in 1% BSA, 101205,
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BioLegend). For visualization of lecithinase with lysosomes, 4%

paraformaldehyde fixed cells were blocked with 10% goat serum

with 0.1% saponin in PBS for 1 h. Cells were incubated with a rat

LAMP1 antibody (1:500 dilution in 10% goat serum with 0.1%

saponin) overnight at 4°C. PBS containing 0.05% Tween-20 was

used to wash between incubation steps. An anti-rat secondary Alex

Fluor 488 antibody (112545143, Jackson ImmunoResearch) was

used at 1:500 dilution in 10% goat serum with 0.1% saponin for 1 h

at room temperature. The samples were mounted with

VECTASHIELD� HardsetTM Mounting Medium with DAPI (H-1500,

Vector Laboratories, Inc.) and analyzed using either a Leica SP5

confocal microscope or a Zeiss LSM 800 confocal microscope. Z-

stack images of samples were used to generate a three-dimensional

structure using the Imaris Viewer software 9.5.

Scanning electron microscopy

Lecithinase- or ATP-treated BMDMs were washed with PBS, fixed

with 2.5% glutaraldehyde in PBS overnight and further washed with

PBS. Cells were fixed in 1% osmium tetroxide in double distilled

water for 1 h and gradually dehydrated in a series of ethanol. Dehy-

drated samples were transferred to a critical point dryer to replace

ethanol by liquid carbon dioxide and dried completely. Samples

were then sputter-coated with platinum (3 nm thickness) at 15 mA

for 2 min using the EMI TECH K550 Sputter coater and visualized

under a Zeiss UltraPlus Field emission scanning electron microscope

in secondary electron mode at 5 kV.

Transmission electron microscopy

Lecithinase- or ATP-treated BMDMs were washed with PBS and

fixed with 2.5% glutaraldehyde, 2% paraformaldehyde in PBS over-

night and further washed with PBS. Cells were postfixed in 1%

osmium tetroxide in double distilled water for 1 h and dehydrated

in a graded ethanol series and embedded in LR white resin (C023,

ProSciTech). Samples were polymerized under N2 in a 60°C oven

overnight. Thin sections were cut at 70 nm and viewed using a

Hitachi HA7100 transmission electron microscope at 100 kV.

Correlative light and electron microscopy

WT BMDMs left untreated or treated with AF568-lecithinase for

90 min were washed with PBS. Cells were pelleted and high pres-

sure frozen (Leica EM-ICE). Cells were then freeze substituted and

embedded in resin (Leica EM AFS2). The cells were ultra-

microtomed at 300 nm thin sections (Leica EM UC7) and then

viewed on confocal microscope (ZEISS LSM800) to capture the fluo-

rescence signal within the cells and on scanning electron micro-

scope (Zeiss UltraPlus FE SEM) to capture ultrastructure. The SEM

images were captured at 2 kV accelerating voltage using the energy

selective backscattered (EsB) detector. After the SEM images were

captured, the correlation of AF568-lecithinase into subcellular struc-

tures was then performed via a shuttle-and-find system (ZEISS).

Separation of membrane and cytosolic fraction

Untreated or treated BMDMs were washed three times with PBS

followed by separation of membrane and cytosolic fractions using

the Mem-PER Plus Membrane Protein Extraction Kit according to

the manufacturer’s instructions (89842, ThermoFisher Scientific).

Flow cytometry

For evaluation of lysosomal destabilization, cells were incubated for

15 min with acridine orange (1 lg/ml, 113000, Sigma-Aldrich),

washed three times, and then stimulated with either lecithinase or

1 lM Leu-Leu methyl ester hydrobromide (LLOMe, L7393, Sigma-

Aldrich). For inhibition experiments, BMDMs loaded with acridine

orange were pretreated for 30 min with inhibitors described earlier.

Lysosomal destabilization was assessed by flow cytometry as loss of

emission at 600–650 nm. For quantification of the kinetics of lyso-

somal destabilization and cell death, cells were loaded with acridine

orange as described above and then treated with either lecithinase

or LLOMe or transfected with LPS over different time points. The

cells were washed and resuspended in FACS buffer in the presence

or absence of DAPI (0.5 lg/ml, D9542, Sigma-Aldrich). An LSRII

(BD Biosciences) was used for flow cytometry. Data were acquired

by DIVA (BD Biosciences) and analyzed with the FlowJo v10.7 soft-

ware (Tree Star).

Liposome studies

Liposomes were synthesized as described previously (Mathur

et al, 2019) and left untreated or treated with 1.5 Units/ml of leci-

thinase, the solvent containing lecithinase (ddH2O) or heat inacti-

vated lecithinase (treated at 100°C for 10 min), or BSA (1 lg/ml),

or treated with Alexa Fluor 568 labeled lecithinase for 1 h at 4°C.

The liposomes were sonicated at 100 amplitude for 5 min as control

(CTRL). The released dye was captured by a cation exchanger resin

Dowex (10–15 mg per well). The absorbance (OD) of residual dye

was measured at a wavelength of 595 nm using the Infinite 200

PRO system (Tecan).

Lactate dehydrogenase assay

Levels of lactate dehydrogenase released by cells were determined

using the CytoTox 96 Non-Radioactive Cytotoxicity Assay according

to the manufacturer’s instructions (G1780, Promega).

Incucyte analysis

BMDMs were stimulated with either 1.5 Units/ml of lecithinase, 5 mM

ATP, or 5 lg of transfected LPS, in the presence of the SYTOX Green

nuclear stain that penetrates compromised plasma membranes (1 lM;

S7020; Life Technologies). Cell death was monitored over 3–16 h using

the IncuCyte Zoom imaging system (Essen Biosciences).

Cytokine analysis

Cytokine concentrations from BMDMs were quantified using a mul-

tiplex ELISA (MCYTOMAG-70 K, EMD Millipore) and IL-18 ELISA

(BMS618-3TEN, ThermoFisher) according to the manufacturers’

instructions. Cytokine concentrations from THP-1 cells and PBMCs

were quantified using a human IL-1b ELISA (BMS224-2TEN, Ther-

moFisher) or human IL-18 ELISA (BMS267-2TEN, ThermoFisher)

according to the manufacturer’s instructions.
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ICP-OES analysis

The intracellular concentrations of K+ ions were determined by

inductively coupled plasma-optical emission spectroscopy (ICP-

OES) analysis. In brief, BMDMs were stimulated with recombinant

1.5 Units/ml of lecithinase for 2 h or 5 mM ATP for 30 min or

10 lM nigericin for 30 min, washed three times with PBS followed

by lysis with concentrated nitric acid (HNO3). For inhibition experi-

ments, BMDMs were pretreated for 30 min with inhibitors described

earlier. The cell lysates were analyzed using a PerkinElmer OPTIMA

7300 ICP Optical Emission Spectrometer (PerkinElmer).

Animal studies

To investigate the physiological role of the inflammasome pathway

during C. perfringens infection, WT, Nlrp3�/� and Casp1/11�/� mice

were injected via an intraperitoneal route with 1 × 108 CFUs of bac-

teria. The mice were monitored and ethically culled at a defined

humane endpoint for conducting cytokine measurement analysis in

serum and peritoneal fluid of the infected mice. To evaluate contri-

butions from PFO and lecithinase in driving inflammation in host,

WT mice were injected intraperitoneally with 4 × 108 CFUs of C.

perfringens (WT), DpfoA C. perfringens (DpfoA), Dcpa C. perfringens

(Dcpa) and DpfoADcpa C. perfringens (DpfoADcpa) strains and

assessed for cytokine levels in the serum and peritoneal fluid. For

survival analysis, 8-week-old WT, Nlrp3�/� and Casp1�/� mice were

injected via an intraperitoneal route with 0.312 Units/ml of lecithin-

ase, monitored and ethically culled at a defined humane endpoint.

For cytokine measurement in serum and peritoneal fluid, mice were

injected via an intraperitoneal route with 0.625 Units/ml of lecithin-

ase. To investigate the effects of MCC950, mice were injected, via an

intraperitoneal route, with 50 mg/kg of MCC950 dissolved in PBS or

with vehicle control PBS. 1 h later, mice were injected, via an intra-

peritoneal route, with 0.625 (for survival analysis) or 0.312 (for cyto-

kine measurement) Units/ml of lecithinase along with a second dose

of 50 mg/kg of MCC950 or a second dose of PBS. The peritoneal fluid

and serum were collected after 2–8 h for analysis by ELISA.

Statistical analysis

The GraphPad Prism 9.0 software was used for data analysis. Data

are shown as mean � s.e.m. Statistical significance was determined

by t-test (two-tailed) for two groups or One-way ANOVA (with

Dunnett’s or Tukey’s multiple comparisons tests) for three or more

groups. P < 0.05 was considered statistically significant. No statisti-

cal methods were used to calculate sample size.

Data availability

All data are available in the main text or the supplementary mate-

rials. No primary datasets have been generated and deposited.

Expanded View for this article is available online.
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