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Shigella OspC3 suppresses
murine cytosolic LPS sensing

Changhoon Oh,1,3 Ambika Verma,1,3 Mohib Hafeez,1,2 Brandon Hogland,1 and Youssef Aachoui1,4,*

SUMMARY

Shigella flexneri, a cytosol-invasive gram-negative pathogen, deploys an array of
type III-secreted effector proteins to evade host cell defenses. Caspase-11 and its
human ortholog caspase-4 detect cytosolic lipopolysaccharide (LPS) and trigger
gasdermin D-mediated pyroptosis to eliminate intra-cytoplasmic bacterial
threats. However, the role of caspase-11 in combating S. flexneri is unclear.
The Shigella T3SS effector OspC3 reportedly suppresses cytosolic LPS sensing
by inhibiting caspase-4 but not caspase-11 activity. Surprisingly, we found that
S. flexneri also uses OspC3 to inhibit murine caspase-11 activity. Mechanistically,
we found that OspC3 binds only to primed caspase-11. Importantly, we demon-
strate that S. flexneri employs OspC3 to prevent caspase-11-mediated pyropto-
sis in neutrophils, enabling bacteria to disseminate and evade clearance following
intraperitoneal challenge. In contrast, S. flexneri lacking OspC3 is attenuated in a
caspase-11- and gasdermin D-dependent fashion. Overall, our study reveals that
OspC3 suppresses cytosolic LPS detection in a broad array of mammals.

INTRODUCTION

The host cytosol is a nutrient-rich environment that can be an ideal niche for pathogen replication (Ray

et al., 2009). However, the cytosol is also heavily guarded by several innate immune mechanisms, including

cell autonomous responses mediated by interferon-stimulated genes including guanylate-binding pro-

teins (GBPs) and inflammasome responses mediated by NOD-like receptors (NLRs) and inflammatory cas-

pases (caspase-1 and -11) (Oh et al., 2020; Randow et al., 2013). Due to these host defenses, few pathogens

succeed in adopting the cytosol as a replication niche.

Inflammasomes monitor the cytosol for signs of infection, such as secreted pathogen products. The NAIP/

NLRC4 inflammasome detects the activity of virulence-associated bacterial type III secretion systems

(T3SSs), alerting the cell to potential hijacking of cellular machinery by the pathogen (Franchi et al.,

2006; Miao et al., 2006; Molofsky et al., 2006; Ren et al., 2006). In addition, caspase-11 monitors the cytosol

for pathogen products by directly sensing bacterial lipopolysaccharide (LPS) (Aachoui et al., 2013; Hagar

et al., 2013; Kayagaki et al., 2013). Caspase-11 is duplicated in humans as caspase-4 and -5, which both

detect cytosolic LPS (Kajiwara et al., 2014; Shi et al., 2014). The NLRP3 inflammasome senses cytosolic per-

turbations indicative of catastrophic cellular events such as membrane pore formation or mitochondrial

dysfunction (Swanson et al., 2019). Upon detection, NAIP/NLRC4 and NLRP3 signal to caspase-1, whereas

caspase-11 initiates its own oligomerization and auto-activation (Oh et al., 2020; Shi et al., 2014). Regard-

less of the activating sensors, both caspases cleave and activate the pore-forming protein gasdermin D,

resulting in pyroptosis (He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015). Additionally, caspase-1 cleaves

and activates the pro-inflammatory cytokines IL-1b and IL-18 (Ramirez et al., 2018).

Shigella spp. is a cytosol-invasive pathogen that causes acute diarrhea and bacillary dysentery. Although

the disease is usually self-limiting, infection can lead to severe morbidity and mortality, especially among

children <5 years old. S. flexneri, a model member of the genus, requires a T3SS and at least 30 secreted

effectors and virulence factors to cause disease (Galán et al., 2014; Schnupf and Sansonetti, 2019). These

factors are often functionally redundant but are required to invade host cells, maintain a replicative niche,

minimize alarm signals, and promote colonization (Schnupf and Sansonetti, 2019). Following uptake by a

host cell, S. flexneri escapes from the initial phagosome, eliciting caspase-1 activation and pyroptotic

cell death following recognition of T3SS rod and needle proteins (MxiI and MxiH, respectively) by the

NLRC4 inflammasome (Suzuki et al., 2007). However, it is still unclear if S. flexneri vacuolar escape to the
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cytosol triggers caspase-11-directed pyroptosis. A study by Kobayashi et al. showed that S. flexneri is de-

tected by caspase-4 that triggers pyroptosis and is counteracted by a Shigella T3SS virulence factor OspC3

(Kobayashi et al., 2013). In contrast, a recent study by Russo et al. showed that S. flexneri triggers cell death

exclusively through caspase-11 (Russo et al., 2021). To address this dichotomy, Kobayashi et al. demon-

strated that OspC3 binds specifically to the human caspase-4-p19 catalytic subunit in epithelial cells to

inhibit its activation following LPS detection (Kobayashi et al., 2013). In contrast, OspC3 does not bind

to the catalytic domain of caspase-11, suggesting the effector does not block caspase activity (Kobayashi

et al., 2013). Interestingly, Wandel et al. found that Casp11�/� mice are susceptible to infection by

S. flexneri lacking OspC3, whereas wild-type mice are resistant using an in vivo intraperitoneal infection

model, suggesting OspC3 suppresses caspase-11 activity (Wandel et al., 2020). Thus, it is still unclear if

OspC3 blocks murine LPS sensing by caspase-11 and whether direct binding between caspase-11 and

OspC3 is required.

It has long been proposed that pyroptosis is beneficial for S. flexneri and allows the pathogen to escape

macrophages and infect epithelial cells from the basolateral side of the gastrointestinal tract (Ashida

et al., 2014; Lamkanfi and Dixit, 2010; Schnupf and Sansonetti, 2019). In this scenario, it is unclear why

S. flexneri activates caspase-1-dependent pyroptosis yet evades LPS sensing. Pyroptosis is a powerful de-

fense mechanism against many intracellular pathogens (Aachoui et al., 2013; Miao et al., 2010). Either cas-

pase-1 or caspase-11 can cleave gasdermin D to eliminate bacteria by preventing establishment of an intra-

cellular niche and subsequently trapping bacteria in pore-induced intracellular traps for efferocytosis and

elimination by neutrophils (Jorgensen et al., 2016). Neutrophils are competent for inflammasome activation

(Chen et al., 2020), which is critical during resolution of cytosol-invasive pathogen infection (Chen et al.,

2018; Kovacs et al., 2020). We and others found that in neutrophils, caspase-1 activation triggers only IL-

1b secretion but not cell death. In contrast, neutrophil caspase-11 detects cytosol-invasive pathogens

including Burkholderia thailandensis, Salmonella Typhimurium lacking SifA, and Citrobacter rodentium,

triggering gasdermin D-driven pyroptosis and extrusion of antimicrobial NETs to eliminate bacteria

(Chen et al., 2018; Kovacs et al., 2020). However, neutrophils enhance S. flexneri adhesion and invasion

of epithelial cells (Eilers et al., 2010). Thus, the beneficial effects of gasdermin D-mediated cell death for

the host during S. flexneri infection are not well defined.

In this study, we assessed whether S. flexneri evades murine neutrophil-mediated caspase-11 pyroptosis in

an OspC3-dependent fashion. We show that S. flexneri activates gasdermin D through caspase-1 but

evades caspase-11 responses in macrophages and neutrophils. We demonstrate that the S. flexneri

T3SS effector OspC3 binds to primed caspase-11 to inhibit cytosolic LPS sensing. Using an intraperitoneal

model of infection, we demonstrate that S. flexneri uses OspC3 to suppress caspase-11 activity, particularly

in neutrophils, enabling bacteria to disseminate and evade clearance. Consequently, S. flexneri lacking

OspC3 is attenuated in a caspase-11- and gasdermin D-dependent fashion.

RESULTS

S. flexneri activates the gasdermin D response through caspase-1 but not caspase-11

S. flexneri, a hexa-acylated lipid A-expressing bacterium, invades host cells and uses its T3SS to rapidly

escape a phagosomal vacuole to establish a replicative niche within the cytosol. Caspase-11 and its human

orthologs caspase-4 and -5 detect cytosolic LPS and trigger gasdermin D-dependent pyroptosis to elim-

inate intra-cytoplasmic bacterial threats (Oh et al., 2020). However, the role of caspase-11 in S. flexneri de-

fense is still unclear. Because the S. flexneri T3SS effector OspC3 suppresses cytosolic LPS sensing by in-

hibiting caspase-4 but does not bind murine caspase-11, we hypothesized that S. flexneri is detected by

caspase-11. To test this hypothesis, we first assessed the macrophage response to S. flexneri. Our results

show that S. flexneri-induced lactate dehydrogenase (LDH) and IL-1b release were largely dependent on

caspase-1 in bone marrow-derived macrophages (BMMs) (Figures 1A and 1B). Consistent with these re-

sults, cleavage of the pyroptotic substrate gasdermin D was driven by caspase-1 (Figure 1C) (Kovacs

et al., 2020), suggesting S. flexneri is not detected by caspase-11. BMM infection with S. flexneri strain

BS103, which lacks the virulence plasmid, results in neither caspase-1- nor caspase-11-driven cell death

(Figure S1A). Both NLRC4 and NLRP3 detected S. flexneri, accounting for the majority of IL-1b secretion

and pyroptosis (Figures S1B and S1C). Although caspase-1 promotes a robust gasdermin D cleavage

response to induce pyroptosis, we also observed high levels of cytotoxicity and IL-1b release in Gsdmd–/–

BMMs infected with S. flexneri. However, this response was significantly reduced in Gsdmd-AscDKO BMMs

and disappeared in Casp1-11-AscTKO cells (Figures 1D and 1E). These results are consistent with reports
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that show gasdermin D deficiency only delays cell lysis and that bypass pathways branching from ASC to

caspase-8/-3 or branching at caspase-1 to BID/caspase-9/-3 control alternative cell death pathways (Ai-

zawa et al., 2020; Heilig et al., 2020; Tsuchiya et al., 2019) (Figure S1D). In accordance, S. flexneri triggered

processing of BID and caspase-3 to their active forms in either an ASC- or caspase-1-dependent manner

Figure 1. S. flexneri activates the gasdermin D response through caspase-1 but evades the caspase-11 response

(A–F) Indicated BMMs were primed with LPS (50 ng/mL) overnight and subsequently infected with S. flexneri (MOI 50) for

4 hr. Extracellular bacteria were eliminated by adding gentamicin (100 mg/mL) 1 hr after infection. Cytotoxicity was

determined by LDH release assay (A and D), and IL-1b release was determined by ELISA (B and E). Western blots were

probed with the indicated antibodies (C and F). GAPDH was used as a loading control.

Bar represents mean G SEM. Data are representative of three independent experiments. Cytotoxicity and IL-1b levels

were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test with a statistical

threshold of p % 0.05. Groups that do not share a letter are significantly different from each other, p % 0.05.
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Figure 2. S. flexneri OspC3 suppresses cytosolic LPS sensing by caspase-11

(A and B) Lysates from intracellular and extracellular S. flexneri were boiled and digested with RNase, DNase, and

proteinase K to eliminate canonical inflammasome agonists. LPS-primed BMMs were transfected with lysates prepared

from extracellular or intracellular S. flexneri for 4 hr. Cytotoxicity was determined by LDH release assay (A), and IL-1b

release was determined by ELISA (B).

(C–E) LPS-primed BMMs were infected with wild-type S. flexneri,DospC3, orDospC3 + ospC3 complementation (MOI 50)

for 4 hr. Extracellular bacteria were eliminated by adding gentamicin (100 mg/mL) 1 hr after infection. Cytotoxicity was
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(Figure 1F). Because active caspase-3 could potentially trigger cell lysis indirectly via apoptosis followed by

secondary necrosis or directly by cleaving gasdermin E to promote pyroptosis (Heilig et al., 2020; Jiang

et al., 2020; Wang et al., 2018), we examined the susceptibility of Gsdme–/– BMMs to S. flexneri infection.

Our results showed that gasdermin E was dispensable for cell death in wild-type BMMs (Figures 1D–1F),

excluding gasdermin E as the primary mediator of cell death in response to S. flexneri infection. However,

this finding does not exclude the possibility that gasdermin E could trigger cell death in the absence of

gasdermin D. Collectively, these results indicate that S. flexneri activates a caspase-1 canonical inflamma-

some but evades caspase-11 in macrophages.

S. flexneri OspC3 suppresses cytosolic LPS sensing by caspase-11

Next, we examined S. flexneri evasion of caspase-11 activity. We hypothesized that S. flexneri evades cas-

pase-11 by modifying its LPS structure. We compared S. flexneri grown in tryptic soy broth (extracellular) to

S. flexneri recovered from infected Casp1-11DKO (intracellular). Lysates from intracellular and extracellular

S. flexneri cultures were boiled and digested with RNase, DNase, and proteinase K to eliminate canonical

inflammasome agonists, and then, BMMs were transfected with individual samples (Hagar et al., 2013). We

previously used this approach to identify cytosolic LPS as a caspase-11 agonist (Hagar et al., 2013). In

response to each lysate, wild-type and Casp1�/� BMMs underwent pyroptosis dependent on caspase-11

(Figures 2A and 2B), suggesting in macrophages at these time points; S. flexneri does not modify its LPS

structure to evade detection. While LPS modification was shown previously in human epithelial cells (Pa-

ciello et al., 2013), our results suggest a similar modification that cannot be quickly accomplished within

a single infected cell, leaving bacteria at risk for cytosolic LPS detection via caspase-11.

Shigella OspC3 binds to human caspase-4 and inhibits its activity (Kobayashi et al., 2013). However, Ko-

bayashi et al. indicated that OspC3 failed to bind the murine ortholog caspase-11. Nevertheless, given

our data showing that murine caspase-11 does not detect S. flexneri, we tested whether S. flexneri also

uses OspC3 to suppress murine cytosolic LPS sensing by caspase-11. Analysis of BMMs infected with

wild-type S. flexneri confirmed that gasdermin D cleavage and the resulting pyroptosis were largely depen-

dent on caspase-1 with no contribution from caspase-11. Surprisingly, OspC3-deficient S. flexneri activated

both caspase-1 and -11, resulting in gasdermin D cleavage, secretion of IL-1b, and LDH release (Figures

2C–2E). It is worth noting that although we did not observe substantial cleavage of caspase-11 by western

blot (caspase-11 is detected as two bands representing two isoforms after priming), we have historically

found detection of caspase-11 cleavage by western blot to be an unreliable method to evaluate activation

compared to downstream effects such as pyroptosis or gasdermin D cleavage (Hagar et al., 2013). Comple-

mentation of OspC3mutant bacteria with a plasmid that expresses ospC3 restored inhibition of caspase-11

as demonstrated by lack of gasdermin D cleavage and LDH release in Casp1�/� BMMs (Figures 2C–2E).

Next, we examined whether OspC3 suppresses cytosolic LPS sensing by caspase-11. Primed wild-type or

inflammasome-deficient BMMs were transfected with either maltose binding protein-OspC3 (MBP-

OspC3) or MBP alone, followed by LPS transfection. Our results showed that macrophages transfected

with MBP alone followed by cytosolic LPS stimulation activated the caspase-11 non-canonical inflamma-

some as evidenced by increased gasdermin D cleavage, and LDH and IL-1b release (Figures 2F–2H). In

contrast, caspase-11-dependent gasdermin D cleavage, IL-1b release, and pyroptosis were substantially

suppressed when wild-type macrophages were transfected with MBP-OspC3 (Figures 2F–2H). MBP-

OspC3 did not affect caspase-1 activation mediated by the AIM2 inflammasome following poly(dA:dT)

transfection (Figure S2), confirming the specificity of OspC3 function for the LPS sensing signaling

pathway. These results indicate that S. flexneri uses OspC3 to inhibit murine caspase-11 sensing of cyto-

solic LPS in macrophages.

Figure 2. Continued

determined by LDH release assay (C), and IL-1b release was determined by ELISA (D). Gasdermin D, caspase-1, and

caspase-11 cleavage were detected by western blot (E). GAPDH was used as a loading control.

(F–H) LPS-primed BMMs were transfected or not with MBP or MBP-OspC3 for 4 hr, followed by stimulation with 5 mg/mL

LPS for 4 hr. Cytotoxicity was determined by LDH release assay (F), and IL-1b release was determined by ELISA (G).

Gasdermin D cleavage, caspase-1, caspase-11, andMBP or MBP-OspC3 expression were determined by western blot (H).

Actin was used as a loading control.

Bar represents mean G SEM. Data are representative of three independent experiments. Cytotoxicity and IL-1b levels

were analyzed by two-way ANOVA followed by Bonferroni’s multiple comparison test with a statistical threshold of p %

0.05. Groups that do not share a letter are significantly different from each other, p % 0.05.
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OspC3 inhibits primed caspase-11 activity

OspC3 reportedly binds to caspase-4 but not caspase-5 or -11 (Kobayashi et al., 2013). Specifically, Ko-

bayashi et al. showed that OspC3 binds to the catalytic domain of caspase-4 to prevent hetero-dimeriza-

tion of caspase-4-p19 and caspase-4-p10. This event attenuated caspase-4-mediated cell death (Kobaya-

shi et al., 2013). Our results indicate that OspC3 also modulates caspase-11 activity, leading us to

examine how this inhibition is mediated. We first re-tested OspC3 binding to murine caspase-11 and

its human orthologs, caspase-4 and -5. We performed pull-down assays with OspC3-HA using lysates

of HEK293T cells expressing caspase-1-Flag, caspase-11-Flag, caspase-4-Flag, or caspase-5-Flag. Cas-

pase-4, but not caspase-5, murine caspase-1, or caspase-11, bound to OspC3, confirming prior findings

(Figure 3A) (Kobayashi et al., 2013). In addition, OspC3-HA did not elicit proteasome- or autophagy-

mediated caspase-11 degradation (Figure S3A). Caspase-11 and caspase-4 directly bind to LPS and oli-

gomerize to form the non-canonical inflammasomes (Shi et al., 2014). Unlike caspase-4, caspase-11 re-

quires priming through IFN-induced JAK-STAT signaling (Aachoui et al., 2013, 2015; Broz et al., 2012;

Case et al., 2013; Hagar et al., 2013; Rathinam et al., 2012). The mechanism by which IFNs prime

Figure 3. OspC3 binds to primed caspase-11, suppressing its activity

(A–D) HA-conjugated beads were incubated with lysates from HEK293T cells expressing OspC3-HA. HA-conjugated

beads bound to OspC3-HA were mixed with lysates from HEK293T cell expressing the indicated caspases (A), with mock

or lysates from caspase-11-expressing HEK293T cells IFN-g (50 ng/mL) primed for 4 hr or not (B), with BMM lysates LPS

primed or not (C), or with lysates from BMMs transfected with LPS (5 mg/mL) for 4 hr to activate the non-canonical

inflammasome following IFN-g priming or not (D). Western blots were probed with the indicated antibodies. GAPDH was

used as a loading control.
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caspase-11 has not been completely defined. While transcriptional induction of caspase-11 is one aspect

of priming, it is unclear if transcriptional control is sufficient for priming. Here, we investigated whether

primed caspase-11 binds to OspC3. To test this hypothesis, HEK293T cells over-expressing caspase-11

were primed with IFN-g. Thereafter, cell lysates were prepared from each experimental group and

used in pull-down assays with OspC3-HA as above. Interestingly, under these conditions, caspase-11

bound to OspC3-HA (Figure 3B). To further confirm that priming enables endogenous caspase-11 bind-

ing to OspC3, wild-type or Casp11�/� BMMs were primed and subsequently transfected with LPS to acti-

vate caspase-11. Consistent with previous reports, priming significantly up-regulated caspase-11 expres-

sion in BMMs (Figure S3B). Therefore, basal expression of caspase-11 in unprimed macrophages was not

sufficient to bind OspC3 (Figure 3C). In contrast, primed BMMs had increased caspase-11 expression, and

under these conditions, caspase-11 bound OspC3-HA. Furthermore, significantly increased binding be-

tween caspase-11 and OspC3 occurred when primed macrophages were further stimulated with cytosolic

LPS (Figures 3D and S3C), suggesting OspC3 can regulate caspase-11 activity after detection of cytosolic

LPS.

Caspase-11 is essential to defend against S. flexneri lacking OspC3

Pyroptosis is a powerful defense mechanism against intracellular pathogens that is triggered independently by

caspase-1 or caspase-11, suggesting loss or evasion of either caspasewould lead to reduced cell death (Aachoui

et al., 2013; Miao et al., 2010). However, we previously found that caspase-1-dependent pyroptosis plays only a

minor role in vivo and cannot substitute for caspase-11-dependent pyroptosis during cytosol invasive pathogen

infection (Aachoui et al., 2015). Therefore, weexamined the in vivo importance ofOspC3 inhibition of caspase-11

sensing of S. flexneri. We used intraperitoneal infection to determine the role of caspase-1 and -11 and gasder-

minD during host defense as this routewas previously used to identify the function of S. flexneri virulence factors

(Li et al., 2017). Although we showed that S. flexneri is detected by macrophage caspase-1 in vitro but evades

caspase-11, wild-type, Casp1-11DKO or Gsdmd–/– mice were similarly susceptible to various doses of

S. flexneri (Figure S4A). At lower dose, Casp1-11DKO and Gsdmd�/� had detectable bacterial loads, and at

higher doses, all mice had similarly elevated pathogen burdens. Therefore, our data suggest the caspase-1-

driven response is dispensable to counter S. flexneri virulence during intraperitoneal challenge. Next, we exam-

ined the importance of OspC3 suppression of caspase-11 activity during S. flexneri systemic infection. However,

wild-type S. flexneri-infected wild-type mice had high bacterial loads in the spleen and liver, and mice infected

with S. flexneri DospC3 had significantly lower burdens (Figures 4A and 4B), demonstrating the importance of

OspC3 in vivo. This dependence on OspC3 was replicated inNlrc4-AscDKO mice (equivalent to caspase-1-defi-

centmice). However, when caspase-11 or gasderminDwere absent inCasp1-11DKO andGsdmd–/–mice, respec-

tively, theOspC3-mediated inhibitory phenotype disappeared (Figures 4A and 4B). To further quantify these dif-

ferences, we determined relative clearance of S. flexneri DospC3 during co-infection with wild-type S. flexneri.

We recovered between 5 and 10 times as much wild-type S. flexneri as S. flexneri DospC3 from the spleen and

liver of wild-type, Casp1�/�, and Nlrc4-AscDKO mice; however, this effect was lost in Casp11�/�, Casp1-11DKO,
andGsdmd–/–micewherewe recovered similar numbers of both strains (Figures 4C, 4D, S4B, and S4C). Likewise,

lethal challenge studies revealed that wild-type and all inflammasome-deficient mice tested were susceptible

and succumbed to a high dose challenge (7.5 3 107 CFU) of wild-type S. flexneri (Figure 4E). This finding is

consistent with a model in which OspC3 inhibits caspase-11; thus, deleting murine casp11 has no effect. In

contrast, when infected with the same inoculum of S. flexneri DospC3, the majority of wild-type, Casp1�/�,
Nlrc4-AscDKOmice survived, whereasCasp11�/�,Casp1-11DKO, andGsdmd–/–mice were extremely susceptible

and succumbed to S. flexneri DospC3 infection (Figure 4F). Collectively, these results indicate the caspase-11-

gasdermin D axis is essential to defend against S. flexneri lacking OspC3.

We next considered whether Nramp1 deficiency is involved in the extreme susceptibility of Casp11�/�

mice. Nramp1-sufficient 129/SvEv mice are naturally defective in caspase-11 due to a passenger mutation

(Kayagaki et al., 2011). Concordant with our results in Casp11�/� mice on the C57BL/6 background, we

again obtained similar numbers of wild-type S. flexneri as S. flexneri DospC3 from the spleen and liver

of the naturallyCasp11mt/mt 129/SvEv mice (Figures 4G, 4H and S4D, and S4E). This phenotype is consistent

with a dominant role for caspase-11 in defense against cytosol invasive pathogens.

S. flexneri deploys OspC3 to suppress neutrophil caspase-11-dependent pyroptosis and

bacterial clearance

Next, we examined why OspC3-mediated suppression of LPS sensing by caspase-11 is beneficial to

S. flexneri despite the caspase-1-directed inflammasome response to T3SS activity. We and others
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Figure 4. Caspase-11 is essential in defense against S. flexneri lacking OspC3 in vivo

(A and B) Indicated mice were infected i.p. with 5 3 107 CFU of S. flexneri wild-type or DospC3 and bacterial loads in the

spleen (A) and liver (B) were determined 24 hr after infection.

(C, D, G, and H) Indicated mice were co-infected i.p. with 2.5 3 107 CFU of both wild-type S. flexneri and S. flexneri

DospC3 encoding ampicillin or kanamycin resistance, respectively. Bacterial loads from co-infected mice were

determined 24 hr after infection and competitive index calculated (CI = log (S. flexneri DospC3/S. flexneri wild type)) in

spleen (C and G) and liver (D and H).

(E and F) Indicated mice were infected i.p. with 7.5 3 107 CFU of S. flexneri wild type or DospC3, and survival was

monitored twice per day for 10 days.

Data are representative of three experiments. Bar represents mean. Dashed line in (A and B) indicates limit of detection

and in (C, D, G, and H) represents the x axis. For bacterial burdens (A and B), statistical significance was assessed by two-

tailed Student’s t-test (*p % 0.05, **p % 0.01, ns: not significant). For competitive index (C, D, G, and H), statistical

significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test with a statistical

threshold of p % 0.05. Survival curves were compared using log rank (Mantel-Cox) test with Bonferroni-corrected

threshold for statistical significance of p % 0.003 (E, F). Groups that do not share a letter are significantly different from

each other.
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Figure 5. S. flexneri deploys OspC3 to suppress neutrophil caspase-11-dependent pyroptosis and bacterial

clearance

(A–C) Pam3CSK4-primed neutrophils were infected with wild-type S. flexneri or S. flexneri DospC3 (MOI 100) for 4 hr.

Cytotoxicity was determined by LDH release assay (A), IL-1b was determined by ELISA (B) and gasdermin D, caspase-1,

and caspase-11 cleavage were detected by western blot (C). GAPDH was used as a loading control. The asterisk indicates

a non-specific band.

(D and E) Indicated mice were infected i.p. with 2.5 3 107 CFU of both wild-type S. flexneri and S. flexneri DospC3

encoding ampicillin or kanamycin resistance, respectively. Bacterial loads from co-infected mice were determined 24 hr

after infection and used to determine competitive index in the spleen (D) and liver (E).

(F) Indicated mice were infected i.p. with 7.5 3 107 CFU of S. flexneri wild type or DospC3 and survival was monitored.
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demonstrated that in neutrophils, caspase-1 and caspase-11 activation leads to gasdermin D cleavage

(Chen et al., 2018; Karmakar et al., 2020; Kovacs et al., 2020). However, only caspase-11 activation led

to pyroptosis necessary for clearance of the cytosol-invasive pathogens B. thailandensis and S. Typhimu-

rium DsifA (Chen et al., 2018; Kovacs et al., 2020). Neutrophils play an important role during shigellosis

(reviewed (Hermansson et al., 2016)), but the specific role of the neutrophil inflammasome remains under-

studied. Therefore, we reasoned that the ability of S. flexneri to inhibit caspase-11 activation which would

specifically open neutrophils as an infectable cell type because caspase-1 does not trigger neutrophil

gasdermin D-dependent pyroptosis. To examine this hypothesis, we first infected neutrophils from

wild-type, Casp1�/�, Casp11�/�, or Casp1-11DKO mice with either wild-type S. flexneri, S. flexneri DospC3,

or ospC3-complemented S. flexneri DospC3. Wild-type S. flexneri promoted gasdermin D cleavage and

IL-1b release that required caspase-1; however, no LDH was released, consistent with neutrophil resis-

tance to caspase-1-driven gasdermin D cleavage (Figures 5A–5C). In contrast, S. flexneri DospC3 trig-

gered comparable gasdermin D cleavage in wild-type, Casp1�/�, and Casp11�/� neutrophils, and addi-

tionally triggered lytic cell death in wild-type and Casp1�/� neutrophils consistent with caspase-11

activation in neutrophils (Figures 5A–5C). Complementation of these mutants with a plasmid expressing

ospC3 restored inhibition of caspase-11 resulting in gasdermin D cleavage and IL-1b release but not LDH

release in wild-type and Casp11�/� neutrophils (Figures 5A–5C). These results indicate that S. flexneri

triggers caspase-1 activation to promote IL-1b maturation but does not elicit pyroptosis. Second,

S. flexneri OspC3 suppresses caspase-11 detection and subsequent pyroptosis in neutrophils.

We next questioned the in vivo role of the neutrophil caspase-11 inflammasome in defending against

S. flexneri. We recently used Casp11fl/flMrp8-cre mice to examine the importance of neutrophil cas-

pase-11 during B. thailandensis clearance in vivo (Kovacs et al., 2020). Mrp8-cre deletes floxed genes

at 80% efficiency in splenic, peripheral blood, and bone marrow neutrophils, while deleting at 0%–20%

efficiency in monocytes and macrophages (Abram et al., 2014). We demonstrated that having 20% cas-

pase-11 deficiency in a hematopoietic compartment is not sufficientt for susceptibility, suggesting the im-

mune system can overcome a relatively small fraction of susceptible cells that harbor infectious agents

(Kovacs et al., 2020). Therefore, we returned to these mice to study relative clearance of S. flexneri

DospC3 during co-infection with wild-type S. flexneri. As before, we recovered ~5 times as much wild-

type S. flexneri as S. flexneri DospC3 in the spleen and liver of caspase-11-sufficient mice

(Casp11fl/+Mrp8-cre). In contrast, there was no difference in clearance of wild-type S. flexneri and

S. flexneri DospC3 during co-infection in Casp11fl/flMrp8-cre mice or Casp11 whole-body knockout

mice (Figures 5D, 5E, S5A, and S5B). Consistent with these results, a lethal challenge study showed

that Casp11fl/flMrp-cre mice succumbed rapidly (2 days) to S. flexneri DospC3 infection with similar ki-

netics to Casp11 whole-body knockout mice, whereas the majority of Casp11fl/+Mrp-cre mice survived

S. flexneri DospC3 infection (Figure 5F). Together, these results suggest the neutrophil caspase-11 inflam-

masome response is critical for defending against S. flexneri and demonstrate a role for the Shigella

effector OspC3 in subverting this sensing/clearance mechanism.

DISCUSSION

In human cells, S. flexneri subverts LPS-induced intracellular signaling by either directly interacting with

caspase-4 to inhibit its activity or under-acetylating its LPS structure to evade detection by caspase-4 (Ko-

bayashi et al., 2013; Paciello et al., 2013). Here, we found that S. flexneri also employs the T3SS effector

OspC3 to inhibit cytosolic LPS sensing by its murine ortholog, caspase-11, indicating OspC3 suppresses

cytosolic LPS detection in a broad array of mammals. Previously, Kobayashi et al. showed that OspC3

binds to the catalytic domain of caspase-4 but not caspase-11 to prevent hetero-dimerization of cas-

pase-4-p19 and caspase-4-p10 subunits (Kobayashi et al., 2013). In contrast, we found that OspC3 binds

to caspase-11 only when primed through JAK-STAT or TLR signaling. This binding is enhanced when cas-

pase-11 detects cytosolic LPS. Caspase-11 must be primed by type I or II IFN to detect cytosolic LPS (Aa-

choui et al., 2013, 2015; Broz et al., 2012; Case et al., 2013; Hagar et al., 2013; Rathinam et al., 2012), and

Figure 5. Continued

Data are representative of three experiments. Bar represents mean G SEM in (A-B and D-E). Dashed line in (D and E)

indicates the x axis. For cytotoxicity and IL-1b levels (A, B), statistical significance was assessed two-way ANOVA followed

by Bonferroni’s multiple comparison test with a statistical threshold of p % 0.05. For competitive index (D, E), statistical

significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test with a statistical threshold

of p% 0.05. Survival curves were compared using log rank (Mantel-Cox) to determine the p value (F). Groups that do not

share a letter are significantly different from each other, p % 0.05.

ll
OPEN ACCESS

10 iScience 24, 102910, August 20, 2021

iScience
Article



we demonstrate priming is also critical for OspC3 suppression of caspase activity. However, the nature of

priming events that promote caspase-11 activation and/or suppression by OspC3 remains unknown. Pre-

vious studies suggested that in addition to upregulation of caspase-11 expression, priming induces GBPs

to promote assembly of the non-canonical inflammasome (Kutsch et al., 2020; Santos et al., 2020; Wandel

et al., 2020). However, a recent study by Brubaker et al. found that induction of GBPs does not fully ac-

count for the effect of priming on LPS sensing and suggested priming triggers unknown factors that regu-

late caspase-11-dependent pyroptosis (Brubaker et al., 2020). In our study, the nature of this unknown fac-

tor or event appears to be conserved between human and murine systems as we could replicate the

priming effects in primary macrophages and a caspase-11-overexpressing human embryonic kidney

293T cell line. We speculate that priming likely introduces a post-translational modification and/or the

binding of LPS results in a conformational change that allows higher affinity OspC3 binding to cas-

pase-11. This priming role may explain why caspase-11 must be primed by type I or II IFN to enable cyto-

solic LPS detection, whereas caspase-4 does not strictly require IFN priming (Aachoui et al., 2013, 2015;

Broz et al., 2012; Case et al., 2013; Hagar et al., 2013; Kayagaki et al., 2011; Rathinam et al., 2012). Further

biochemical work is required to elucidate these key differences between caspase-11 and caspase-4 inter-

action with OspC3. Nevertheless, our study reveals that OspC3 suppresses cytosolic LPS detection in a

broad array of mammals.

Here, we used an intraperitoneal infection route to gain insight into the in vivo importance of OspC3 inhi-

bition of caspase-11 sensing of Shigella in primary innate immune cells, including macrophages and neu-

trophils. Previously, we showed that inflammasome-gasdermin D-driven pyroptosis is important in defense

against B. thailandensis (Kovacs et al., 2020), yet wild-type mice are unable to clear S. flexneri despite acti-

vating pyroptosis and IL-1b through caspase-1. In contrast, we found that S. flexneri lacking OspC3 is de-

tected by both caspase-1 and -11, resulting in enhanced clearance and survival. The activity of caspase-11

against S. flexneri appears to be independent of caspase-1, as Casp1�/� and caspase-1 proxy NLRC-

ASCDKO mice are as resistant as wild-type mice. We previously found that caspase-1 is important for cas-

pase-11 activity during defense, as it provides a priming signal upstream of caspase-1. Caspase-1-activated

IL-18 induces IFN-g to prime caspase-11 clearing 20000000 CFU of B. thailandensis in one day (Aachoui

et al., 2015). Caspase-11 priming can also be achieved by the TLR4 agonist LPS through IFN-b signaling

pathway (Aachoui et al., 2013, 2015; Broz et al., 2012; Case et al., 2013; Hagar et al., 2013; Rathinam

et al., 2012). Therefore, we hypothesize that B. thailandensis LPS is a weak TLR4 agonist (Novem et al.,

2009), resulting in insufficient IFN-b expression to prime caspase-11. In contrast, S. flexneri LPS is a robust

TLR4 agonist that enhances IFN-b induction (Paciello et al., 2013), bypassing caspase-1 activity upstream of

caspase-11 during S. flexneri infection.

We also found that caspase-11 is dominant while caspase-1 is dispensable for defense against S. flexneri

lacking OspC3. We traced these differences to the role of neutrophil inflammasomes during defense

against intra-cytoplasmic pathogens. We previously showed that caspase-1 activation fails to clear

B. thailandensis from neutrophils, whereas caspase-11-dependent pyroptosis efficiently accomplishes

this task (Kovacs et al., 2020). Therefore, we conclude that caspase-11-dependent pyroptosis is essential

in defense against B. thailandensis and find this is also true during defense against S. flexneri DospC3.

S. flexneri can target the neutrophil cytosol and activate caspase-1 to promote gasdermin D cleavage

and IL-1b release but does not trigger pyroptosis. Mechanisms by which neutrophils resist caspase-1-

dependent pyroptosis remain ill defined; however, a recent study found that caspase-1 activation does

not result in significant accumulation of gasdermin D on the neutrophil plasma membrane (Karmakar

et al., 2020). In contrast, neutrophil exposure to S. flexneri lacking OspC3 drives caspase-11-dependent

pyroptosis and bacterial clearance. Historically, it was proposed that pyroptosis is beneficial for bacteria,

allowing S. flexneri to escape macrophages, induce local inflammation, and infect epithelial cells from the

basolateral side (Ashida et al., 2014; Lamkanfi and Dixit, 2010; Schnupf and Sansonetti, 2019). We propose

the reverse model in which pyroptosis is beneficial for the host and that S. flexneri inhibits pyroptosis,

depriving neutrophils from efficient clearance of the pathogen.

At the conception of this study, S. flexneri was believed to colonize human but not mouse intestinal

epithelium. Since OspC3 suppresses cytosolic LPS sensing by inhibiting caspase-4, but may not inhibit

murine caspase-11 activity, Kobayashi et al. proposed that OspC3 could be the key to why Shigella

cannot infect mice (Kobayashi et al., 2013). However, a recent study by Mitchell et al. revealed NAIP-

NLRC4 detection as the major driver that protects mice against oral Shigella infection (Mitchell et al.,
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2020). Starting from the assumption that S. flexneri does not suppress caspase-11 since it does not bind

to OspC3 as reported by (Kobayashi et al., 2013), Mitchell et al. found that the NAIP-NLRC4 inflamma-

some, independently of caspase-11, drives exfoliation of epithelial cells to limit Shigella replication

and spread in intestinal epithelial cells (IECs), preventing murine gut colonization (Mitchell et al., 2020).

Interestingly, Shigella also suppresses human NAIP–NLRC4, disabling both T3SS and cytosolic LPS

sensing in humans (Kobayashi et al., 2013; Mitchell et al., 2020). Since (1) both epithelium-intrinsic

NAIP-NLRC4 and caspase-11 inflammasomes drive pyroptosis and exfoliation of dying cells to clear

intra-cytoplasmic gram-negative bacteria (Knodler et al., 2014; Rauch et al., 2017; Sellin et al., 2014)

and (2) in light of the ability of Shigella to evade murine cytosolic LPS sensing through OspC3, we predict

caspase-11 plays a similar role in mice to prevent gut colonization. In addition, our data reveal an impor-

tant role for neutrophil inflammasomes in defense against Shigella. Therefore, it is possible that Shigella

drives such significant pathology in humans by evading the dual surveillance of NLRC4 and caspase-4 in

IECs and neutrophils.

Limitations of the study

In this study, we found that S. flexneri OspC3 binds to IFNs primed caspase-11 to suppress cytosolic

sensing of LPS. In contrast, OspC3 inhibition of caspase-4 did not strictly require IFN-g priming. The mech-

anism by which IFNs prime caspase-11 has not been completely defined yet and was not addressed in this

study. It was proposed that S. flexneri triggers caspase-1 inflammasome-mediated pyroptosis to escape

macrophages and infects epithelial cells from the basolateral side to promote gut infection. Here, we

demonstrate that it additionally inhibits neutrophil cytosolic sensing by caspase-11 to evade clearance

and cause morbidity in a systemic model of infection. However, because S. flexneri is a gastro-intestinal

pathogen that ultimately infects murine epithelial cells causing shigellosis, future studies need to address

the specific role of LPS sensing in the epithelial niche to understand the importance of the caspase-11-gas-

dermin D axis during the Shigella-host inflammasomes interplay.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-mouse GSDMD (clone EPR19828) Abcam Cat# ab209845; RRID: AB_2783550

Rabbit anti-DFNA5/Gsdme (clone EPR19859) Abcam Cat# ab215191; RRID: AB_2737000

Mouse anti-mouse caspase-1 p20 (clone

Casper-1)

AdipoGen Cat# AG-20B-0042-C100; RRID: AB_2755041

Rabbit anti-cleaved Caspase-3 (Asp175) Cell Signaling Technology Cat# 9661; RRID: AB_2341188

Rabbit anti-mouse caspase-11 (clone

EPR18628)

Abcam Cat# ab180673

Rabbit anti-Asc (clone AL177) AdipoGen Cat# AG-25B-0006; RRID: AB_2490440

Rabbit anti-BID Cell Signaling Technology Cat# 2003; RRID: AB_10694562

Mouse anti-MBP New England Biolabs Cat# E8032; RRID: AB_1559730

Mouse anit-DYKDDDDK Tag (clone 9A3) Cell Signaling Technology Cat# 8146; RRID: AB_10950495

Mouse anti-HA.11 BioLegend Cat# 901513; RRID: AB_2565335

Mouse anti-actin (clone ACTN05 (C4)) Thermo Fisher Scientific Cat# MA5-11869; RRID: AB_11004139

Rabbit anti-GAPDH (clone 14C10) Cell Signaling Technology Cat# 2118; PRID: AB_561053

Bacterial and virus strains

Wild-type S. flexneri: S. flexneri 2457T Labrec et al., 1964 N/A

S. flexneri BS103: S. flexneri 2457T (virulence

plasmid cured)

Maurelli et al., 1984 N/A

S. flexneri DospC3: S. flexneri 2457T DospC3 Mou et al., 2018 N/A

S. flexneri DospC3 + ospC3: S. flexneri 2457T

DospC3/pOspC3: pCMD136-endP-ospC3

Mou et al., 2018 N/A

Biological samples

Ultrapure LPS, E. coli O111:B4 InvivoGen Cat# tlrl-3pelps

Chemicals, peptides, and recombinant proteins

Pam3CSK4 InvivoGen Cat# tlrl-pms

Recombinant mouse IFN-g PeproTech Cat# 315-05

Poly(dA:dT) naked InvivoGen Cat# tlrl-patn

Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific Cat# 11668019

IPTG Apex Cat# 367-93-1

Critical commercial assays

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems Cat# DY401

Neutrophil Isolation Kit, mouse Miltenyi Biotec Cat# 130-097-658

pMAL� Protein Fusion and Purification System New England Biolabs Cat# E8200

Experimental models: cell lines

Human: Embryonic kidney cells: 293T ATCC Cat# CRL-3216

Experimental models: organisms/strains

Mouse: Wild type (WT): C57BL/6J The Jackson Laboratory JAX# 000664

Mouse: Nlrc4-AscDKO: C57BL/6N Aachoui et al., 2015 N/A

Mouse: Casp1–/–: C57BL/6N Rauch et al., 2017 N/A

Mouse: Casp11–/–: C57BL/6N Kayagaki et al., 2011 N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Youssef Aachoui (YAachoui@uams.edu).

Materials availability

This study generated Casp-1, Casp-11, Casp-4, Casp-5 and ospC3 plasmids. All materials are available

from the corresponding author upon reasonable request.

Data and code availability

This study did not generate/analyze any computational data sets/codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Wild type C57BL/6 (Jackson # 000664), Casp1–/– (Rauch et al., 2017), Casp11–/– (Kayagaki et al., 2011),

Casp1-11DKO (Kuida et al., 1995), Nlrc4-AscDKO (Mariathasan et al., 2004), Gsdmd–/– (Rauch et al., 2017),

129/SeVe (Jackson # 002448), Mrp8-Cre (Jackson # 021614), and Casp11fl/fl (Cheng et al., 2017; Lee

et al., 2018) mice were used in this study. All mice used in this study, except 129/SeVe, were in C57BL/6

genetic background and were bred and maintained in a specific pathogen-free facility at the University

of Arkansas for Medical Sciences. For the deletion of caspase-11 in neutrophils, Casp11fl/fl mice were

crossed with Mrp8-Cre. Mice which were heterozygous for the floxed gene and hemizygous for the

Mrp8-cre were backcrossed to mice homozygous for the floxed gene. Both female and male mice aged

between 6 and 12 weeks were randomly subjected to the experiments and there was no difference in exper-

imental results due to sex differences. All protocols met the guidelines of the US National Institutes of

Health for the humane care of animals and were approved by the Institutional Animal Care and Use Com-

mittee at the University of Arkansas for Medical Sciences.

Cell lines and primary cell cultures

HEK293T cells (American Type Culture Collection) were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1%

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Casp1–/–Casp11129mut/129mut referred

to as Casp1-11DKO
Kuida et al., 1995 N/A

Mouse: Gsdmd–/–: C57BL/6 Rauch et al., 2017 N/A

Mouse: Casp11fl/fl: C57BL/6 Cheng et al., 2017 N/A

Mouse: Mrp8-cre: B6.Cg-Tg(S100A8-cre,-

EGFP)1Ilw/J

The Jackson Laboratory JAX# 021614

Mouse: 129/SvEv: 129S1/SvImJ The Jackson Laboratory JAX# 002448

Recombinant DNA

pLenti-EF1a-C-Myc-DDK-IRES-Puro OriGene Cat# PS100085

pLenti-EF1a-C-Myc-DDK-IRES-Puro-Casp-1 This paper N/A

pLenti-EF1a-C-Myc-DDK-IRES-Puro-Casp-4 This paper N/A

pLenti-EF1a-C-Myc-DDK-IRES-Puro-Casp-5 This paper N/A

pLenti-EF1a-C-Myc-DDK-IRES-Puro-Casp-11 This paper N/A

pLenti-EF1a-C-HA This paper N/A

pLenti-EF1a-C-HA-OspC3 This paper N/A

Software and algorithms

Prism 5 GraphPad N/A
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penicillin/streptomycin. Bone marrow-derived macrophages (BMDM) were prepared from the femur and

tibia of both male and female mice by culturing in DMEM containing the additives above and 20% L929

cell-conditioned media for 7 days. All cells were incubated at 37�C, 5% CO2.

METHOD DETAILS

In vivo infection

Wild type Shigella flexneri (Strain 2457T) and S. flexneri DospC3 were grown in tryptic soy agar plates con-

taining 0.01% Congo red to select virulent plasmid-containing red colonies. For in vivo infection, a single

red colony of wild type S. flexneri or DospC3mutant were grown in tryptic soy broth (TSB) overnight at 37�C
and back-diluted (1:50) in fresh TSB for 2 h until the OD600 reaches 1.0. Bacteria were centrifuged and

washed three times with PBS before inoculation of mice. For monotypic wild type S. flexneri and

S. flexneri DospC3 challenges, mice were infected with 5 3 107 CFU of bacteria via the intraperitoneal

(i.p.) route and 24 h post-infection, spleens and livers were collected and homogenized in sterile PBS.

Viable CFU in homogenates were enumerated by plating serial dilutions on tryptic soy agar plates. For le-

thal challenges, mice were infected i.p. with 7.5 x 107 CFU of bacteria and monitored for 10 days. For

numbers of mice used in lethal challenges, see Table S1. For studies of co-infection with wild type

S. flexneri and S. flexneri DospC3, mice were infected with 2.5x107 CFU each of wild type S. flexneri (ampi-

cillin resistant) and S. flexneri DospC3 (kanamycin resistant). Spleens and livers were harvested 24 h post-

infection and homogenized in sterile PBS. Viable CFU in homogenates were enumerated by plating serial

dilutions on tryptic soy agar plates containing ampicillin (100 mg/mL) and kanamycin (50 mg/mL), respec-

tively. Bacterial competitive indices were calculated as the log of (S. flexneri DospC3/S. flexneri wild type).

Transfection

DNA transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

instructions.

Protein expression and purification

The ospC3 gene was amplified from S. flexneri wild type (strain 2457T) and cloned into pMAL-c5X vector

(NEB). Expression and purification of OspC3 fused to maltose binding protein (MBP) was performed ac-

cording to the manufacturer’s instructions using the pMAL Protein Fusion and Purification System (NEB

#E8200) with slight modifications. Briefly, BL21 Escherichia coli (NEB Express) containing the pMAL-

mock or pMAL-ospC3 plasmid were grown overnight at 37�C and then back diluted (1:00) into 500 mL of

LB containing 2% glucose and 100 mg/mL ampicillin. E. coli was grown at 37�C until OD600 reached 0.6,

followed by addition of IPTG (0.5 mM) to induce the expression of MBP or MBP-OspC3 proteins. Then, cells

were allowed to additionally grow at 30�C overnight. Cells containingMBP fusion proteins were pelleted by

centrifugation at 6000 X g for 15min at 4�C and lysed in column buffer (20mMTris-HCl, 200mMNaCl, 1 mM

EDTA, 1 mM sodium azide, 10 mM b-mercaptoethanol and protease inhibitors cocktail) followed by son-

ication (10 bursts for 30 s each) on ice. After centrifugation at 16,000 X g for 20 min at 4�C, supernatants
were collected and passed through a column containing 500 mL of amylose resin (NEB). The column was

then washed with the same buffer containing 0.5 mM maltose to remove non-specific proteins that bind

weakly to the column. Protein elution was performed with column buffer containing 10 mMmaltose. Eluted

protein was dialyzed and concentrated in PBS using centrifugal filters (Genesee). The concentration of MBP

and MBP-OspC3 were estimated using the Bradford method (Bio-Rad). Purified proteins were aliquoted

and stored at �80�C until use.

In vitro infection and detection of inflammasome activation

For in vitro infection, S. flexneri wild type, DospC3mutant, and DospC3 + ospC3 complementation strains

were grown in TSB overnight at 37�C and back-diluted (1:50) in fresh TSB for 2 hr until the OD600 reached

1.0. Bacteria were centrifuged and washed three times with PBS and finally resuspended in opti-MEM

before infection. For macrophage infections, BMMs cells were seeded into 96-well plates at a density of

5x104 cells/well, followed by priming with LPS (50 ng/mL) overnight. Cells were infected (MOI 50), centri-

fuged at 700 X g for 10min and then incubated at 37�C for 1 hr. After 1 hr, 100 mg/mL gentamicin was added

to macrophages to eliminate extracellular bacteria and supernatants or cell lysates were collected at 4 hr

post-infection. For MBP-OspC3 overexpression experiments, primed BMMs were transfected with purified

MBP or MBP-OspC3 using Lipofectamine 2000 for 4 hr. After washing 3 times, cells were stimulated with

LPS (5 mg/mL) or poly(dA:dT) (1 mg/mL) using Lipofectamine 2000, followed by incubation at 37�C for
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4 hr. For neutrophil infection, bone marrow neutrophils were isolated using a Neutrophil Isolation Kit (Mil-

tenyi Biotec) and seeded into 96-well plates at a density of 4x105 cells/well. Neutrophils were primed with

1 mg/ml Pam3CSK4 (InvivoGen) for 4 hr. Cells were infected (MOI 100), centrifuged at 700 X g for 10 min and

then incubated at 37�C for 1 hr. After 1 hr, 100 mg/mL gentamicin was added to neutrophils to eliminate

extracellular bacteria and supernatants or cell lysates were collected at 4 hr post-infection. Additionally,

for cytotoxicity assay, lysis solution was added to untreated cells to generate the maximum LDH release

control. Culture medium alone was prepared to correct the background absorbance. The absorbance of

supernatants at 492 nm was measured using a microplate reader (FLUOstar Omega; BMG labtech). Cyto-

toxicity was defined as the percentage of total LDH released into the supernatant to the maximum LDH

release control (Rayamajhi et al., 2013). IL-1b secretion was determined by ELISA (R&D Systems). Lysates

and supernatants were combined and analyzed by Western blot for gasdermin D (EPR19828; Abcam), cas-

pase-1 (Casper-1; AdipoGen), caspase-11 (EPR18628; Abcam), MBP (NEB), actin (ACTN05 (C4); Invitrogen),

or GAPDH (14C10; Cell signaling Technology).

Bacterial lysates preparation

To prepare extracellular bacterial lysate, S. flexneri was grown in TSB overnight at 37�C and back-diluted in

fresh TSB for 2 hr until the OD600 reached 1.0. 1 mL of bacterial culture was washed 3 times with PBS. Bac-

terial pellets were resuspended in 50 mL of PBS and then boiled for 10 min, followed by centrifugation to

clear bacterial lysate. For intracellular bacterial lysate, Casp1-11DKO BMDMs were infected with S. flexneri

(MOI 50) for 4 hr. Extracellular bacteria were eliminated by adding gentamicin 1 hr post-infection. Cells

were washed 3 times with PBS and collected in lysis buffer (PBS containing 1% Triton X-100). After centri-

fugation, pellets were resuspended in 50 mL of PBS and then boiled for 10min, followed by centrifugation to

clear bacterial lysate. To eliminate canonical inflammasome agonists (Hagar et al., 2013), both bacterial ly-

sates were treated with DNase (10 mg/mL) and RNase (10 mg/mL) for 3 hr at 37�C. Additionally, Proteinase K

(100 mg/mL) was added to digest proteins in bacterial lysates and incubated at 37�C for 2 hr.

In vitro pulldown

Casp-1, Casp-11, Casp-4, and Casp-5 were cloned into pLenti-EF1A-C-Myc-DDK-IRES-Puro vector and

ospC3 was cloned into pLenti-EF1a-C-HA-IRES-Puro vector, and used to transfect HEK293T cells in 90-

mm dishes. 48 h after transfection, cells were collected and lysed at 4�C in lysis buffer (PBS containing

1% Triton X-100 and protease inhibitor), followed by clarification of lysates by centrifugation at

12,000 rpm for 20 min at 4�C. BMDM macrophages were primed with 50 ng/mL LPS overnight and subse-

quently transfected with 5 mg/mL LPS or not. 3 h later, cells were harvested and lysed at 4�C in lysis buffer,

followed by centrifugation at 12,000 rpm for 20 min at 4�C. First, anti-HA conjugated-dynabeads were incu-

bated with lysates from OspC3-expressing cells at 4�C overnight and beads were washed 3 times with the

same lysis buffer. Lysates from Caspase-expressing cells or BMM lysates were added to beads and incu-

bated at 4�C overnight. Beads were washed three times with lysis buffer and resuspended in 50 mL of 2X

sample buffer, followed by boiling for 10 min and separation by SDS-PAGE.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using GraphPad Prism version 5.0 software. Two-tailed Student’s t-test

was used to determine the statistical significance between two samples originated from the same popula-

tion (*p% 0.05, **p% 0.01, ns: not significant). Statistical significance between more than two samples was

determined by one-way ANOVA or two-way ANOVA with a statistical threshold of p% 0.05. Mouse survival

curves were estimated by log rank (Mantel–Cox) test using Bonferroni-corrected threshold for statistical

significance of p% 0.003. Error bars depict meanG SEM. Groups that do not share a letter are significantly

different.
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