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SUMMARY

Gasdermin B (GSDMB) belongs to a large family of pore forming cytolysins that execute 

inflammatory cell death programs. While genetic studies have linked GSDMB polymorphisms to 

human disease, its function in the immunological response to pathogens remains poorly 

understood. Here, we report a dynamic host-pathogen conflict between GSDMB and the IpaH7.8 

effector protein secreted by enteroinvasive Shigella flexneri. We show that IpaH7.8 ubiquitinates 

and targets GSDMB for 26S proteasome destruction. This virulence strategy protects Shigella 
from the bacteriocidic activity of Natural Killer cells by suppressing Granzyme-A mediated 

activation of GSDMB. In contrast to the canonical function of most Gasdermin-family members, 

GSDMB does not inhibit Shigella by lysing host cells. Rather, it exhibits direct microbiocidal 

activity through recognition of phospholipids found on Gram-negative bacterial membranes. These 

findings place GSDMB as a central executioner of intracellular bacterial killing and reveals a 

mechanism employed by pathogens to counteract this host defense system.
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In Brief

Repurposing a cell death mechanism for antibacterial defense, human immune cells combat 

infection by punching holes in bacterial membranes. A human pathogen has evolved a way to fight 

back.

INTRODUCTION

The Gasdermin-family of mammalian pore forming cytolysins execute pyroptotic lytic cell 

death characterized by release of proinflammatory molecules (Evavold et al., 2018; He et al., 

2015; Kayagaki et al., 2015; Shi et al., 2015a). Recent structural and biochemical studies 

have revealed a detailed picture of Gasdermin activation by cellular proteases and lytic pore 

formation through plasma membrane oligomerization (Aglietti et al., 2016; Ding et al., 

2016; Kuang et al., 2017; Liu et al., 2016; Ruan et al., 2018; Sborgi et al., 2016). In general, 

these proteins are composed of an N-terminal cytotoxic domain (GSDM-N), an interdomain 

linker, and a C-terminal autoinhibitory domain (GSDM-C). Proteolytic cleavage of the linker 

region releases the N-terminus from autoinhibition. This event results in GSDM-N 

membrane insertion, oligomerization, and pore formation. While the majority of Gasdermin-

family members execute pyroptotic cell death in response to inflammatory stimulation, it has 

been suggested that they can also target prokaryotic membranes (Liu et al., 2016). It is 

unclear however if bacteria are indeed physiologically relevant targets of Gasdermin-

mediated immunity.
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Humans encode six Gasdermin genes. GSDMB is unique among these family members as it 

is the only GSDM gene that is not found in rodents (Tamura et al., 2007). This observation 

suggests that GSDMB is not a general component of the mammalian immune system, but 

rather, has evolved a specialized function within humans and other mammals. Consistent 

with this idea, Genome Wide Association Studies (GWAS) link polymorphisms in GSDMB 
(17q12-q21 locus) to an increased risk for asthma, type I diabetes, primary biliary cirrhosis, 

and Crohn’s disease (Spycher et al., 2012; Tulah et al., 2013; Yu et al., 2011). While these 

analyses indicate that GSDMB plays an important function in the human immune system, its 

propensity to form lytic pores in cells is controversial. Several reports have indicated that the 

GSDMB-N subunit fails to form pores when expressed in cultured cells (Chen et al., 2019; 

Shi et al., 2015b). Consistent with this in vitro observation, mice expressing a human 

GSDMB transgene develop an asthma-like phenotype characterized by airway 

responsiveness and remodeling in the absence of lung inflammation (Das et al., 2016). 

Conversely, GSDMB was shown to be a key executioner of inflammatory lysis of cancer 

cells targeted by innate lymphocytes (Zhou et al., 2020). It is unclear whether GSDMB 

oligomerizes in the plasma membrane of cancer cells or if cancer cell death is a consequence 

of downstream Gasdermin-family member activation as observed in other cellular contexts 

(Zhang et al., 2021; Zhou et al., 2020). Nevertheless, these findings reinforce the idea that 

GSDMB exhibits a non-canonical function.

Shigella spp. are a human enteroinvasive pathogen that infects an estimated 165 million 

people, resulting in more than 200,000 deaths annually (Khalil et al., 2018; Kotloff et al., 

1999). The pathogenic lifecycle of S. flexneri is fueled by its multiple interactions with 

macrophages and colonic epithelial cells. For example, S. flexneri traverses the mucosal 

barrier of the colon, where it is engulfed by tissue-resident macrophages. These phagocytes 

undergo Inflammasome/Caspase-1/GSDMD-mediated cell death, a key immunological event 

that alerts immune cells to the location of infection (Sansonetti et al., 2000; Watson et al., 

2019; Zychlinsky et al., 1992). Interestingly, inflammasome activation may also enhance 

virulence as macrophage lysis results in S. flexneri escape into the extracellular milieu and 

subsequent reinvasion of the colonic epithelium. Once established in the epithelial cell layer, 

S. flexneri replicates to high levels which increases tissue transmission and disease severity. 

While lytic cell death of macrophages by GSDMD is a critical event in the S. flexneri 
lifecycle, the Gasdermin family members are also expressed in a wide variety of other 

tissues and cell types (Broz et al., 2020). This observation raises the question: how do 

intracellular pathogens suppress the lytic activity of Gasdermin-proteins in host cells that 

function as reservoirs for bacterial replication?

Virulence associated with S. flexneri infection requires expression of the Mxi-Spa Type III 

secretion system (T3SS) and delivery of over 30 effector proteins into the host cell 

(Schroeder and Hilbi, 2008). Among these effector proteins are the Invasion plasmid antigen 

H genes (ipaH) that encode bacterial E3-ubiquitin ligases (Ashida et al., 2007; Rohde et al., 

2007). While these effector proteins are known to hijack the host E1/E2 ubiquitin 

conjugation machinery to post-translationally modify target substrates, the pathogenic 

function of most IpaH genes remains poorly understood. Using an unbiased screen for 

bacterial effector protein substrates, we found that the S. flexneri Type 3 Secretion System 

(T3SS) effector protein IpaH7.8 targets human GSDMB for ubiquitin-mediated proteolysis. 
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IpaH7.8 did not interact with or ubiquitinate GSDMD or any other Gasdermin-family 

members. Rather, IpaH7.8 secretion prevented NK cells from clearing S. flexneri from 

epithelial cells by suppressing GZMA-activated GSDMB. Unexpectedly, GSDMB activation 

did not induce lytic cell death of epithelial cells, but instead caused direct lysis of bacteria. 

We describe how alternative lipid binding by GSDMB promotes bacterial recognition and 

lysis while limiting damage to epithelial cells that function as a critical immunological 

barrier to microbial infection.

RESULTS

Identification of GSDMB as a cellular substrate of IpaH7.8

A technique termed Ubiquitin Activated Interaction Traps (UBAIT) was adapted for 

identifying host substrates of orphan bacterial E3-ubiquitin ligases (O'Connor et al., 2015). 

As diagramed in Figure 1A, the human ubiquitin gene was cloned at the 3' end of each ipaH 
effector to generate a carboxy-terminal fusion between IpaH protein and ubiquitin (termed 

IpaHUBAIT). In theory, the protein chimera can perform each of the essential steps required 

for substrate ubiquitination: (1) activation of C-terminal Ub through E2-mediated transfer to 

the IpaH catalytic cysteine, (2) substrate recognition through the N-terminal Leucine Rich 

Repeat (LRR) domain of IpaH and (3) thiol-mediated ligation between the C-terminal Ub in 

IpaHUBAIT and a host substrate Lysine. Successful ubiquitination would result in an iso-

peptide bond formed between IpaHUBAIT and its substrate, which can be purified using 

affinity tags introduced into each of the IpaHUBAIT constructs (Figure 1A).

To test the efficiency of the UBAIT technology, ubiquitin on IpaH2.5UBAIT and 

IpaH9.8UBAIT was charged with human E1 (UbE1) and E2 (UbcH5b) enzymes in vitro and 

then incubated with Caco-2 epithelial cell lysates. Consistent with our previous findings (de 

Jong et al., 2016), IpaH2.5UBAIT reacted with the linear ubiquitination chain assembly 

complex (LUBAC) subunit HOIP as well as several other components of the TNF receptor 

signaling complex including BIRC2 (Baculoviral IAP repeat containing protein 2), TRAF2 

(TNR Receptor associated factor 2), and DBLOH (Diablo IAP-Binding mitochondrial 

protein) (Figure S1A-C). In addition, IpaH9.8UBAIT captured GBP1, 2 and 4 from lysates 

prepared from interferon gamma (IFNγ) stimulated Caco-2 cells (Figure S1A and B) (Li et 

al., 2017; Piro et al., 2017; Wandel et al., 2017). The capture of known IpaH2.5 and IpaH9.8 

substrates demonstrated that UBAIT is a powerful technique for identifying substrates of 

bacterial E3-ubiquitin ligases.

Out of seven IpaHUBAIT proteins produced in vitro, IpaH7.8UBAIT uniquely reacted with the 

Gasdermin family members GSDMB and GSDMD in Caco-2 lysates (Figure S1A and B). 

The UBAIT reaction was confirmed using purified proteins. IpaH7.8UBAIT formed an SDS-

resistant covalent bond with GSDMB that relied on the catalytic cysteine 357 residue of 

IpaH7.8 and diglycine ligation between fused ubiquitin and the GSDMB protein (Figure 

1B). Interestingly, while IpaH7.8UBAIT formed a stable complex with GSDMB, it reacted 

poorly with GSDMD under these conditions (Figure 1C). In addition, among other 

IpaHUBAIT proteins examined, only IpaH7.8UBAIT reacted with GSDMB (Figure 1D).
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IpaH7.8 selectively binds and ubiquitinates GSDMB

The N-terminal LRR domain of IpaH effectors is required for substrate interactions, whereas 

the C-terminal domain harbors the ligase activity required for ubiquitin transfer and chain 

elongation (Keszei et al., 2014; Miao et al., 1999; Rohde et al., 2007; Singer et al., 2008; 

Zhu et al., 2008). To assess whether IpaH7.8 binds Gasdermin family members, the catalytic 

cysteine (C) residue 357 was mutated to serine (S) as a method to prevent substrate turnover 

and stabilize the interaction between IpaH7.8 and substrate (Pierce et al., 2009). Co-

immunoprecipitation studies revealed that IpaH7.8C357S bound to GSDMB in cells but not 

to other Gasdermin family members (Figure 1E). In addition, IpaH7.8 and GSDMB formed 

a 1:1 stoichiometric complex in solution, whereas IpaH2.5 did not bind GSDMB in this 

assay (Figure 1F and 1G). Interestingly, IpaH7.8 did not recognize the C-terminal 

autoinhibitory domain of GSDMB (GSDMB-C), suggesting that the N-terminal pore 

forming subunit (GSDMB-N) contributes to the binding specificity (Figure 1F, lane 6). 

Consistent with this interpretation, IpaH7.8 did not bind recombinant GSDMD, which 

shares less than 30% sequence identity to the N-terminus of GSDMB (Figure S1D).

To determine if IpaH7.8 ubiquitinates GSDMB as the UBAIT reaction and binding studies 

indicate, recombinant IpaH7.8 and GSDMB were incubated with E1 (UbE1), E2 (UbcH5b), 

ubiquitin, and ATP in vitro. IpaH7.8, but not the IpaH7.8C357S mutant, transferred free 

ubiquitin to GSDMB in a dose dependent manner (Figure 1H). Mass spectrometry analysis 

revealed two high-confidence ubiquitin modified residues in the N- (K166) and C- (K308) 

terminal domains of GSDMB (Figure S1E). However, mutations of these residues to 

arginine (K166/308R) did not prevent GSDMB ubiquitination suggesting that mulitple 

lysine residues are modified by IpaH7.8 (Figure S1F). Consistent with this interpretation, 

GSDMB migrated at a high molecular weight indicative of multi-site ubiquitination when a 

ubiquitin variant incapable of serving as an acceptor for polyubiquitin chain formation (ΔK 

ubiquitin) was used in the ligation reaction (Figure 1I). In addition, deletion of the C-

terminal glycine (ΔG ubiquitin) required for lysine modification of substrates eliminated 

IpaH7.8 ubiquitination of GSDMB (Figure 1I). We also found that IpaH7.8 catalyzed K48 

ubiquitin chains similar to other IpaH family members (K48 ubiquitin, Figure 1I) (Rohde et 

al., 2007; Zhu et al., 2008). In contrast, ubiquitin chain formation on GSDMB was not 

observed in reactions supplemented with the K48R ubiquitin mutant (Figure 1I). Lastly, in 

agreement with the substrate specificity observed in the Co-IP studies, IpaH7.8 ubiquitinated 

GSDMB but not other Gasdermin family members (Figure 1J). We conclude that GSDMB is 

a highly specific substrate of IpaH7.8 and that K48 ubiquitin modification of several lysine 

residues may allow S. flexneri to alter GSDMBs immunological function.

GSDMB is targeted for 26S proteasomal degradation by Shigella IpaH7.8

The majority of IpaH family members target substrates for 26S proteasome destruction 

(Rohde et al., 2007; Singer et al., 2008; Zhu et al., 2008). In line with this conserved activity, 

we were unable to detect GSDMB expression in cells that were co-transfected with IpaH7.8 

(Figure 2A, S2A). In contrast, IpaH7.8 had no effect on the expression levels of HOIP or 

GBP1, the host targets of IpaH1.4/2.5 and IpaH9.8, respectively (Figure 2A, S2A). No other 

IpaH family members reduced GSDMB protein levels under these conditions (Figure 2A, 

S2A). To determine if IpaH7.8 exhibits target specificity for GSDMB, we co-transfected 
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IpaH7.8 with GSDMB, GSDMC, and GSDMD. Consistent with the selectivity observed in 

binding and ubiquitination assays, only GSDMB protein levels were depleted by IpaH7.8 

(Figure 2B). Catalytically inactive IpaH7.8C357S failed to reduce GSDMB expression, 

indicating that loss of the protein was due to site directed ubiquitination (Figure 2B). Indeed, 

application of the 26S-proteasome inhibitor MG132 prevented loss of GSDMB in IpaH7.8 

expressing cells, confirming that IpaH7.8 targets GSDMB for ubiquitin-mediated proteolysis 

(Figure 2C, S2B).

Shigella IpaH7.8 targets GSDMB during infection

Next, we performed Shigella infection studies to determine if GSDMB is a physiologically 

relevant target of bacterially produced and secreted IpaH7.8. Ubiquitinated GSDMB was 

detected in cells infected with S. flexneri but not in cells infected with S. flexneri ΔipaH7.8 
(Figure 2D, note that MG132 proteasome inhibitor was used to prevent GSDMB degradation 

in this assay). Consistent with this result, GSDMB protein was significantly reduced by S. 
flexneri infection compared to non-infected (NI) controls (Figure 2E and S2C). Genetic 

studies revealed that the Mxi-SPA T3SS (Allaoui et al., 1993) was necessary for GSDMB 

degradation and that IpaH7.8 was the essential effector required for this reaction (Figure 2E, 

S2C). Fluorescence microscopy confirmed that GSDMB was eliminated in host cells that 

were infected with S. flexneri but not S. flexneri ΔipaH7.8 (Figure 2F). Lastly, S. flexneri 
eliminated endogenous GSDMB from the human epithelial cell line HCC1954 in an IpaH7.8 

dependent manner (Figure 2G). These data support the conclusion that IpaH7.8 eliminates 

GSDMB as a virulence strategy of S. flexneri.

Comparison between GSDMD and GSDMB pore formation in vitro

GWAS have linked GSDMB polymorphisms to human pathology, yet its role in host 

immunity is still poorly understood. Unlike its related family members including GSDMD, 

GSDMB is not activated by inflammatory Caspases (Figure S3A-D) and does not induce 

inflammation in a murine model of asthma (Chao et al., 2017; Das et al., 2016). However, 

the specificity by which GSDMB was targeted by IpaH7.8 suggested that it may play a 

central role in human defense against pathogens. To then interrogate the membrane binding 

properties of GSDMB, we developed an in vitro activation system to directly compare the 

well characterized pore forming activity of GSDMD to the currently uncharacterized activity 

of GSDMB. A Tobacco Etch Virus protease (TEVp) cleavage site was introduced into the 

linker region of both GSDMB and GSDMD (denoted GSDMBTEV and GSDMDTEV) 

(Figure S3E and S3F). Incubation with TEVp resulted in similar levels of GSDMBTEV and 

GSDMDTEV activation (Figure S3E and S3F).

Previous studies have shown that activated GSDMD binds anionic phospholipids enriched 

on the inner leaflet of the mammalian cell plasma membrane (Aglietti et al., 2016; Ding et 

al., 2016; Evavold et al., 2018; Liu et al., 2016). As anticipated, the N-terminal domain of 

GSDMD (GSDMD-N) bound to liposomes consisting of 20 mol% Phosphoinositide (PI), 

PI(4,5)P2 and sulfatide (Figure 3A, lanes 4, 8, and 12; and S3G). To our surprise, neither 

full-length nor the N-terminal pore forming subunit of GSDMB (GSDMB-N) substantially 

interacted with membranes composed of these lipids (Figure 3A lanes 2, 6, and 10; and 

S3G). Because GSDMs may require multiple lipid species to insert into the plasma 
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membrane, we generated liposomes from bovine liver extracts composed of 42% PC, 26% 

PE, 9% PI, 1% Lyso-PI, 5% cholesterol, and 17% neutral lipids. GSDMD-N interacted with 

this membrane preparation whereas neither full length nor the GSDMB-N subunit bound to 

these liposomes (Figure 3B). These data indicate that GSDMD and GSDMB exhibit distinct 

membrane binding properties and that the major lipid species found in mammalian cell 

membranes do not support GSDMB pore formation.

GSDMB-N forms lytic pores in bacterial-mimetic membranes

The inability of GSDMB to interact with liposomes that approximate the mammalian cell 

plasma membrane suggested an alternative target. Because S. flexneri has evolved a 

sophisticated mechanism to eliminate GSDMB, we tested whether a bacterial lipid might 

serve as a binding substrate. Remarkably, over 90% of the GSDMB N-terminal subunit 

interacted with unilamellar liposomes generated from E. coli polar extracts (Figure 3C, lane 

2). Neither full length nor the C-terminus of GSDMB bound to this lipid bilayer. In addition, 

GSDMB did not bind to liver liposomes in a side-by-side comparison (Figure 3B, lanes 2 

and 4), suggesting that the GSDMB N-terminus may insert and form pores in bacterial-

mimetic membranes. Indeed, negative stain electron microscopy (EM) revealed that 

activated GSDMB formed oligomers in artificial E. coli membrane bilayers, but not in 

bilayers composed of mammalian lipids (Figure 3D and S3H). Consistent with GSDMB 

functioning as a pore forming protein, the detergent extracted oligomers of GSDMB were 

comparable in size to the GSDMA3 pore (~18 nm) (Figure 3E, 3F, and S3I) (Ruan et al., 

2018). In addition, activated GSDMBTEV induced carboxyfluorescein dye release from E. 
coli liposomes but not from liposomes generated from liver extracts (Figure 3G and 3H).

The GSDMB-N targets cardiolipin and Lipid A for binding and pore formation

The inner membrane of Gram-negative bacteria is primarily composed of 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL), and 

glycolipids (GLs) (shown in Figure 4A) while the outer leaflet of the outer membrane is 

composed of Di[3-deoxy-D-manno-octulosonyl]-lipid A (KLA) (Bond and Sansom, 2004; 

Bos and Tommassen, 2004). To define the mechanism of bacterial membrane recognition by 

GSDMB, each of these lipids were mixed with phosphatidylcholine (PC) carrier lipid in a 

20:80 molar ratio (Figure 4A and 4B). PE containing liposomes did not interact with 

GSDMB, whereas PG pelleted approximately 22% of the total GSDMB N-terminus (Figure 

4B). In contrast to this moderate interaction, over 70% of the GSDMB-N subunit sedimented 

with liposomes containing 20 mol% CL, a product of PE and PG condensation and an 

integral component of the Gram-negative bacterial inner membrane (Figure 4B). CL also 

supported GSDMB membrane oligomerization and pore formation as assessed by negative 

stain EM and dye release assays, respectively (Figure 4C and 4D). Lastly, we found that the 

lipid component of LPS (20 mol% KLA) bound GSDMB-N, albeit at a lower relatively 

affinity than that observed for cardiolipin (Figure 4B).

These studies indicate that CL, and to a lesser degree PG and KLA, function as binding 

substrates for activated GSDMB. They also suggest that GSDMB discriminates between 

distinct chemical structures of lipids rather than simply binding negatively charged 

membrane surfaces. In theory, such a mechanism would allow GSDMB to distinguish 
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between the bacterial inner membrane and mammalian cell plasma membrane despite both 

surfaces being negatively charged. Consistent with this notion, addition of 20mol% CL to 

liver polar extracts supported GSDMB membrane binding and pore formation (Figure 4E 

and 4F). The ability of GSDMB to interact with a lipid bilayer that mimics the plasma 

membrane only when reconstituted with cardiolipin, but not with other negatively charged 

lipids, suggests that membrane binding specificity of GSDMB has evolved through a "lock 

and key" mechanism.

GSDMB targets actively dividing bacteria for lytic destruction

CL, PG, and KLA are essential components of Gram-negative bacterial membranes. To 

determine if GSDMB selectively targets bacteria we assessed viability of S. flexneri exposed 

to GSDMB in vitro. Co-incubation of GSDMBTEV and TEVp inhibited recovery of S. 
flexneri by over 50 fold (Figure 4G and 4H). The morphology of bacteria treated with 

activated GSDMB was strikingly different compared to bacteria treated with inactive 

GSDMB as assessed by Scanning Electron Microscopy (SEM) (Figure S4A). Less than 1 

μM of GSDMB-N was sufficient to inhibit S. flexneri in vitro (Figure S4B). In addition, the 

killing activity was greatest when GSDMB was incubated with S. flexneri in exponential 

growth phase (Figure 4H). These data indicate that actively dividing bacteria are more 

vulnerable to the pore forming activity of GSDMB, possibly because the septum between 

dividing cells is enriched with CL (Mileykovskaya and Dowhan, 2009). Neither the full-

length nor the C-terminal domain of GSDMB inhibited S. flexneri, confirming GSDMB N-

terminus is the bactericidal subunit (Figure S4B).

We then examined the ability of GSDMB to target a panel of Gram-negative and Gram-

positive bacteria. The viability of E. coli DH5α, Enterohemorrhagic E. coli (EHEC) 

O157:H7, Citrobacter rodentium, Enterobacter cloacae, and Salmonella enterica serovar 

Typhimurium was significantly reduced by activated GSDMB (Figure 4I). In contrast, 

Gram-positive bacteria (Listeria monocytogenes, Staphylococcus aureus, and Lactococcus 
lactis) were unaffected (Figure 4I). Interestingly, Y. pseudotuberculosis viability was also 

unaffected by GSDMB activation (Figure 4I). These data suggest that alteration in bacterial 

membrane structure or composition may dictate target specificity by GSDMB (Hitchen et 

al., 2002; Rebeil et al., 2004).

NK cells activate GSDMB in response to intracellular pathogen infection

GSDMB is cleaved and activated by Granzyme A (GZMA) (Zhou et al., 2020), a serine 

proteinase that is expressed by tissue resident innate lymphoid cells (ILC) and delivered into 

bacterial or viral infected target cells (Chowdhury and Lieberman, 2008; Gasteiger et al., 

2015; Panda and Colonna, 2019; Walch et al., 2014). Consistent with this report, GSDMB 

that was cleaved by GZMA formed pores in bacterial-mimetic liposomes and mammalian 

liposomes reconstituted with CL (Figure S5A-C). Additionally, GZMA activated GSDMB 

inhibited S. flexneri viability in vitro (Figure S5D). These studies suggest that GZMA may 

activate GSDMB in response to bacterial infection in vivo.

We generated transgenic mice expressing human GSDMB (note that mice do not have a 

GSDMB homolog) (Tamura et al., 2007), and confirmed broad tissue expression of the 
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transgene in vivo (Figure 5A and S5E) (Chu et al., 2016; Schwenk et al., 1995). Because 

Shigella does not naturally infect mucosal tissues of mice, we examined GSDMB activation 

in context of the murine tropic pathogen Salmonella enterica serovar Typhimurium (STm). 

Previous studies have shown that STm establishes a replicative niche in intestinal epithelial 

cells and is transmitted to systemic tissues (Carter and Collins, 1974). We found that 

GSDMB was readily activated by STm in the caecum of orally infected mice (Figure 5B). 

Surprisingly however, STm had no effect on GSDMB activation levels in the liver or spleen 

despite robust colonization of the pathogen in these tissues (Figure 5B). We conclude that 

despite the ubiquitous expression of GZMA in the three tissues examined, GSDMB is 

selectively activated in mucosal tissues in response to bacterial infection (Figure 5B). It is 

important to note that transgenic expression of GSDMB had little effect on STm replication 

in the intestinal tract or at systemic sites in this conventional model of infection (Figure 5C). 

It is plausible that STm is protected from GSDMB activation by its replication vacuole or by 

unknown virulence mechanisms in these conventionally raised mice. Alternative models in 

which cytosolic STm contributes significantly to murine disease will be needed to determine 

the precise impact of GSDMB activation on this pathogen (Kaiser et al., 2012; Santos et al., 

2001).

Natural Killer (NK) cells comprise a subset of tissue resident ILCs that deliver GZMA to 

infected target cells (Gasteiger et al., 2015; Panda and Colonna, 2019; Walch et al., 2014). 

We therefore sought to determine if NK cells activate GSDMB as a mechanism of host 

protection against a susceptible cytosolic pathogen. GSDMB expressing cells were pre-

infected with WT S. flexneri or S. flexneri ΔipaH7.8 and the remaining extracellular bacteria 

were eliminated using gentamicin. IL-2 activated NK cells were then co-cultured with either 

uninfected or infected cells (Figure 5D). Interestingly, NK cells failed to induce cleavage of 

GSDMB in uninfected target cells (Figure 5E, lanes 1 and 4). In addition, the N-terminal 

subunit of GSDMB was not detected in cells infected with WT S. flexneri (Figure 5E, lane 

5). In contrast, a 28kDa fragment corresponding in size to the GSDMB N-terminal pore-

forming subunit was detected in S. flexneri Δipah7.8 infected cells when co-cultured with 

NK cells (Figure 5E, lane 6). Thus, GSDMB activation is a direct response to NK cell 

recognition of pathogen infected cells, and this activation is neutralized by IpaH7.8 in cells 

infected with WT S. flexneri.

Next, we sought to determine if GSDMB activation by NK cells inhibits intracellular 

viability of a disarmed pathogen (Figure 4H). Following the procedure described in Figure 

5D, we found that NK cells potently inhibited S. flexneri ΔipaH7.8 viability in GSDMB-

positive cells (Figure 5F, bar 4). By comparison, NK cells had little effect on intracellular 

WT S. flexneri, indicating that IpaH7.8 protects the pathogen from activated GSDMB 

through ubiquitin-mediated proteolysis (Figure 5F, bar 2). In control experiments, NK cells 

did not suppress either WT or S. flexneri ΔipaH7.8 viability in GSDMB-negative cells 

(Figure 5F, bars 1 and 3). Collectively, these data suggest that NK cell activation of GSDMB 

is a host response to infection and a means for killing cytosolic bacteria.
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The GZMA-GSDMB immune axis eliminates S. flexneri independent of host cell death.

A central question raised by these studies is whether GZMA-dependent activation of 

GSDMB eliminates pathogens by inducing host cell death or by forming pores in bacterial 

membranes. To address this question, we reconstituted GZMA delivery to infected cells 

using purified components. GSDMB-positive HEK293T cells were infected with S. flexneri, 
incubated with gentamicin, and then transfected with recombinant GZMA (Figure 6A). As 

early as two hours post GZMA transfection, GSDMB activation was detected in S. flexneri 
Δipah7.8, but not WT S. flexneri infected cells (Figure 6B, lanes 4 and 8). Consistent with 

this timing of GSDMB activation, S. flexneri ΔipaH7.8 growth and viability were markedly 

reduced by GZMA transfection whereas WT S. flexneri was protected (Figure 6C, S6A). 

The anti-bacterial effect of GZMA was caused by GSDMB activation since GZMA 

transfection had no effect on S. flexneri ΔipaH7.8 in GSDMB-negative cells (Figure S6A). 

To then assess the role of host cell death in this process, we monitored cellular release of 

lactate dehydrogenase (LDH) as a marker of plasma membrane disruption. S. flexneri 
infection caused naive (GSDMB-negative) HEK293T cells to release lactate dehydrogenase 

(LDH), a sign that plasma membrane integrity was disrupted by the pathogen (Figure S6B). 

However, the membrane damage caused by S. flexneri was not further exacerbated by 

GSDMB activation (Figure 6D and S6B). These studies suggest that GSDMB can limit 

intracellular bacterial viability and replication by a mechanism independent of host cell 

death. In agreement with this conclusion, microinjection of Caspase-1 into GSDMD 

expressing cells induced cytosolic leakage (Figure S6C), whereas delivery of GZMA had no 

discernable effect on the membrane integrity of GSDMB expressing cells at time points 

similar to those used to assess S. flexneri infection (Figure S6D). Together, these findings 

support the non-canonical function of GSDMB as a bacterial targeting cytolysin.

DISCUSSION

In this study, we show that human GSDMB functions as an anti-bacterial cytolysin that 

forms pores in bacterial-mimetic membranes in vitro and restricts the growth of intracellular 

cytosolic bacteria in response to NK cell mediated activation. The physiological relevance of 

this anti-bacterial pathway for host immunity is underscored by the specificity in which a 

food-borne pathogen activates GSDMB in the intestinal tract of mice and by the finding that 

S. flexneri has evolved a strategy to counteract this host defense mechanism. Specifically, 

the bacterial E3 ubiquitin ligase IpaH7.8 marks GSDMB for 26S proteasomal destruction. 

We further show that IpaH7.8 protects S. flexneri from the bactericidal activity of NK cells 

via GSDMB elimination. Together, these studies shed light on the molecular arms race 

between S. flexneri and a mechanism of innate immunity that controls intracellular 

replication of cytosolically localized pathogens (Figure 6E and F).

Pore forming proteins are an ancient form of immunity that have been co-opted by mammals 

to fight both intracellular and extracellular pathogens (Liu and Lieberman, 2020). For 

example, cytolytic proteins released from the granules of lymphocytes can exhibit direct 

anti-bacterial activity (Dotiwala et al., 2017; Stenger et al., 1998; Walch et al., 2014). Prior 

to our work, Gasdermin-family members had been implicated in growth restriction of non-

pathogenic E. coli (Liu et al., 2016). However, it has been unclear if direct targeting of 
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bacteria by GSDMs is a physiologically relevant mechanism of mammalian immunity, or 

simply results from non-specific interactions between GSDM proteins and anionic 

phospholipids that are found in both prokaryotic and eukaryotic membranes. Here, we 

demonstrate that GSDMB indeed limits the replication of S. flexneri in context of the host 

cell. The specificity by which GSDMB targets bacteria is generated by its unique lipid 

binding profile. Previous studies suggested that full length GSDMB bound to phospholipids 

immobilized to a nitrocellulose support (Chao et al., 2017). However, we found that these 

interactions are not sufficient to support GSDMB pore formation in a membrane bilayer 

(Figure 3A). Rather, GSDMB binds and forms pores in membranes enriched in cardiolipin 

and other bacterial lipids including phosphatidylglycerol and lipid A (Figure 4B-D, S5B). 

These results indicate that GSDMB can discriminate between the chemical properties of 

lipids found in cellular membranes. Consistent with this idea, GSDMB was unable to insert 

into a plasma-membrane mimetic bilayer generated from a complex lipid mixture without 

addition of cardiolipin (Figure 4E, 4F, S5C). Moreover, activation of GSDMB by NK cells 

or GZMA delivery potently inhibited S. flexneri through a mechanism independent of host 

cell death. These studies provide compelling evidence that bacteria are a physiologically 

relevant target of the activated GSDMB protein.

To date, the molecular function of GSDMB in normal physiology and human disease has 

been enigmatic. Recent studies indicate that lytic cell death induced by GSDMB is a key 

event in the immune response to cancer (Zhou et al., 2020). However, this mechanism is 

difficult to reconcile with studies showing that the GSDMB N-terminus does not cause 

mammalian cell lysis through a mechanism similar to other Gasdermin family members 

(Chen et al., 2019; Shi et al., 2015b). The work presented here supports an alternative 

mechanism of membrane recognition by GSDMB that may help explain these discrepancies. 

We found that GSDMB-N does not interact with phospholipids commonly found in the 

mammalian cell plasma membrane. It is therefore intriguing to speculate that GSDMB 

induces cell death pathways by recognizing the mis-localization of lipids that could occur in 

diseased tissues or infected cells. For example, cardiolipin is a constituent of the inner 

mitochondrial membrane. Surface exposure of cardiolipin could trigger GSDMB pore 

formation and a mitochondrial-dependent cell death pathway (Chu et al., 2013). 

Alternatively, cardiolipin, or its precursor PG may mis-localize to the plasma membrane in 

transformed cancer cells where they function as GSDMB substrates. Determining the 

breadth of lipids that drives GSDMB pore formation and its cellular location could shed 

light on the diverse role of this pore forming cytolysin in autoinflammation, microbial 

infection, and cancer.

While this study has elucidated a unique function of GSDMB in host immunity, it also sheds 

light on the role of IpaH7.8 in S. flexneri pathogenesis. Upon crossing the epithelial cell 

barrier of the gut, S. flexneri infects tissue resident macrophage. This event results in 

macrophage lysis and re-infection of colonic epithelial cells that serve as a reservoir for 

pathogen replication (Figure 6E). IpaH7.8 appears to play two distinct roles in the S. flexneri 
lifecycle. First, IpaH7.8 activates macrophage cell death by ubiquitinating and degrading 

negative regulatory components of the NLRP1/NLRP3 inflammasomes (Sandstrom et al., 

2019; Suzuki et al., 2014; Suzuki et al., 2018). While NLRP1 inflammasome activation has 

been proposed to enhance immunity to microbial infection, lysis of macrophage also 
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promotes the dissemination of S. flexneri from immune cells to the colonic epithelium 

(Schroeder and Hilbi, 2008; Zychlinsky et al., 1992; Zychlinsky et al., 1996). Thus, 

inflammasome activation appears to benefit both the host and the pathogen. Our data are 

consistent with these studies as IpaH7.8 does not ubiquitinate the primary executioner of 

inflammasome mediated cell death GSDMD. Second, IpaH7.8 potently suppresses NK cell 

mediated killing of S. flexneri by ubiquitinating and targeting GSDMB for proteolytic 

destruction (Figure 6F). Importantly, GSDMB is primarily expressed in barrier epithelial 

cells (Carl-McGrath et al., 2008). Thus, IpaH7.8 supports replication of S. flexneri in its 

predominant cellular niche by protecting the pathogen from GSDMB pore formation. It is 

currently unclear how IpaH7.8 distinguishes between GSDMB and other Gasdermin family 

members. Elucidating this mechanism may explain how S. flexneri navigates the complex 

cellular environment of the gut mucosa by controlling multiple arms of the innate immune 

system.

While Shigella encodes a Type III effector protein that evolved to inhibit the GZMA/

GSDMB innate immune signaling axis in humans, other bacterial pathogens may exhibit 

alternative mechanisms of protection. For example, bacteria that reside in a phagocytic 

vacuole, such as STm, would likely have minimal exposure to activated GSDMB in the 

cytosol. However, it remains to be determined if GSDMB targets the small but biologically 

significant proportion of STm found in the cytosol of epithelial cells (Knodler et al., 2014; 

Malik-Kale et al., 2012). We also found that unlike other Gram-negative bacteria, Yersinia 
was unaffected by GSDMB activation in vitro. It will be informative to determine if the cell 

surface lipid structure of this pathogen is refractory to GSDMB recognition, or if it secretes 

a virulence factor as a mechanism of protection similar to other Gasdermin activation 

pathways (Orning et al., 2018; Sarhan et al., 2018). Future studies will be needed to define 

the breadth of bacterial species targeted by GSDMB and to determine if human pathogens 

have indeed evolved mechanisms to counteract this arm of the innate immune system. If so, 

then activation of the GZMA/GSDMB signaling axis may be a critical factor in determining 

human disease outcomes to infection by numerous bacterial pathogens.

Limitations of Study

We have yet to determine if NK cells eliminate additional Gram-negative bacteria through 

GSDMB activation or if other pathogens have evolved virulence strategies to counteract this 

host defense mechanism. In addition, the current studies on S. flexneri are limited to cell-

based assays since this pathogen does not naturally infect genetically tractable mammals and 

because GSDMB is a human gene not found in mice. Newly developed mouse models of S. 
flexneri infection (Mitchell et al., 2020) combined with transgenic expression of GSDMB 

will be needed to define this mechanism of S. flexneri virulence in vivo. Similarly, 

determining the cell types of the gut mucosa targeted by NK cells in this model of GSDMB 

function requires further investigation.
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STAR METHODS

RESOURCE AVAILABILITY

LEAD CONTACT AND MATERIALS AVAILABILITY—Further information and 

requests for resources should be directed to and will be fulfilled by the Lead Contact, Neal 

M. Alto (neal.alto@utsouthwestern.edu). Plasmids, primers, recombinant protein, 

experimental strains, and any other research reagents generated by the authors will be 

distributed upon request to other research investigators under a Material Transfer 

Agreement.

DATA AND CODE AVAILABILITY—This study did not generate/analyze unique datasets 

or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS—E. coli DH5α chemically 

competent cells were used for molecular cloning. E. coli BL21 chemically competent cells 

were used for protein expression. E. coli were grown in LB medium cultured at 37°C. For 

cellular infections, Shigella flexneri was grown overnight at 30°C in LB and then 

subcultured 1:50 in fresh LB at 37°C the day of the infection to OD600 0.6-0.8. For mouse 

infection, Salmonella enterica serovar Typhimurium (strain SL1344, Strepr) was grown 

overnight at 37°C and then subcultured the next day in fresh LB at 37°C to an OD600 0.6. 

For in vitro bacterial killing assays, bacteria were cultured in BHI at 37°C overnight and 

then subcultured another 3 hours the next day at 37°C. HEK293T cells (human; sex: female, 

kidney epithelial) were grown in Dulbecco's Modified Eagle Medium (DMEM) high 

glucose, supplemented with 10% Fetal Bovine Serum, 1% Non-Essential Amino Acids 

(NEAA). H1299 (human; sex: male, lung epithelial) HCC1954 (human; sex: female, breast 

epithelial) cells were grown in RPMI 1640 with L-glutamine 10% Fetal Bovine Serum, and 

1% NEAA. NK-92 MI cells (human; sex: male, peripheral blood Natural Killer) were grown 

in Alpha Minimal Essential medium (αMEM) without ribonucleotides and 

deoxyribonucleosides, 20% Fetal Bovine Serum, 2mM L-glutamine, 1.5g/L sodium 

bicarbonate, 0.2mM myo-inositol, 0.02mM Folic Acid, 10mM HEPES, and 0.1mM 2-

mercaptoethanol. All cell lines were grown in at 37°C under 5% CO2. HEK293T and NK-92 

MI cells were obtained from ATCC. H1299 and HCC1954 cells were obtained from the 

Minna Lab at UTSW. Mice were female 6-8 weeks old. To obtain experimental mice 

C57BL6 GSDMB+/+ female mice were crossed with male CMV-Cre+/− mice. CMV-Cre is 

X-linked and thus all female pups will be GSDMB+/− CMV-Cre+/−. These female mice were 

housed as littermates in 5 mice/cage and used in infection experiments. After treatment, 

Western blots were performed to determine GSDMB expression. Since CMV-Cre is X-

chromosome linked GSDMB expression was detectable in half of all mice (GSDMB+ 

group) and silenced in the other half (GSDMB-group).

METHOD DETAILS

Purification of recombinant proteins.—To obtain full length untagged GSDMB and 

IpaH7.8, E. coli BL21 cells were transformed with the pET28b-6xHis-MBP-His-TEV-

GSDMB vector or pProEx-HTa-IpaH7.8 vector and were grown in LB medium 

supplemented with kanamycin (pET28b) or ampicillin (pProEx-HTa). After cultures reached 
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OD600 of 0.7, protein expression was induced with 0.5 mM IPTG overnight at 18°C. Cells 

were lysed using an Emulsiflex C5 (Avestin) in buffer containing 20mM HEPES, 150mM 

NaCl, 1mM TCEP and 25mM Imidazole at pH7.5. The fusion proteins were affinity purified 

using Ni-NTA agarose (Qiagen). His-MBP-His-GSDMB or His-IpaH7.8 were eluted in 

buffer containing 500mM Imidazole and dialyzed into 20mM HEPES, 150mM NaCl, 1mM 

TCEP (pH7.5). The His-MBP-His- or His-tags were removed by overnight digestion with 

TEV protease at room temperature. TEV protease was removed from the cleavage reactions 

with Ni-NTA agarose and the untagged proteins were further purified using a Superdex 

highload 200 16/600 gel filtration chromatography column (GE Healthcare life sciences).

To obtain C-terminal 5xHis-tagged GSDMBTEV, E. coli BL21 carrying pET21a-

GSDMBTEV were grown in LB media supplemented with ampicillin. After the cultures 

reached OD600 0.7, protein expression was induced with 0.5mM IPTG at 17°C overnight. 

Cells were lysed using an Emulsflex C5 (Avestin) in buffer containing 20mM HEPES, 

150mM NaCl, 1mM TCEP, and 25mM Imidazole (HBSi) with the final pH at 7.5. The 

fusion protein was affinity purified using TALON Metal Affinity Resin (Takara Biosciences) 

and eluted in HEPES buffer containing 500mM Imidazole. The protein was concentrated 

using a 10,000 MWCO Amicon 50 spin concentrator and further purified using a Superdex 

highload 200 16/600 gel filtration column (GE Healthcare Life Sciences).

To obtain untagged GSDMDTEV, the GSDMD coding region including a TEV cleavage site 

in the interdomain linker, was cloned into pET28b-MBP. The HIS-MBP-HIS-3C-

GSDMDTEV protein was purified from E. coli BL21 using TALON Metal Affinity Resin 

(Takara Biosciences) in HBSi. GST-3C protease was added to the HIS-MBP-HIS-3C-

GSDMDTEV bound to TALON Resin and resin suspension was agitated overnight at 4°C. 

The resin suspension was run over a chromatography column (BioRad) packed with GST-

Agarose (GE) to remove the TALON resin and the GST-3C protease. The flow-through was 

then concentrated in an 30,000 MWCO Amicon 50 spin filter and purified over a Superdex 

highload 200 16/600 gel filtration column (GE Healthcare Life Sciences).

To obtain GST-tagged GSDMA, GSDMB, GSDMD and GSDME, E. coli BL21 were 

transformed with the respective Gasdermin constructs cloned in pGEX4T-1 and grown in LB 

media supplemented with ampicillin. After the cultures reached OD600 0.7, protein 

expression was induced with 0.5mM IPTG at 17°C overnight. Cells were lysed using an 

Emulsiflex C5 (Avestin) in buffer containing 20mM HEPES, 150mM NaCl, and 1mM TCEP 

pH 7.5. The fusion proteins were affinity purified using glutathione sepharose beads (GE 

Healthcare Life Sciences). GST-GSDMs were eluted in buffer containing 50mM reduced 

glutathione at pH8.0 and dialyzed overnight at 4°C into HEPES buffer without glutathione.

To obtain recombinant GST-IpaH-3xFLAG-Ub proteins for UBAIT experiments, full length 

IpaH2.5, IpaH4.5, IpaH7.8, and IpaH9.8 were cloned into pGEX6P-1 together with a 

3xFLAG peptide followed by the coding sequence for ubiquitin using Gibson Cloning 

(NEB). Constructs were sequence confirmed and then transformed into E. coli BL21 and 

purified using the same protocol as other GST tagged proteins.
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To obtain recombinant GZMA protein, HEK293T cells were plated at a density of 4x106 

cells per 15cm dish. The next day cells were transfected with pHL SEC GZMA plasmid 

using Calcium-Phosphate transfection (Au - Dotiwala et al., 2015). Three days later GZMA 

was purified from the media using TALON Resin (Takara). Resin was washed with 20 

volumes of 50mM TRIS pH 8.0, 150mM NaCl, and then eluted in the same buffer with 

250mM Imidazole. Elution was concentrated to 6ml and buffer exchanged into 4L of 50mM 

TRIS pH 8.0, 50mM NaCl, and 4mM CaCl2 for 4 hours at room temperature. Enterokinase 

was then added to the dialysis cassette with GZMA and incubated at room temperature 

overnight in fresh buffer. The next day the dialysis cassette was placed in 4L 50mM bisTRIS 

pH 5.8, 150mM NaCl and buffer exchanged for 4 hours at room temperature. GZMA protein 

was then loaded onto a Capto-S column (GE/Cytiva) and eluted on a linear gradient using 

50mM bisTRIS pH 5.8, 1M NaCl. Fractions were collected, pooled, and activity was tested 

by monitoring cleavage of GSDMB.

UBAIT Substrate Capture Assays.—For UBAIT assays to capture unknown substrates 

from cell lysates, CaCo-2 cells were grown to confluency in 3 dishes (15 cm). Cells were 

washed in cold PBS and lysed in 300μl Lysis Buffer (1x Ubiquitination buffer (Boston 

Biochem), 1% Triton X-100, 1x protease inhibitor (Sigma), 1mM DTT). Then the lysate was 

centrifuged at 13,000g for 10 mins at 4°C. The supernatant (~460μl) was moved into a new 

tube and 25μg of the GST-IpaH-3xFLAG-Ub construct was added and rotated 1h at 4°C. 

Then His-UbE1 (100nM), His-UbcH5b (2000nM), ATP (1mM), MgCl (1mM) and 1x 

Ubiquitination buffer (Boston Biochem) were added to a final volume of 500μl. The reaction 

was left at 30°C for 10 minutes and then 300μl TBS buffer (25mM Tris-HCl pH7.4, 150mM 

NaCl, 1mM DTT) and 30μl of washed GST beads were added and rotated for 2h at 4°C. 

Beads were washed 4 times in TBS-T (TBS + 0.5% Triton-X100) and 2 times in TBS and 

then eluted in 150μl reduced glutathione (pH8.0). Beads were centrifuged and the 

supernatant taken to a new tube. 0.25% SDS (final concentration) and 5mM DTT (final 

concentration) were added and the solution was boiled 5 min. at 95°C. 1.2ml TBS was 

added followed by 20μl M2-FLAG beads (Sigma) and tube was rotated for 2h at 4°C. Then 

beads were washed 4 times in TBS-T followed by 2 times in TBS. Finally, 35μl of hot 

(95°C) SDS-Loading buffer was added and the beads were boiled an additional 5 mins at 

95°C. Samples were electrophoresed on a precast SDS-PAGE gradient gel (Biorad) and 

Coomassie stained. To identify captured proteins, a lane of gel above the unmodified IpaH-

UBAIT band was excised and proteins were digested in-gel with trypsin and run on a Q 

Exactive MS platform at the Proteomics Core Facility at University of Texas Southwestern 

Medical Center.

For assays involving capture of purified proteins, 25μg GST-IpaH-3xFLAG-Ub constructs 

were combined with 25μg recombinant GST-HOIP (de Jong et al., 2016), GST-GSDMB or 

GST-GSDMD in a similar Ub reaction as shown above (but without addition of cell lysate). 

In this assay 35μl of final sample in SDS-LB was split in 2 equal volumes and run on 2 SDS-

PAGE gels: one for Coomassie and one for Western blotting using anti-HOIP (R&D 

Systems), anti-GSDMB (Covance) or anti-GSDMD (Cell Signaling) antibodies.
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Protein binding assays.—30μg GST, GST- GSDMBFL, GST-GSDMBCT or GST-

GSDMDFL was incubated for 1h with 30μl GST agarose with end-over-end mixing at 4°C in 

750μl 20mM HEPES, 150mM NaCl, 1mM TCEP (pH7.5). Protein-bound agarose was 

washed 4 times with 750μl binding buffer. Then, 30μg His-IpaH2.5 or His-IpaH7.8 was 

added to the protein-bound agarose in 750μl binding buffer and incubated for 1h at 4°C end-

over-end. Protein-bound agarose was washed 4 times with 750μl binding buffer. Proteins 

were eluted by resuspending the GST agarose in 35μl 2x Loading buffer with BME and 

boiling for 10 min. Eluted proteins were separated by SDS-PAGE and stained with 

Coomassie brilliant blue. Inputs were generated by loading 10μg of each protein for SDS-

PAGE.

For size exclusion chromatography (SEC) based binding assays, untagged full length 

GSDMB and IpaH7.8 were first run individually over a S200 10/300 GL increase column. 

Then, GSDMB and IpaH7.8 were mixed at equimolar concentrations and incubated for 1h at 

4°C end-over-end, and then run over the S200 10/300 GL increase column.

Mass Spectrometry.—To determine which lysines in GSDMB are ubiquitinated by 

IpaH7.8, a ubiquitination reaction (30μl) was performed with His-IpaH7.8WT or His-

IpaH7.8C357S. After 5h reactions were run on an SDS-PAGE gel (BioRad), Coomassie-

stained bands were excised and proteins were digested in-gel with trypsin and run on a Q 

Exactive MS platform at the Proteomics Core Facility at University of Texas Southwestern 

Medical Center.

In vitro ubiquitination reactions.—In vitro ubiquitination reactions were performed in 

50mM HEPES (pH7.5), 150mM NaCl, 20mM MgCl2, and 10mM ATP (Stieglitz et al., 

2012). Components were mixed as indicated at the following concentrations 1μM UbE1 

(E1), 5μM UbcH5b (E2), 500nM-10μM IpaH7.8WT or IpaH7.8C357S, 50μM Ubiquitin (WT, 

K48R, K48 only, ΔK, or 1-75aa (ΔG )), and 5μM GST-tagged GSDMA, GSDMB, GSDMD, 

GSDME, or un-tagged GSDMB. Reactions were incubated for 2-5h at 30°C, and then 

stopped with 2x Loading buffer containing β-Mercaptoethanol (BME) and boiling for 10 

min. Samples were processed for Western Blotting and blotted with anti-GST, anti-His, anti-

GSDMB, or anti-Ubiquitin antibodies.

Immunoprecipitation assays.—FLAG-GSDMA, FLAG-GSDMB, FLAG-GSDMD, and 

FLAG-GSDME were expressed in combination with GFP-IpaH7.8C357S in 293T cells. After 

24h, cells were collected and lysed in 25mM Tris-HCl (pH7.4), 150mM NaCl, 1% Triton, 1x 

protease inhibitor (Sigma Aldrich). Lysate was added to 15μl FLAG-M2 agarose beads 

(Sigma Aldrich) and incubated for 1h at 4°C with end-over-end mixing. Beads were washed 

10 times in lysis buffer and 50μl 2x SDS loading buffer (BioRad) was added.

For detection of GSDMB ubiquitination during Shigella flexneri infection, 300,000 

GSDMB-FLAG HEK293T cells were infected with WT or ΔipaH7.8 at an MOI of 50 for 

1.5 hours then cells were washed with DMEM/20mM HEPES, then replaced with media 

containing 50ug/mL gentamicin for 1 hour. Cells were then was two times with 2x cold PBS 

and lysed in 50mM TRIS (pH8.0) 150mM NaCl, 1% Triton, 1x protease inhibitors, and 

benzonase. Lysate was added to 40ul FLAG-M2 agarose beads (Sigma Aldrich) and 
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incubated for 2 hours at 4°C with end-over-end mixing. Beads were washed six times with 

lysis buffer and eluted by boiling in 44μl 3x SDS loading buffer (BioRad).

Cellular degradation assays.—This assay was performed as described previously (de 

Jong et al., 2016). Briefly all non-redundant Shigella flexneri IpaH genes were cloned into 

pEGFP-C2 and substrates HOIP, GSDMA GSDMB, GSDMC, GSDMD, GSDME or GBP1 

were cloned into pCMV-FLAG-6b. For assays, 150ng of pEGFP-C2 plasmid was co-

transfected together with 350ng pCMV-FLAG-6b plasmid into HEK293T cells seeded in a 

24 well plate at 1x105 cells per well. After 40h, cells were lysed in PBS + 1% Triton-X100, 

added to an equal volume of 2x SDS Loading buffer (Biorad) and processed for Western 

blotting. For MG132 assays, cells were transfected as above and 16h after transfection 10μM 

MG132 or equal volume of vehicle (DMSO) was added to wells. After 24h samples were 

processed as described above.

Production of anti-GSDMB antibodies in rabbits.—GSDMB antibody used in 

Figure 1C and 1D was raised against the C-terminus of GSDMB (GSDMB-CT). GSDMB-

CT was first cloned into pET28-MBP and purified from E. coli BL21 using Ni-NTA beads. 

His-MBP was then cleaved from the protein using TEV protease and removed by running 

the sample on a His-trap column. GSDMB antibody was produced from inoculation of 2 

rabbits and purified from serum using an affinity column loaded with GSDMB-CT 

(Covance). The resulting anti-GSDMB antibody was tested in our lab for activity by Western 

blotting. The antibody specifically detects purified GST tagged, His-MBP-tagged and 

FLAG-tagged GSDMB full length proteins.

Construction of a Shigella ΔipaH7.8 strain.—A Shigella flexneri M90T ΔipaH7.8 
strain was constructed by replacement of ipaH7.8 coding region with a kanamycin resistance 

cassette by homologous recombination followed by flipase catalyzed removal of the cassette 

(Datsenko and Wanner, 2000). The deletion was confirmed by sequencing.

Construction of GSDMB with TEV cleavage site (GSDMBTEV).—Amino acid 

residues 240-246 in the loop between the N- and C-terminal domains of GSDMB were 

replaced with a TEV protease cleavage sequence (ENLYFQS) and cloned into the bacterial 

expression vector pET21 (for His-tag purification from E. coli BL21), or into 

pCMVFLAG-6b (for expression in mammalian cells).

Caspase cleavage assay.—10μg of untagged recombinant GSDMB and His-MBP-

GSDMD were incubated with 1 unit of recombinant active human Caspases 1-10 in 1x 

reaction buffer supplied from the manufacturer Biovision. Reactions were incubated for 3 

hours at 30°C, stopped with addition of 2x Loading buffer, separated by SDS-PAGE and 

stained with Coomassie.

Liposome preparation.—All lipids and lipid extracts were purchased from Avanti Polar 

Lipids. To prepare unilamelar liposomes from E. coli and bovine liver lipids, polar extracts 

were hydrated at 5mg/ml with 20mM HEPES, 150mM NaCl (pH7.5) and then vortexed 

continuously for 5min at room temperature. To prepare unilamellar liposomes of defined 

lipid composition, Phosphatidylcholine (PC) was mixed with either phosphoinositide (PI), 

Hansen et al. Page 17

Cell. Author manuscript; available in PMC 2022 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), sulfatide, phosphatidylethanolamine 

(PE), phosphatidylglycerol (PG), cardiolipin (CL), or Di[3-deoxy-D-manno-octulosonyl]-

lipid A (Kdo2-Lipid A, KLA) at an 80% to 20% molar ratio. Lipids were hydrated at 5mM 

with 20mM HEPES, 150mM NaCl (pH7.5) and then vortexed continuously for 5min at 

room temperature. Liposomes were generated by extrusion of the hydrated lipids through a 

100nm polycarbonate filter (Whatman) 31 times using a Mini-Extruder device from Avanti 

Polar Lipids Inc. The CL complemented bovine liver liposomes were made by dissolving 

20mg of bovine polar liver extract in chloroform. Then 5mg of CL dissolved in chloroform 

was added, and vortexed continuously for 5 minutes. The lipids, dissolved in chloroform, 

were placed on a heat block set to 50°C and evaporated under a stream of nitrogen. The lipid 

film was then hydrated in HEPES buffer and extruded as before.

Liposome Binding Assay.—Liposome binding assays were adapted from (Ding et al., 

2016). GSDMBTEV/GSDMDTEV (5μM) and TEV protease (4μM) were incubated along 

with the indicated liposomes (500μM lipids) at 4°C overnight in a total volume of 80μl. 

After overnight incubation, samples were centrifuged in a Beckman Optima Max-TL 

Ultracentrifuge at 4°C for 20min. at 40,000 rpm to pellet liposomes. The supernatant (S1) 

fraction was collected to examine proteins not bound to the liposomes. The pellet (P) 

fraction was washed once in 500μl 20mM HEPES, 150mM NaCl by re-centrifugation and 

brought to equal volume as the supernatant. The S and P fractions were analyzed by SDS-

PAGE followed by Coomassie blue staining.

Scanning Electron Microscopy of Liposomes, GSDMB pores, and S. flexneri.
—For imaging GSDMB pores in liposomes, GSDMBTEV (5μM) and TEV (4μM) were 

incubated together with the indicated liposomes (500μM lipids) at 4°C for 7h in a total 

volume of 40μl. Samples were then diluted 1:1 with HEPES buffer and 10μl of the sample 

was transferred to carbon 400 mesh support films (Figure 3D, 3E, 4C, S3H). For imaging 

purified GSDMB pores, GSDMBTEV was cleaved with TEVp in the presence of E. coli 
polar liposomes overnight at 4°C. Reactions were then pelleted at 40,000 rpm for 20min at 

4°C. The supernatant (S1) was removed and 4x loading buffer was added. The pellet fraction 

containing GSDMB-N were either resuspended in HEPES buffer or buffer containing 50mM 

deoxycholate and incubated at room temperature for 1 hour. The reactions were then 

centrifuged at 17,000g for 30 minutes. The supernatant (S2) was collected to examine 

solubilized GSDMB-N. The pellet fraction was then resuspended in 1x loading buffer. The 

S1, S2, and P fractions were analyzed by SDS-PAGE followed by Coomassie blue staining 

(Figure S3E). The soluble GSDMB-N S2 fraction was diluted 1:1 with 50mM deoxycholate 

containing buffer and 10μl of sample was transferred to carbon 400 mesh support films. 

Samples were stained with 2% uranyl acetate for visualizing membrane bound GSDMB-N 

and 1% uranyl formate for visualizing soluble GSDMB-N (adapted from (Liu et al., 2019)) 

(Figure 3E). For imaging S. flexneri, GSDMB-N treated bacteria were fixed with 2% 

glutaraldehyde, stained with 2% uranyl acetate, and transferred to Formvar/carbon- 400 

mesh support films. All samples were imaged on a Tecnai G2 Spirit Biotwin (FEI) at 120kV. 

All Images were obtained using a Gatan 2k x 2k CCD camera. GSDMB-N diameter of 

embedded and solubilized pores were measured by importing the raw EM files into Image J 

and using measure function.
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Liposome Dye Release Assay.—Liposome dye release assays were adapted from (Peng 

et al., 2019) and (Ding et al., 2016). 5,6-carboxyfluorescein encapsulated liposomes were 

prepared by resuspending E. coli, liver polar, liver polar + CL, 100% PC, or 80% PC/20% 

CL in buffer containing 20mM HEPES 150mM NaCl and 100mM 5(6)-carboxyfluorescein 

(pH7.5) (Peng et al., 2019). The lipid suspension was extruded 31 times through a 100nm 

polycarbonate membrane. Liposomes containing carboxyfluorescein dye were diluted to 

300μM in HEPES buffer and the Ft0 was measured using excitation at 480nm and emission 

at 517nm for 5 cycles or approximately 2.5min to obtain a baseline reading. GSDMBTEV or 

TEVp cleaved GSDMBTEV were added to reactions at 1.0μM in a final volume of 100μl and 

dye release was monitored over 45min. After 45min. 10μl 1% Triton X-100 was added to 

each well and fluorescence measured for an additional 2.5min. Percent dye release was 

calculated with the baseline set at 0% and after Triton X-100 addition set at 100%. 

Conditions for GSDMB cleaved by GZMA were the same as in TEVp cleaved GSDMBTEV 

reaction.

LDH release assay.—LDH release assays were performed following manufacturer’s 

protocol (Promega).

Construction of GSDMB transgenic mouse.—To test GSDMB function in a mouse 

model we cooperated with the UT Southwestern Medical Center Transgenic Core to 

generate a mouse GSDMB-1 (isoform 1) knock-in strain. Human GSDMB was 3xFLAG 

tagged at the C-terminus and inserted into the mouse Rosa26 locus using CRISPR/Cas9 

according to methods published previously (Chu et al., 2016). The plasmid pRP26-GSDMB-

FLAG was constructed and was used as template to repair CRISPR/Cas9 mediated breaks in 

the Rosa26 locus leading to the insertion of GSDMB-3xFLAG coding region into the mouse 

Rosa26 locus. The pRP26-GSDMB-FLAG construct was injected into WT C57BL/6 

(Charles River) embryos, which were implanted into pseudo pregnant female C57BL/6 

mice. This resulted in the birth of a total of 60 pups and screening these pups by PCR 

identified one female mouse positive for GSDMB and Neo and with correct Rosa26 

integration (R26F4/SAR PCR). This female founder was bred with WT C57BL/6 (Charles 

River) male mouse resulting in 8 pups. PCR analysis on these mice resulted in the 

identification of 4 GSDMB−/+ mice. These mice were intercrossed to obtain homozygous 

GSDMB+/+ female mice used for further breeding with CMV-Cre (Schwenk et al., 1995) 

male mice.

Mouse infection experiments.—All experiments conducted were in accordance with 

the policies of the Institutional Animal Care and Use Committee at UT Southwestern 

Medical Center. For mouse infection, Salmonella enterica serovar Typhimurium (strain 

SL1344, Strepr) was grown overnight at 37°C and then subcultured the next day in fresh LB 

at 37°C to an OD600 0.6. GSDMB+/− CMV-Cre+/− mice that were 6-8 weeks old were 

orally infected by gavage with 1x109 STm . After 4 days, mice were euthanized and spleen, 

liver, and ceacum were removed, weighed, washed, and homogenized in PBS. Extracellular 

bacteria were eliminated from the caecum by incubation with gentamicin (100μg/ml, 30 

minutes) prior to tissue homogenization. For CFU counts, homogenates were 10-fold serial 

diluted and plated on LB agar plates + Streptomycin. For Western Blotting, homogenates 
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were centrifuged at 5000g at 4°C and supernatants were added to equal volumes of SDS-LB 

(Biorad). Antibodies used to detect GSDMBFLAG expression were anti-FLAG (Sigma) or 

anti-GSDMB (Abcam).

In vitro bacterial killing assay.—Bacteria were grown overnight in BHI and diluted next 

day 1:50 in BHI (for log phase sample) or kept undiluted (for stationary sample) and grown 

another 3h at 37°C. Then 1ml of the culture was centrifuged at 4000g for 2min., washed 1x 

in TBS and then resuspended in TBS at 1x109 cells/ml (volume depending on OD 600 

measurement). For the killing assay 15μl reactions were set up in TBS (50mM Tris pH8.0 

150mM NaCl) and included TBS alone, 0.2μg/μl TEV alone, 64μM GSDMBTEV alone or 

0.2μg/μl TEV + 64μM GSDMBTEV. Bacteria (5x106 cells in 5μl) were immediately added 

to the reaction and incubated 2h at 37°C. Then serial dilutions were plated on BHI agar to 

determine recovered CFU. For GZMA mediated activation of GSDMB, 20μl reactions were 

set up in TBS and included TBS alone, 1μM GZMA alone, 1μM GSDMB alone, or 1μM 

GZMA + 3.8μM GSDMB. Shigella flexneri (5x106 cells in 5 μl) were immediately added to 

the reaction and incubated 2h at 37°C. Then serial dilutions were plated on LB agar to 

determine recovered CFU.

Generation of GSDMB and GSDMD overexpressing cell lines.—GSDMB-FLAG 

was cloned into pTRIP-IRES-RFP (Schoggins et al., 2011) and pSRBL(Richardson et al., 

2018) and lentivirus was produced as described previously (Perelman et al., 2016). 

HEK293T (pTRIP) or H1299 (pSCRBL) cells were then transduced with GSDMB-FLAG 

pTRIP-IRES-RFP or GSDMB-FLAG pSCRBL lentivirus via spin inoculation for 1 hour and 

incubation for an addition 6 hours at 37°C. Cells were then incubated at 37°C for two days. 

GSDMB-FLAG HEK293T cells were then sorted for RFP expression. Cells were allowed to 

recover and expand prior to determining GSDMB-FLAG expression by western blot. For 

GSDMB-FLAG H1299 cells, cells plated on 15cm dishes and were selected in media 

containing 6μg/mL blasticidin for eight days. Colonies were picked from the plate and 

expanded. GSDMB-FLAG expression in H1299 cells was determined via western blotting. 

GSDMD was cloned into pSCRBL lentivirus was produced and H1299 cells were 

transduced, selected for using the method described above.

Shigella infection of human cell lines.—HCC1954 and HEK293T cells were plated at 

1.5x105 and 2x105 cells per well, respectively, the day before infection with Shigella 
flexneri. 3ml LB overnight cultures of Shigella flexneri M90T WT, ΔipaH7.8, and Δmxid 
were started on the day cells were plated and grown at 30°C. The next day cultures were 

diluted 1:50 in LB and grown for 2.5h at 37°C. OD600 of the cultures was checked and 1ml 

of the cultures were centrifuged at 4000g for 2min., washed in PBS, and then resuspended in 

DMEM/20mM HEPES at 1x109 cells/ml and incubated at 37°C for 15min. Cells were 

infected at an MOI of 300 and spun for 15min. at 1000g. Cells were placed back in the 

incubator for 1.5h. Then cells were washed with PBS, media containing 50μg/ml gentamicin 

was added and cells were placed back in incubator for an additional 2.5h. Cells for CFU 

assay were lysed in 200μl PBS 1% Triton X-100 and serial dilutions were made and plated 

on LB agar plates. Cells for western blot were lysed in 75μl 2x Loading buffer with BME. 
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Lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes and blotted 

with anti-GSDMB and anti-actin antibodies.

For the S. flexneri infection time-course, GSDMB-FLAG HEK293T cells were plated at 

3.0x104 cells per well, the day before infection. Shigella flexneri cultures were prepared 

same as above. GSDMB-FLAG cells were infected at an MOI of 20 for, spun at 800g for 10 

minutes and incubated at 37°C for 1.5 hours. Then cells were washed with DMEM/20mM 

HEPES once and media containing 50μg/ml gentamicin was added and cells were placed 

back in incubated for 0-4 hours. Cells for western blotting were lysed in 25μl lysis buffer 

(50mM TRIS, 150mM NaCl, 1% Triton X-100, 2% sodium deoxycholate at pH 8.0) 

containing fresh protease inhibitors and benzonase. SDS was added to the lysate at a final 

concentration of 1% and loading buffer with was added prior to boiling. GSDMB protein 

levels were determined by blotting with anti-GSDMB and anti-actin antibodies. Cells for 

CFU assay were lysed in 200μl PBS 1% Triton X-100 and serial dilutions were made and 

plated on LB agar plates.

Immunofluorescence staining and image processing.—H1299 cells (WT or stably 

expressing GSDMB-FLAG) were plated at 50,000 cells/well on glass coverslips in a 24-well 

plate. Cells were infected with Shigella (MOI = 100) using a standard infection protocol 

(previously described). Cells were incubated with bacteria for 1.5 hrs, washed once with 

complete media, incubated with media containing 50 μg/ml gentamicin for 1 hr, washed 

again and incubated an additional 2hrs in media containing 50 μg/ml gentamicin. Cells were 

then washed twice with PBS and fixed with 4% PFA (in PBS) for 10 min. at room 

temperature. After fixation, cells were washed 3 times with PBS, permeabilized in 0.5% 

TX-100 + 1% BSA (in PBS) for 5 min., washed twice with PBS and blocked in 1% BSA (in 

PBS) for 30 min. Cells were incubated with rabbit anti-GSDMB primary antibody (1:1000, 

abcam 215729) 1 h at RT, washed 3 times in PBS and then incubated with goat anti-rabbit 

TX Red (1:200, Invitrogen T2767) for 1 h. After antibody incubation, cells were washed 3x 

with PBS, once with water and coverslips were mounted on slides with Prolong Glass 

mounting media (Invitrogen P36980) and imaged on an Observer.Z1 inverted microscope 

(Zeiss).

Microinjection of cells.—H1299 cells (WT or stably expressing GSDMB-Flag or 

GSDMD) plated at 150,000 cells/well in 60 mm culture dishes 2 days before microinjection. 

Just prior to microinjection, culture media was replaced with media supplemented with 20 

mM HEPES. Cells were located using an Axio Observer.A1 microscope (Zeiss) and 

microinjected using pulled glass pipettes (Sutter Instruments P-97) and an Eppendorf 

FemtoJet and InjectMan NI 2 according to manufacturer’s instructions. Cells were injected 

with a solution containing 2 mg/ml purified GZMA (WT and GSDMB cells) or 0.125 U/μl 

Caspase 1 (Biovision 1081-25; WT and GSDMD cells) along with 1 mg/ml of either Texas 

Red Dextran 10,000 MW (Invitrogen D1863 ) or Cascade Blue Dextran 10,000 MW 

(Invitrogen D1976) in PBS. Live microinjected cells were identified by Texas Red 

fluorescence and the same field of live cells was imaged at 0h, 2h and 4 h after 

microinjection using an Eclipse Ti-S microscope (Nikon). Cells were then washed 3 times 

with PBS, fixed in 4% paraformaldehyde (in PBS) for 10 min., washed 3 times in PBS and 
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coverslips were mounted onto glass slides using VectaShield Plus Antifade Mounting 

Medium (VectaShield H1900). Microinjected cells were identified by Cascade blue labeling 

and imaged on an Observer.Z1 inverted microscope (Zeiss).

Measurements of intracellular bacteria and host cell death.—WT and GSDMB-

FLAG expressing HEK293 cells were plated in a 48 well dish coated in poly-lysine at a 

density of 3x104 cells per well the day before infection with Shigella flexneri. 3ml LB 

overnight cultures of Shigella flexneri M90T WT and Δipah7.8 were started on the day cells 

were plated and grown overnight at 30°C. The next day cultures were diluted 1:50 in fresh 

LB and grown for an additional 2.5h at 37°C. OD600 of the cultures was checked and 1ml of 

the cultures was centrifuged at 4000g for 2 min., washed with PBS, and then resuspended in 

DMEM/20mM HEPES resulting in 1x109 cfu/ml and incubated at 37°C for 15min. Cells 

were infected at an MOI of 20 and spun for 10min at 800g. Cells were placed back in the 

incubator for 1.5h. After 1.5h cells were washed with DMEM/20mM HEPES, media with 

50μg/ml gentamycin was added and cells were placed back in the incubator for 1h. After 

incubation, cells were washed with DMEM/20mM HEPES and then transfected with 15μg 

GZMA protein or mock transfected using the Pierce Protein Transfection Reagent according 

to the manufacturers protocol (Thermofisher). After 4h of transfection, 50μl of media was 

aliquoted in quadruplicate to a 96-well plate. The Cytotox 96 non-radioactive Cytotoxicity 

Assay (Promega) was used to measure LDH release from cells according to the 

manufacturer’s protocol. For western blot, cells were lysed in the well with 25μl lysis buffer 

(25mM Tris pH8.0, 150mM NaCl, 1% Triton X-100, 2% Sodium Deoxycholate with fresh 

protease inhibitors (Millipore-Sigma) and benzonase (Novagen). Lysate was transferred to a 

separate tube and 2.5μL 10% SDS, and 4x Loading buffer (Bio Rad) were added. Lysates 

were boiled at 98°C for 10min. and 16μl of lysate per sample was run on 12.5% acrylamide 

SDS-PAGE, transferred to nitrocellulose membranes, and blotted with antibodies against 

GSDMB, GZMA, and actin. For CFU, cells were lysed in 200μl 1% Triton X-100 in PBS 

and serial dilutions were made and plated on LB agar. CFU recovered was calculated as the 

percentage of colonies recovered compared to mock transfected control per Shigella flexneri 
genotype.

For the intracellular Shigella flexneri killing time-course, the protocol was the same as 

above except samples for western blot, LDH release, and CFU analysis were taken and 

processed at 0, 1, 2, and 4 hours post transfection with GZMA.

For NK-92 MI cell mediated intracellular bacteria killing, HEK293 GSDMB-FLAG and 293 

WT cells were infected under the same conditions as with GZMA transfection. After 1h in 

media containing gentamicin, cells were washed 1 time with NK cell media, then NK-92 MI 

cells were added to 293 cells at an effector target ratio of 10:1 in 200μl media or as a control 

200μl media was added alone. The plate was then briefly spun at 100g to enhance effector 

and target cell proximity, then incubated at 37°C for 5h. Cells were then washed 3 times in 

PBS and processed for western blot and CFU counts as before.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of western blot densitometry for GSDMB was performed by determining 

pixel density using Adobe photoshop. Quantification of Coomassie stained gel bands of 

GSDMB/D-N subunits was performed using Image Lab software from BioRad. The 

following statistical tests were performed. Figure 2E: Statistical significance was determined 

by One-way ANOVA (p=0.0011), all samples compared to NI (control) using Dunnett’s 

multiple comparisons post hoc test. Figure 2G: Statistical significance was determined by 

unpaired Students T-Test. NS= Not significant. Figure 4 B and E: Statistical significance was 

determined using a One-way ANOVA) and Dunnett’s multiple comparisons post hoc test 

comparing GSDMB-N pelleting in the indicated liposomes compared to those generated 

from 100% PC (B) or Liver polar extract (E). Figure 4 H and I: Statistical significance for 

each bacterial phase was determined using One-way ANOVA (exponential growth phase 

p<0.0001; stationary growth phase p<0.0001) followed by Dunnett’s multiple comparisons 

test with all samples compared to TBS control (H). Students unpaired T-Tests for each 

bacterial species (I). Figure 5C: statistical significance was determined using unpaired two-

tailed Students T-tests. Because the data were non-normally distributed, a non-parametric 

Mann-Whitney Test (rank test) was also applied and the results agreed with those presented 

(caecum p=0.6526; liver p=0.3245; and spleen p=0.2273). Figure 5F: Statistical significance 

was determined using a Two-way ANOVA (interaction p=0.0034; Shigella genotype 

p=0.0024; cell type and treatment p=0.0016) followed by Sidak’s multiple comparisons post 

hoc test with samples compared to GSDMB negative cells for each Shigella genotype. 

Figure 6C and D: Statistical significance was determined using Two-way ANOVAs WT 

(interaction p=0.464; time p<0.0001; treatment p=0.3097) Δipah7.8 (interaction p<0.0001; 

time p<0.0001; treatment p<0.0001) for (C) and WT (interaction p=0.7089; time p<0.0001; 

treatment p=0.075) Δipah7.8 (interaction p=0.80; time p<0.0001; treatment p=0.15) for (D). 

Post hoc comparisons were made using Sidak’s multiple comparisons test with treated 

(+GZMA) samples compared to untreated (−GZMA) samples at each timepoint within each 

Shigella flexneri genotype. NS=Not significant. GraphPad Prism 8 was used for all 

statistical analysis.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The Type 3 effector IpaH7.8 targets GSDMB for proteasome destruction.

• GSDMB forms pores in bacterial-derived membranes.

• Lymphocyte activation of GSDMB protects epithelial cells from cytosolic 

pathogens.

• Shigella flexneri prevents GSDMB-mediated lysis by secreting IpaH7.8.
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Figure 1. Characterization of GSDMB ubiquitination by IpaH7.8.
(A) Diagram showing UBAIT reaction. GST, Glutathione S Transferase; LRR, Leucine Rich 

Repeat; E3, E3 ligase-enzyme domain

(B-D) UBAIT reaction between the IpaH proteins and the substrates indicated. Western blots 

(W.B.) of the GSDMs and Coomassie stain gels of protein inputs are shown.

(E) Co-immunoprecipitation between FLAG-tagged GSDM family members and GFP-

tagged IpaH7.8C357S.

(F) Glutathione pulldown experiments between GST-tagged proteins and His-IpaH2.5 or 

His-IpaH7.8.

(G) Size exclusion chromatography traces of the proteins indicated.

(H-J) In vitro ubiquitination assays with IpaH7.8 and the Gasdermin family members 

indicated. GSDM modification was assessed using anti-GST (H and J) or anti-GSDMB (I). 

Ubiquitin was detected using anti-ubiquitin (H) and IpaH7.8 was detected by Coomassie 

stain (H and I) or anti-His (J).

(B-J) Results shown are representative of at least three independent biological repeats.

See also Figure S1.
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Figure 2. GSDMB is targeted for 26S proteasome destruction by IpaH7.8.
(A-C) Cellular degradation assays showing host protein abundance in cells expressing the 

IpaH proteins indicated. Cells in (C) were treated with DMSO or MG132.

(D) GSDMB ubiquitination in non-infected (NI), WT, or ΔipaH7.8 (Δ7.8) S. flexneri 
(MPI=20; 2.5hrs) infected cells as indicated. Cells were treated with MG132 to prevent 

GSDMB proteosome degradation.

(E) Cellular degradation assay showing GSDMB protein levels in cells either non-infected 

(NI) or infected with the indicated S. flexneri strains (MOI=300; 4 hrs). GSDMB protein 

was probed as in (A-C) and quantified by densitometry and reported as the ratio of GSDMB 

to actin found in S. flexneri infected cells compared to NI cells. Data are represented as 

mean ± SD (n=3).

(F) Immunofluorescence microscopy of GSDMB expressing cells infected with the S. 
flexneri strains (MOI=100; 2.5hrs) indicated.

(G) HCC1954 cells were infected with indicated S. flexneri strains (MOI=300; 4 hrs). 

Endogenous GSDMB protein levels were probed with anti-GSDMB antibody and S. flexneri 
levels were quantified by determining CFU/well. Data are represented as mean ± SD (n=4).

(A-G) Results shown are representative of at least three independent biological repeats. 

Statistical analyses can be found in Method Details.

See also Figure S2.
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Figure 3. GSDMB-N forms functional oligomeric pores in E. coli derived membranes.
(A-C) Liposome binding assays with TEVp cleaved GSDMBTEV or GSDMDTEV. Proteins 

in the supernatant (S) or liposome pellet (P) fractions were detected after centrifugation. 

Ratio of the GSDM-N subunit found in the S and P fraction was determined by 

densitometry.

(D-E) Scanning electron microscopy (SEM) of GSDMB pores embedded in E. coli 
liposomes (D) or purified from liposomes by deoxycholate extraction (E).

(F) Graph showing measurement of the diameter of GSDMB-N oligomers from (D) (n=231) 

or from (E) (n=261). The average pore size was 13.5nm and 15.6nm, respectively and the 

size comparison between GSDMB and GSDMA3 (18nm) is shown.

(G-H) Diagram (G) and graph (H) of liposome dye release assay used to measure GSDMB 

pores in E. coli and liver liposomes as indicated.

(A-H) Results shown are representative of at least three independent biological repeats.

See also Figure S3.
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Figure 4. GSDMB-N suppresses bacterial viability through cardiolipin, phosphatidyl-glycerol, 
and lipid A interactions.
(A) Chemical structures of bacterial membrane phospholipids.

(B and E) Liposome binding assays as in Figure 3A using liposomes of the lipid 

composition indicated. The percent of GSDMB-N found in the pellet fraction was quantified 

(mean ± SD; n=4).

(C) Liposomes generated from the lipids indicated were treated with control or TEVp 

activated GSDMB. Liposomes were imaged with 2% uranyl acetate negative staining and 

visualized by scanning electron microscopy (SEM).

(D and F) Dye release assays as described in Figure 3G. PC liposomes (D) or liver 

liposomes (F) were supplemented with 20 mol% cardiolipin (CL) as indicated.

(G) Dilution series of S. flexneri in TBS treated with TEVp and GSDMBTEV as indicated. 

After incubation at 37°C, reactions were diluted in 10 fold increments, and plated on LB 

agar.

(H and I) Quantification of recovery of exponential or stationary phase S. flexneri (H) and 

indicated exponential phase bacterial species (I) after in vitro incubation with activated 

GSDMB-N. Colony forming units (CFU) recovered after each treatment were calculated as 

the CFUs recovered from treated bacteria compared to CFUs recovered from TBS treated 

bacteria. Data are represented as mean ± SD (n=3 or 4).
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(A-I) Results shown are representative of at least three independent biological repeats (B-G). 

Statistical analyses (B,E, H, and I) can be found in Method Details.

See also Figure S4.
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Figure 5. GSDMB is activated and inhibits S. flexneri intracellular growth in response to NK 
cells and GZMA.
(A) Diagram of the human GSDMB transgene and insertion site at the Rosa26 locus.

(B) GSDMB expression in tissues of mice infected with 1X109 CFU of WT STm by oral 

gavage. Western blots are representative multiple animals tested.

(C) Graphs showing the STm burden in tissues of GSDMB− (n=17) or GSDMB+ (n=12) 

mice. Data are represented as CFU/g tissue (log10) from two independent cohorts.

(D) Schematic for S. flexneri infection (MOI=20) of GSDMB expressing HEK293T cells 

followed by NK cell co-culture and quantitative analysis of bacterial recovery.

(E and F) Western blots (E) showing GZMA delivery (middle WB) and GSDMB activation 

(upper WB) in HEK293 cells infected with the S. flexneri strains indicated and incubated 

with NK-92 MI cells (or mock control). Graph (F) showing the S. flexneri CFUs recovered 

from WT (GSDMB−) or GSDMB+ cells incubated with NK cells. Data are represented as 

mean ± SD (n=3).

(C and F) Statistical analyses can be found in Method Details.

See also Figure S5.
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Figure 6. GSDMB is activated by GZMA and inhibits S. flexneri intracellular growth.
(A) Schematic for S. flexneri infection (MOI=20) of GSDMB expressing HEK293T cells 

followed by GZMA protein transfection and quantitative analysis of bacterial recovery.

(B-D) Western blots (B) showing GZMA delivery (middle WB) and GSDMB activation 

(upper WB) in HEK293 cells infected with the S. flexneri strains indicated and transfected 

with GZMA over time. Graph (C) showing S. flexneri WT (dark blue bars) or ΔipaH7.8 
(light blue bars) CFUs recovered form GSDMB+ cells transfected with GZMA for the 

indicated times. Data are represented as mean ± SD (n=3). Graph (D) showing the levels of 

Lactose Dehydrogenase (LDH) in the media collected from experiments in B and C. Data 

are represented as mean ± SD of the CFU/well (C) and Percent LDH Release (D) (n=3).

(E-F) Diagram of the S. flexneri life cycle and the sites of GSDMD and GSDMB activity in 

the gut mucosa. The role of GZMA-mediated GSDMB activation and pore formation in S. 
flexneri is shown (inset). T3SS delivery of IpaH7.8 induced ubiquitin mediated degradation 

of GSDMB as a bacterial defense strategy against pore formation.

(C and D) Statistical analyses can be found in Method Details.

See also Figure S6.
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