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Abstract

Members of the gasdermin family contain positively charged N-terminal domains (NTDs) 

capable of binding phospholipids and assembling membrane pores, and C-terminal domains 

(CTDs) that bind the NTDs to prevent pore formation in the resting states. The flexible NTD-

CTD linker regions of gasdermins are highly variable in length and sequences, which may 

be attributable to gasdermin recognition by diverse proteases. In addition, protease cleavage 

within the NTDs is known to inactivate several gasdermin family members. Recognition and 

cleavage of the gasdermin family members by different proteases share common and distinct 

features at the protease active sites, as well as exosites recently identified for the inflammatory 

caspases. Utilization of exosites may strengthen enzyme-substrate interaction, improve efficiency 

of proteolysis, and enhance substrate selectivity. It remains to be determined if the dual site 

recognition of gasdermin D (GSDMD) by the inflammatory caspases is employed by other 

GSDMD-targeting proteases, or is involved in proteolytic processing of other gasdermins. 

Biochemical and structural approaches will be instrumental in revealing how potential exosites 

in diverse proteases engage different gasdermin substrates. Different features of gasdermin 

sequence, structure, expression characteristics, and post-translational modifications may dictate 

distinct mechanisms of protease-dependent activation or inactivation. Such diverse mechanisms 

may underlie the divergent physiological and pathological functions of gasdermins, and furnish 

opportunities for therapeutic targeting of gasdermins in infectious diseases and inflammatory 

disorders.
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Introduction

The gasdermin family contains six paralogs: GSDMA, GSDMB, GSDMC, GSDMD, 

GSDME, and DFNB59 (Pejvakin or PJVK) (1, 2). The discovery of GSDMD as an 

executor molecule for pyroptosis sparked intense interests in the molecular mechanisms 

underlying the activation and regulation of the gasdermin family members in physiological 

and pathological conditions (3–5). All gasdermin family members except for PJVK adopt a 

two-domain structure, with their positively charged N-terminal domains (NTDs) capable of 

binding phospholipids and assembling membrane pores. Except for GSDMB and PJVK, the 

negatively charged C-terminal domains (CTDs) of gasdermins bind the NTDs to prevent 

pore formation in the resting states. By contrast, the PJVK-NTD does not appear to 

induce cell death when expressed in mammalian cells (6), and the GSDMB-CTD does 

not appear to prevent its NTD from binding lipids (7). Besides its role as an autoinhibitory 

domain, the GSDMD-CTD has been reported to function as a recruitment module for 

the inflammatory caspases (8, 9). Emerging evidence suggests that both NTDs and CTDs 
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adopt similar overall folds and engage in intramolecular domain-domain interaction using 

largely conserved interfaces (10, 11, 7, 12, 13). Structural studies of human and murine 

GSDMD and murine GSDMA3 have all revealed similar autoinhibited conformation in 

which extensive intramolecular domain interfaces are primarily mediated by the α1 helix 

and β1-β2 loop from the NTDs, which engage a largely hydrophobic pocket in the CTDs. 

Disruption of the CTD hydrophobic pocket led to disruption of autoinhibition, membrane 

permeabilization and pyroptosis by the mutant full-length proteins (10, 12).

In contrast to the conservation of the gasdermin NTDs and CTDs, the flexible NTD-CTD 

linker regions are highly variable in length and sequences, which may be attributable to 

gasdermin activation by diverse proteases (Table 1) (2). The majority of known gasdermin-

processing proteases are either inflammatory or apoptotic caspases. Cleavage of GSDMD 

by caspases-1, 4, 5, and 11 is an essential step in initiating pyroptosis and is the most 

well-studied among the gasdermins (8, 9). Prior to the landmark discovery of GSDMD 

as a pyroptosis executor, it was reported to be a caspase-1 substrate that has similar 

expression profiles as caspase-1 (14). Current literature reveals that cysteine and serine 

proteases such as the inflammatory caspases, apoptotic caspases, neutrophil elastase, 

and granzymes are involved in activation and regulation of different gasdermin family 

members (3–5, 15–23). The fact that multiple proteases are involved in the activation of 

gasdermins suggest that diverse mechanisms have evolved to ensure cell death and release 

of intracellular cytokines and alarmins or danger-associated molecular patterns. These in 

turn elicit strong inflammatory responses. Here we summarize our current understanding on 

protease processing of several gasdermin family members, either to activate the cytolysis 

activities of their NTDs or to suppress such function. The activation mechanisms for other 

gasdermins such as GSDMA and PJVK remain to be elucidated.

Regulation of gasdermin B by caspases and granzyme A

Similar to other gasdermins, GSDMB contains an N-terminal domain (NTD) connected 

to a C-terminal domain (CTD) by a short linker region and is a substrate for caspases 

(7, 24). The GSDMB N-terminal domain binds phosphoinositides, phosphatidic acid, 

phosphatidylglycerol, sulfatide, and cardiolipin. What’s perhaps unique about GSDMB is 

the reported binding of membrane lipids, such as phosphoinositides and sulfatide but not 

cardiolipin, by the full-length GSDMB in the absence of protease cleavage (7). This may 

suggest a weak NTD-CTD interaction that allows lipids ready access to the NTD, or the 

presence of lipid-binding sites that are accessible within the context of the full-length 

GSDMB. Furthermore, there may be a potential decoupling of lipid-binding and cytolytic 

activities for GSDMB since its NTD but not the full-length protein has been reported to 

induce pyroptosis (10). The context and consequences of lipid-binding by the full-length 

GSDMB in the absence of pore-formation remain to be determined. A likely regulatory 

mechanism for GSDMB function may be alternative splicing. Among the six GSDMB 

alternative splice variants, the length and amino acid composition of their interdomain linker 

regions differ significantly. Such differences may impact differential NTD-CTD association, 

susceptibility to protease cleavage, lipid-binding, or pore formation (7, 24).
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Chao and colleagues reported that recombinant caspases-3, −6, and −7, but not the 

inflammatory caspases, cleave GSDMB at its N-terminal domain between residues D91 

and S92 (88-DNVD|S-92), which may produce a truncated NTD that is incapable of lipid-

binding (Table 1). By contrast, Panganiban and colleagues revealed that co-expression of 

caspase-1 and GSDMB led to cleavage of GSDMB at residue D236 (233-EEKD|G-237, 

isoform 4 Q8TAX9–4), which led to pyroptosis (24). It remains to be determined whether 

the overexpression system or the conditions of the in vitro proteolysis contribute to the 

discrepancy. While studying cytotoxic lymphocyte-mediated immunity, it was revealed 

that natural killer cells and cytotoxic T lymphocytes target GSDMB-expressing cells 

through granzyme A-mediated cleavage of GSDMB (23). The cleavage sites are located 

predominantly at K244 and secondarily at K229 within the interdomain linker. This 

perforin-granzyme A-dependent cleavage unmasked the pore-forming activity of GSDMB 

to induce pyroptosis in GSDMB-expressing cells, which contributes to antitumor immunity. 

In agreement, there is a strong positive correlation between GSDMB expression and patient 

survival from bladder cancer and melanoma (23). In contrast to GSDMB-mediated killing of 

mammalian cells, Hansen and colleagues reported that NK cell activation of GSDMB is a 

host response to infection that kills cytosolic bacteria rather than the infected host cells (25). 

Side-by-side comparison of liposome-binding by GSDMD and GSDMB revealed that major 

lipid species found in mammalian cell membranes support robust binding by the former, but 

much weaker binding by the latter. A possible explanation for this apparent discrepancy is 

that mitochondria lipid cardiolipin may mis-localize to the plasma membrane in transformed 

cancer cells. Since GSDMB preferentially binds cardiolipin, this leads to pore-formation and 

lysis of the plasma membrane in a similar manner as the bacterial membrane. It is therefore 

important to understand the lipid-binding specificity by GSDMB, which may shed light on 

its diverse function in both infection and tumor immunity.

Using co-expression system with GSDMB, GSDMD and caspase-4, Chen and colleagues 

report that the full-length GSDMB promoted caspase-4 cleavage of GSDMD, perhaps 

through binding of GSDMB N-terminal fragment (residues 1–83) to the CARD of caspase-4 

(26). The co-expression system also revealed cleavage of GSDMB in HEK293T cells by 

caspases-1, 3, 4, 6, 7, 8, and 9 to various extents. The exact site(s) of cleavage were not 

determined but a truncated NTD fragment appeared to be generated. The physiological 

context of GSDMB cleavage by the majority of caspases remains to be clarified.

Gasdermin C is activated by caspase-8 cleavage

TNFα has long been known to induce tumour necrosis but the molecular mechanism 

is poorly understood. One source of the TNFα is the tumor-associated macrophages. In 

PDL1-expressing breast cancer cells, the expression of GSDMC, but not other gasdermin 

family members, is upregulated. Upon TNFα treatment, cleavage of GSDMC at residue 

D365 (362-LELD|S-366) within its CTD by caspase-8 leads to production of a GSDMC 

fragment that is capable of pore formation (27). This switches from chemotherapy- and 

TNF/cycloheximide-induced apoptosis to pyroptosis. In vivo, this TNF-dependent tumor 

necrosis requires nuclear translocation of PD-L1 with phosphorylated Stat3 under hypoxia 

conditions, which enhances the transcription of the GSDMC gene (27). Paradoxically, 

tumor necrosis has been correlated with tumour progression and increased resistance to 
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chemotherapy and radiotherapy (28). As a result, high expression of GSDMC correlates with 

poor survival. Using recombinant proteins, it was also shown that GSDMC can be cleaved 

by caspase-6 in a similar manner as caspase-8, though the former was not induced by 

TNFα/cycloheximide treatment (27). As a result, conditions in which caspase-6 is activated 

in tumor microenvironment may induce cytolysis in GSDMC-expressing cells.

Regulation of Gasdermin D by host and viral proteases

As the best studied member of the gasdermin family, GSDMD was reported to be cleaved 

within its linker region by activated caspases-1, 4, 5 in human or caspases-1 and 11 in 

mouse following the stimulation of the canonical or non-canonical inflammasome pathways 

(3–5). These caspases cleave GSDMD at a short peptide motif 272FLTD|G276 in human 

and 273LLSD|G277 in mouse. The cleavage generates a ~30 kDa NTD that has intrinsic 

pore-forming activity, and a ~20 kDa CTD that associates with the NTD and functions as 

an intramolecular inhibitory domain in the resting state (10). Recent studies suggest that 

GSDMD can be activated not only by the inflammatory caspases, but also by apoptotic 

caspase-8 in murine macrophages (18, 20, 21). Caspase-8 was activated upon TGFβ-

associated kinase 1 (TAK1) inhibition by Yersinia bacteria protein YopJ or LPS plus TAK1 

inhibitor 5Z-7-Oxozeaenol treatment. Activated caspase-8 cleaves GSDMD to generate the 

pyroptotic p30 fragment that induces pyroptotic cell death and cytokine secretion in murine 

macrophages, whereas GSDMD deficient cells undergo apoptosis instead. This caspase-8-

mediated pyroptosis is dependent on lysosomal membrane-tethered Rag-Ragulator complex, 

which functions upstream of caspase-8 activation and GSDMD cleavage (29). In vitro 
cleavage assays revealed that murine GSDMD was directly cleaved by recombinant 

caspase-8 at the same cleavage motif as the inflammatory caspases 273-LLSD|G-277, 

even though the processing of GSDMD by caspase-8 was less efficient compared with 

caspase-1 (18, 20, 21). As such, caspase-8 functions as the protease that drives the activation 

of both GSDMD through direct cleavage and GSDME through caspase-8 processing of 

caspases-3 and 7, which may lead to inflammatory cell death. In contrast to what was 

observed in murine macrophages, human macrophages do not produce IL-1β upon Yersinia 
infection, and display resistance to pyroptosis upon TAK1 inhibition. This is perhaps 

due to overexpression of pro-survival proteins such as cellular FLICE-inhibitory protein 

(cFLIP) and inhibitors of apoptosis (IAPs). Such defects in cell death program upon highly 

pathogenic bacterial infection may underlie the severe consequences of Yersinia infection 

in human population, and emphasizes the need to investigate the species-specific cell death 

programs upon infections (20).

In addition to activation through caspase cleavage, GSDMD has been reported to be cleaved 

and activated by serine proteases from neutrophils. These proteases have been known to 

cleave microbial toxins or structural proteins, as well as host cytokines or chemokines, 

which regulates inflammation upon infections (30, 31). Elastase is a neutrophil serine 

protease localized in the azurophilic granules in resting neutrophils and is released into 

cytosol upon pathogen invasion. Recent reports revealed the ability of elastase to cleave 

GSDMD at the NTD-CTD linker and produce the p30/NTD fragment capable of membrane 

pore formation and inducing cell death (19, 32). Another GSDMD-activating neutrophil 

serine protease is cathepsin G (CatG). Burgener and colleagues report that CatG cleaves 
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murine GSDMD at L274, two residues upstream of the caspase cleavage site to generate 

cytolytic NTD or p30 fragment (22). However, mutation of L274 led to incomplete 

abrogation of CatG cleavage, suggesting the existence of other less preferred cleavage 

sites at the NTD-CTD linker. CatG also cleaves human GSDMD and generates a fragment 

of similar size as the cleaved mouse GSDMD. Together, these findings demonstrate that 

GSDMD is a substrate for serine proteases such as ELANE and CatG, with preferred and 

alternative cleavage sites within the GSDMD linker region.

The cleavage of GSDMD by the inflammatory caspases and serine proteases in neutrophils 

contributes to the formation of neutrophil extracellular traps (NETs) (32, 33), web-like 

structures of DNA embedded with granule and nuclear proteins that trap and kill bacteria 

(34). The extrusion of NETs and the concomitant cell death named NETosis is an 

innate immune defense mechanism often observed during acute inflammation (32, 33, 

35). Treatment of neutrophils with elastase inhibitor led to reduced GSDMD processing 

and NET formation as well as blocked NETosis (32). Infection of neutrophils by gram-

negative bacteria induced NETosis that was dependent on caspase-11 and GSDMD (33), in 

agreement with the important roles of both GSDMD and its activating proteases in NETosis 

and neutrophil immune defense.

It is perhaps not surprising that cleavage of GSDMD by proteases may also leads to its 

inactivation. An intriguing example was reported by several groups (15, 20, 21), which 

showed that both caspase-3 and caspase-7 cleave GSDMD at residue D87 to generate a p43 

fragment that inactivates GSDMD. This seems to be a general feature in cells expressing 

GSDMD and undergoing apoptosis. Depending on the different kinetics for the activation 

of caspases-3 and −7 by caspase-1, and the cleavage of GSDMD by caspase-1, the former 

may function as a negative feedback mechanism to dampen excessive inflammation from 

pyroptotic cell death caused by the latter. Since caspase-3 and caspase-7 are also capable 

of activating GSDME, caspase-1 appears to function as a crucial “upstream” caspase that 

regulate the activation of both GSDMD and GSDME. Similarly, caspase-8 also regulates 

both GSDMD and GSDME through caspases-3 and 7.

GSDMD is inactivated by proteases not only from the host, but also from pathogens 

as an immune evasion mechanism to counteract pyroptosis. Enterovirus 71 (EV71) is a 

major causative agent of hand-foot-and-mouth disease (HFMD) in young children and has 

caused many large-scale epidemics (36). A protease 3C from EV71 cleaves substrate with 

preference for Gln residue at the P1 site and a small residue at the P1’ site. This protease 

was found to cleave human GSDMD at residue Q193 within its NTD to inhibit its cytolysis 

activity (37). Furthermore, inactivation of GSDMD by EV71 3C protease promoted EV71 

replication and survival in vivo. It remains to be determined if other pathogens such as 

SARS-CoV-2, which encodes a 3C-like protease (3CLpro) or main protease (Mpro) with 

similar substrate specificity, utilizes similar strategy to cleave gasdermins and disable 

pyroptosis in host cells.
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Activation of Gasdermin E by caspases and granzyme B

GSDME, or Deafness, Autosomal dominant 5 (DFNA5), was first discovered in conjunction 

with a progressive form of hearing impairment and has since been found in a variety of 

invertebrates and vertebrates as an evolutionarily conserved gene (38). Similar to most 

gasdermins, the GSDME-NTD and CTD is connected by a flexible linker region (6). 

Caspases-3 and −7 have been reported to cleave human or mouse GSDME at residue 

D270 in the linker region to produce a pore-forming NTD that causes secondary necrosis 

in apoptotic cells (15–17, 20). This was demonstrated as an immune defense mechanism 

in a recent report that revealed GSDME as a primary mediator of cell death when viral 

infection of keratinocytes led to suppression of protein synthesis (39). Suppressed translation 

was sensed by the BCL-2 family members, which led to mitochondria damage, caspase-3 

activation and GSDME cleavage. GSDME cleavage is mostly abolished in caspase-3 

knockout macrophages and is completely abolished in caspase-3 and caspase-7 double-

deficient macrophages (20), suggesting that caspase-3 plays a dominant role in GSDME 

activation with minor contributions from caspase-7. This is analogous to the more prominent 

role of caspase-3 in cleaving GSDMD compared with caspase-7 (15).

GSDME is the most ancient gene among the gasdermins and current literature have shed 

light on its cleavage and activation in fish and invertebrates. Coral GSDME was cleaved 

by caspase 3 at two sites, 238-DATD|G-242 and 254-DEPD|G-258, to generate two forms 

of the NTDs that are capable of inducing pyroptosis (40). Human caspases-3 and 7 are 

also able to cleave coral GSDME into similar sized NTDs. Such cleavage of GSDME in 

coral mediates cell death upon infection by pathogenic bacteria. Similarly, the zebrafish 

GSDMEa/DFNA5a is cleaved at 253-SEVD|G-257, perhaps by zebrafish caspy2/caspase-B, 

a homolog of mammalian caspases-4, 5, and 11, to induce cell death upon bacterial infection 

(16, 41). The second member of the zebrafish gasdermin GSDMEb/DFNA5b is cleaved at 

244-FEID|G-248 by caspy2/caspase-B, to induce pyroptosis and acute kidney injury during 

sepsis (42).

In addition to caspases, GSDME activation is facilitated by granzyme B, a serine protease 

similar to the neutrophil elastase. This finding originated from observations that the 

expression of GSDME led to suppression of tumor growth, and was only partially dependent 

on caspase-3 (43, 44). It turned out that granzyme B from NK, CD8+, or chimeric antigen 

receptor (CAR) T cells is delivered through perforin pores to tumor cells such as leukemia, 

melanoma, breast cancer and colorectal cancer cells. Granzyme B in turn both directly 

cleaves GSDME at residue D270, and activates caspase-3 which also cleaves GSDME 

at the same site (43). In addition to the direct and indirect activation of GSDME by 

granzyme B, the initial GSDME activation may lead to permeabilization of mitochondria 

by the GSDME-NTD due to engagement with mitochondria membrane lipid cardiolipin. 

This results in release of cytochrome c and activation of the intrinsic apoptotic pathway and 

caspase-3 (45). As a result, this propagates a positive feedback loop to cleave and activate 

additional GSDME. The consummate pyroptosis events may precipitate severe cytokine 

release syndrome that counteracts the effectiveness of CAR T cell therapy (44). As a 

result, therapeutic strategies that suppress GSDME-mediate pyroptosis may provide clinical 

benefits in cancer immunotherapy.
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Common and distinct features of gasdermin processing by caspases

Recognition and cleavage of the gasdermin family members by proteases share common and 

distinct features. The majority of gasdermin-processing proteases are caspases that prefer the 

P1 site Asp residue. The P1-P4 site residues of caspase substrates have traditionally been 

the focus of studies in terms of how they fit in the catalytic groove (46–48). These studies 

revealed the preference for hydrophobic P4 site residues for substrates of the inflammatory 

caspases, as opposed to acidic P4 site residues for apoptotic caspase-3 substrates. In addition 

to the caspase active sites, allosteric sites at or near the caspase dimer interfaces were 

discovered that modulate substrate engagement by caspases-1, 2, 3, 6, 7, 8 and 9 (49–

51). A novel exosite was reported for the inflammatory caspases in recent studies of the 

GSDMD-caspase complexes, and plays a dominant role in the recognition of GSDMD by 

these caspases (8, 9).

The crystal structures of caspases-1, 4, and 11 in complex with the GSDMD-CTD and 

the structure of caspase-1 in complex with the full-length GSDMD revealed two interfaces 

between the enzymes and substrates at the GSDMD linker and GSDMD-CTD, respectively 

(Figure 1). The absence of contacts between GSDMD-NTD and caspase-1 is consistent 

with the idea that GSDMD-NTD may be released from the enzyme-substrate complex 

to oligomerize and assemble membrane pores after the linker cleavage. In the structure 

of caspase-1 in complex with the full-length GSDMD, the catalytic groove of caspase-1 

engages the GSDMD linker in a manner similar to its association with the active site 

inhibitors such as z-VAD-FMK (52) or the GSDMD-derived peptide inhibitor (53). The 

conserved P1 site residue D276 in mGSDMD is buried deep in the catalytic groove of 

caspase-1, in close proximity to the catalytic residues C285 and H237. The P4 site residue 

L273 forms extensive hydrophobic and van der Waals contacts with caspase-1. Interestingly, 

the P1’ site residue G277 both anchors the GSDMD linker at the active site, and offers 

conformational flexibility for a ~90° turn in the linker to exit the caspase-1 catalytic groove 

and connect to the NTD. This is consistent with the preference for small residues such 

as Gly/Ala/Ser at the P1’ position reported by previous studies using peptide substrates 

for caspases (46), and may explain why some of the other Asp residues adjacent to the 

substrate P1 site Asp are not cleaved by caspases due to the lack of small P1’ residues. 

Besides P1’, the P1’-P4’ residues have been reported by the Salveson group to influence 

the recognition of GSDMD by caspases-4, 5, and 11 (54). In fact, grafting the GSDMD 

P1’-P4’ residues 277-GIDE-280 to pro-IL18 converts this mutant pro-IL18 to an efficient 

caspase-11 substrate as GSDMD. As such, structural components bordering on the P1-P4 

sites in gasdermins may modulate their recognition and cleavage by proteases.

In addition to the caspase active site interface, an exosite ~20 Å away from the catalytic 

Cys residue was observed between the GSDMD-CTD and an anti-parallel β sheet formed 

by the L2 and L2’ loops from the dimeric caspases-1, 4, and 11 (8, 9). This interface is 

centered on caspase-1 residues W294 from L2 and I318 from L2’ loops, or the equivalent 

residues from caspase-4 (W267 and V291) and caspase-11 (W263 and V287), which dock 

into a hydrophobic pocket formed by the α5-α6 and α7’-α8 structural elements in GSDMD. 

The caspase-1 residues W294 and I318 are conserved among the inflammatory caspases, but 

not in most apoptotic caspases (Figure 1F). The hydrophobic residues in the GSDMD-CTD 
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pocket are conserved between the human and murine GSDMD, but are not conserved in 

other gasdermins (Figure 2) (9), suggesting that this interface may contribute to the specific 

recognition of GSDMD but no other gasdermins by the inflammatory caspases. Because 

this interface is distinct from the active sites of the inflammatory caspases, it is referred 

to as the “exosite”: structural elements in enzymes that participate in binding of partner 

proteins and are distinct from the enzyme active sites (55–58). By virtue of its role in 

mediating caspase-GSDMD binding, the exosite interface endows a novel function for the 

GSDMD-CTD as a caspase recruitment domain, in addition to its role as an autoinhibition 

domain. Interestingly, an exosite composed of positively charged residues at the N-terminus 

of the caspase-7 catalytic domain was previously identified that bind and facilitate the 

cleavage of its substrate poly(ADP ribose) polymerase 1 (PARP1) (59) (Figure 1). Given 

that most of the gasdermin CTDs are negatively charged, speculative interaction between 

the caspase-7 exosite and the gasdermin CTDs may facilitate enzyme-substrate association 

through electrostatic interactions.

It is clear that the exosites are the dominant structural determinants for the engagement of 

GSDMD by the inflammatory caspases. Caspases-1, 4, 11 and GSDMD-CTD or GSDMDs 

harboring mutated linker regions can still form stable enzyme-substrate complexes (8, 9). 

It is possible that the initial binding of GSDMD by the inflammatory caspases is through 

their exosite interfaces, which was referred to as exosite-mediated “priming interaction” (8, 

9). This may be followed by the dual-interface engagement between the caspases and the 

full-length GSDMD, which leads to close proximity of the caspase catalytic residues and 

the substrate P1 site Asp residues, resulting in the eventual cleavage of the GSDMD linker. 

The ~20 Å distance between these two interfaces may thus dictate the extent to which the 

cleavage at the GSDMD linker may occur, as linker residues too close to the CTD may not 

reach the catalytic groove. The dual site engagement may enhance the overall efficiency of 

proteolysis through stronger substrate binding at two interfaces. In turn, the engagement of 

GSDMD by the L2 and L2’ loops from the two protomers may also stabilize the caspase 

dimers, which are representative of the active enzyme conformation conducive to catalytic 

activities (8, 60).

Perhaps most importantly, contribution of the dual interface may underlie the more stringent 

substrate selectivity for the inflammatory caspases compared with apoptotic caspases. In 

fact, exosites have been previously associated with enhanced substrate specificity for other 

proteases (61, 62). Conversely, the exosite contribution could be absent or less prominent 

for promiscuous apoptotic caspases such as caspase-3, which engages substrates such as 

GSDME primarily through the essential cleavage site sequences. This was demonstrated 

by the lack of cleavage by caspase-3 and pyroptosis activities when the P4 site residue 

was mutated in human GSDME (16) or coral GSDME (40), whereas the GSDMD P4 site 

mutation had minimal impact on its cleavage and pyroptosis as long as the P1 site and the 

exosite interface is intact (8). Whether this P4 site mutant of GSDME can still be cleaved 

by caspase-7, which contributes to GSDME-mediated pyroptosis and employ an exosite to 

recognize its substrate PARP1 (59), remain to be experimentally tested.

Currently, it is not clear whether similar dual site recognition of GSDMD by the 

inflammatory caspases is employed by other GSDMD-targeting proteases, or are involved in 
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proteolytic processing of other gasdermins. The apoptotic caspase-8 was reported to cleave 

GSDMD at the same site as the inflammatory caspases to induce pyroptosis, albeit the 

efficiency of cleavage appeared to be lower than that for caspase-1 (18, 20, 21). Even though 

the caspase-1 cleavage site at GSDMD matches the signature sequence of a caspase-8 

substrate, the exosite hydrophobic residues in caspase-1 are not conserved in caspase-8 

(Figure 1F). If caspase-8 indeed employs the same L2 and L2’ loops as an exosite in binding 

GSDMD, the lack of conserved exosite hydrophobic residues may contribute to weaker 

association with GSDMD and less efficient cleavage.

Gasdermin processing by non-caspases

The granzymes are a family of death-inducing serine proteases delivered from innate and 

adaptive immune killer cells to tumor cells or virus-infected cells (63). Among the five 

human granzymes and eleven mouse granzymes, granzyme A and granzyme B are the most 

abundant. Granzyme A prefers basic residues R and K at the P1 site, whereas granzyme B 

cleaves after aspartic acid residues in many of the same substrates as the caspases (63–65). 

An example is the recent report of granzyme B cleavage of GSDME at the exact site as 

caspases-3 and 7. It is unclear whether the tertiary structures of gasdermins play any role 

in their recognition by granzymes, or the cleavage site sequences are sufficient for GSDMB 

recognition by granzyme A or GSDME by granzyme B. Based on the critical importance 

of the GSDME P1 and P4 site residues in its cleavage by caspase-3 (16), it is possible 

that the same sites may play a dominant role in GSDME recognition by granzyme B 

without the involvement of an exosite. By contrast, exosites have been proposed to mediate 

electrostatic interactions between granzyme A and its substrates, in light of the known 

differences in cleavage efficiency between peptide substrates and macromolecular substrates 

(66, 67). Through analysis of the catalytic groove of granzyme A and modeling of protein 

substrates and inhibitors, it was suggested that positively charged structural elements outside 

the granzyme An active site may facilitate substrate access to the enzyme active site. Such 

structural elements may then constitute exosite(s). This hypothesis remains to be tested with 

the GSDMB substrate.

Similar to the granzymes, neutrophil elastase and cathepsin G are serine proteases stored in 

granules and are major components of neutrophil’s microcidal arsenal (68). Cathepsin G and 

elastase cleave after hydrophobic residues such as Cys, Val, or Leu (69), and are known to 

activate the IL-1 family members (70). Since cathepsin G cleaves GSDMD at multiple sites 

(22), it is unlikely that an exosite is involved in limiting the specific sites of cleavage. The 

elastase cleavage sites in human and murine GSDMDs (C268 vs V251) are not conserved, 

which is consistent with the known preference of elastase for small hydrophobic amino acids 

at the P1 site of substrates (69). It remains to be determined if neutrophil elastase utilizes an 

exosite to recognize GSDMD.

Conclusions and future perspectives

A common theme of gasdermin activation is its trigger by protease cleavage at the 

flexible and poorly conserved NTD-CTD linker region. These proteases are themselves 

activated by various signaling pathways or delivered to the cytosol through microbial 
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invasion or perforin from cytotoxic immune cells. It is conceivable that gasdermins may 

have evolved to sense mislocalized or stimuli-dependent cytosolic proteases as danger 

signals using their unstructured linker region as easily accessible substrates for such 

proteases. Emerging evidence suggests that in several cases, the structured regions of 

gasdermins may provide crucial binding-surface for protease engagement as in exosites 

for the inflammatory caspases, or perhaps impact the accessibility of enzyme active sites 

for substrates as suggested for granzyme A. The use of exosites may strengthen enzyme-

substrate interactions, improve efficiency of proteolysis, and enhance substrate selectivity. 

However, exosites may be absent or counterproductive for promiscuous proteases such 

as caspase-3 or cathepsin G. Furthermore, different structural elements may function as 

exosites for different substrates. In fact, recent evidence suggests that spatially distinct 

exosites may be employed by the inflammatory caspases such as caspase-1 to recognize 

diverse substrates such as GSDMD or pro-IL1β (71). Conceivably unique tertiary structural 

features of substrates may be recognized by various proteases through different exosites.

Post-cleavage release of the gasdermin NTDs from the CTDs in the presence of membrane 

lipids allows the NTDs to assemble pores at the plasma membrane, membranes of 

intracellular organelles, or microbial membranes. The redundancy of the pore-forming 

function from different gasdermin NTDs suggests crucial importance of the underlying 

cell death mechanisms in immune defense against infections or tumorigenesis. On the other 

hand, as the membrane-disrupting function of gasdermin NTDs can have dire consequences 

for cells expressing gasdermins, multiple mechanisms have evolved to regulate their pore-

forming activities. One of such mechanisms is the protease cleavage within the gasdermin 

NTDs by host or microbial proteases, which may serve to prevent or reverse the membrane-

disrupting function of the NTDs. Whether exosites are utilized in such inactivating cleavage 

events remain to be determined. It should be noted that several gasdermins have been 

reported to induce cytolysis or liposome leakage in the absence of protease cleavage when 

autoinhibition from their CTDs were compromised (10, 12). Such pore-forming activities 

by the mutant full-length gasdermins, though at reduced levels compared with the wildtype 

NTDs, suggest that even though protease cleavage at the gasdermin NTD-CTD linkers 

promotes NTD pore formation under physiological conditions, it is not absolutely required 

for pore assembly.

Recent studies of protease processing of gasdermins suggest a number of future directions 

going forward. For example, what proteases other than the inflammatory caspases use 

exosites to engage gasdermins? Do different structural elements in the same protease 

serve as exosites for different gasdermins? Biochemical and structural approaches will 

be instrumental in revealing how exosites in diverse proteases engage different gasdermin 

substrates and their component domains. Such mechanistic understanding will facilitate the 

development of highly selective inhibitors that target specific exosite interface utilized by 

each substrate. Are the exosite interface more likely to be located at the CTDs in cases of 

gasdermin activation by proteases, and at the NTDs in cases of gasdermin inactivation? Most 

of the protease cleavage events for gasdermins reported thus far activate their pore-forming 

NTDs, perhaps partially attributed to the technical convenience of assaying membrane 

disruption events. Are gasdermins besides GSDMD and GSDMB negatively regulated 

through protease cleavage, particularly by microbial proteases? Are GSDMA or PJVK 
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regulated by protease processing and under what physiological context do they induce cell 

death? What are the “upstream” signaling events that precipitate the activation of these 

proteases? Could the expression of different splice variants such as those for GSDMB or 

the induction of gasdermin expression in different cell types impact their access to and 

cleavage by proteases? Phosphorylation of GSDME has been reported to suppress its pore-

forming activities (45). Could post-translational modifications such as phosphorylation or 

ubiquitination modulate protease recognition of gasdermins? Unique features of gasdermin 

sequence, structure, expression characteristics, and post-translational modifications may 

dictate distinct mechanisms of protease recognition and cleavage. Furthermore, different 

post-cleavage membrane-binding properties by gasdermin family members are starting to 

emerge which undoubtedly have important implications for their function in specific cell 

types or organelles. Such diverse mechanisms may underlie the divergent physiological and 

pathological functions of gasdermins and may furnish opportunities for therapeutic targeting 

of gasdermins in infectious diseases and inflammatory disorders. Since the discovery of 

gasdermins as effectors for pyroptosis a few years ago (3–5), the function of gasdermins 

has been extended to NETosis (32, 33), secondary necrosis (16, 17), tumor necrosis (23, 27, 

43, 44), non-lytic protein secretion (72–74), and lysis of invading microbes (10, 25), etc. 

Protease recognition and cleavage of gasdermins downstream of diverse signaling pathways 

underlie many of these activities. It is anticipated that the next few years will witness 

exciting discovery in the vibrant areas of gasdermin studies.
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Highlights

• Flexible linkers connect pore-forming NTDs with autoinhibitory CTDs in 

gasdermins

• Diverse proteases cleave gasdermin linkers or loops to regulate their activities

• Exosites strengthen enzyme-substrate interactions and enhance substrate 

selectivity

• Different features of gasdermin regulation by proteases underlie diverse 

function
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Figure 1. 
Exosites from the inflammatory caspases mediate their recognition of GSDMD. Structures 

of caspase-1 in complex with GSDMD-CTD (A), caspase-4 in complex with GSDMD-CTD 

(B), caspase-11 in complex with GSDMD-CTD (C), and caspase-1 in complex with the 

full-length GSDMD (D) are shown in ribbons with the sidechains of the exosite residues 

displayed. (E) The structure of a dimeric caspase-1 is shown with the active sites, exosites, 

and allosteric site marked. (F) Sequence alignment adjacent to the active site Cys residues 

and the exosite residues are shown for different caspases, with the active site Cys in red, and 

exosite residues from the inflammatory caspases in green and underlined. The equivalent 
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hydrophobic residues from other caspases are in green, and non-hydrophobic resdues are in 

black.
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Figure 2. 
Structures of the GSDMD-CTD and GSDMB-CTD reveal different pockets at the actual 

or potential interface with the inflammatory caspase exosites. (A) The left panel shows the 

structure of the GSDMD-CTD (gold) bound to the caspase-1 exosite (green). The right panel 

shows the GSDMD-CTD as a surface presentation with the hydrophobic residues binding 

the caspase exosite marked in yellow. (B) The left panel shows the equivalent view of the 

GSDMB-CTD. The right panel marks the equivalent GSDMB residues to those in (A).
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Table 1.

Different gasdermin family members and their cleavage sites by diverse proteases.

Gasdermin Protease Cleavage site (P1 site in bold) References

GSDMA unknown Potential cleavage sites: N/A

hGSDMA: 223-ICNDN-227

mGSDMA: 224-ICNDS-228

mGSDMA2: 223-ICTDN-227

mGSDMA3: 224-ICNDS-228

GSDMB Caspase-1 233-EEKD|G-237 (isoform 4 Q8TAX9-4) (24)

Caspases-3, 6, 7 88-DNVD|S-92 (7)

Caspases-1, 3, 4, 6, 7, 8, 9 Site unknown but may be similar to the above (26)

Granzyme A 241-CLGK|S-245 (isoform 4 Q8TAX9-4) (75)

226-GKTK|S-230 (isoform 4 Q8TAX9-4) (75)

GSDMC Caspase-8 362-LELD|S-366 (human GSDMC) (76)

Caspase-6 Site unknown but may be similar to the above (76)

GSDMD Caspases-1, 4, 5, 11 272-FLTD|G-276 (human GSDMD) (3–5)

273-LLSD|G-277 (mouse GSDMD) (3–5)

Caspase-8 Same sites as above (18, 20, 21)

Caspases-3, 7 84-DAMD|G-88 (human GSDMD) (15, 20, 21)

85-DVVD|G-89 (mouse GSDMD) (15, 20, 21)

Neutrophil elastase 265-MMRC|L-269 (human GSDMD) (19, 32)

248-RKAV|G-252 (mouse GSDMD) (19, 32)

Cathepsin G 271-LSLL|S-275 (mouse GSDMD) (22)

270-HNFL|T-274 (human GSDMD) (22)

3C protease from EV71 190-TCLQ|G-194 (human GSDMD) (37)

GSDME Caspases-3, 7 267-DMPD|A-271 (human GSDME) (15–17, 20)

267-DMLD|G-271 (mouse GSDME) (15–17, 20)

Granzyme B Same sites as above (43, 44)

Caspase-3 238-DATD|G-242 (coral GSDME) (40)

254-DEPD|G-258 (coral GSDME) (40)

Caspase-B/caspy2 253-SEVD|G-257 (zebrafish GSDMEa) (16, 41)

244-FEID|G-248 (zebrafish GSDMEb) (42)
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