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Molecular mechanisms of gasdermin D 
pore-forming activity

Pascal Devant & Jonathan C. Kagan     

The regulated disruption of the plasma membrane, which can promote 
cell death, cytokine secretion or both is central to organismal health. The 
protein gasdermin D (GSDMD) is a key player in this process. GSDMD forms 
membrane pores that can promote cytolysis and the release of interleukin-1 
family cytokines into the extracellular space. Recent discoveries have 
revealed biochemical and cell biological mechanisms that control GSDMD 
pore-forming activity and its diverse downstream immunological effects. 
Here, we review these multifaceted regulatory activities, including 
mechanisms of GSDMD activation by proteolytic cleavage, dynamics 
of pore assembly, regulation of GSDMD activities by posttranslational 
modifications, membrane repair and the interplay of GSDMD and 
mitochondria. We also address recent insights into the evolution of the 
gasdermin family and their activities in species across the kingdoms of life. 
In doing so, we hope to condense recent progress and inform future studies 
in this rapidly moving field in immunology.

Programmed cell death (PCD) has important roles in immune cell 
development and homeostasis, infection, autoimmunity and cancer. 
There are different forms of PCD, which can be classified as immuno-
logically silent (such as apoptosis) or immunostimulatory (such as 
pyroptosis and necroptosis). A key difference between these forms of 
PCD is whether the plasma membrane of the dying cell becomes per-
meabilized. In the case of pyroptosis, the plasma membrane is permea-
bilized by proteins called gasdermins (GSDMs). Humans encode six 
GSDM proteins (GSDMA, GSDMB, GSDMC, GSDMD, GSDME and pej-
vakin) with considerable sequence and structural homology. GSDMD 
is the best-characterized member of this family, and is a key mediator 
of inflammasome-dependent pyroptotic cell death1–3. GSDMD is acti-
vated by proteolytic cleavage, which releases its N-terminal domain 
(NT-GSDMD) to form membrane pores4–7. These pores can serve as 
channels to mediate interleukin-1 (IL-1) family cytokine secretion, as 
well as ion exchange8,9. In instances where the extent of pore formation 
exceeds the membrane reparative capacity of the cell, lytic cell death 
(that is, pyroptosis) ensues1,2. General aspects of GSDMD biology, 
including its role in immune defense to infection and its therapeutic 
potential have been excellently reviewed elsewhere10–14. This Review is 
focused on biochemical and cell biological mechanisms that control 
GSDM activities in species that span the kingdoms of life.

Activation of GSDMD by inflammatory caspases
In resting human and mouse cells, GSDMD exists as an inactive 
pro-protein in the cytoplasm. GSDMD consists of two domains: the 
C-terminal domain (CT-GSDMD) and the NT-GSDMD, connected by a 
flexible interdomain linker. Binding of CT-GSDMD to NT-GSDMD keeps 
the protein in an auto-inhibited state that cannot form membrane 
pores. Pore-forming activity is achieved upon proteolytic cleavage 
at site Asp275 or Asp276 within the linker domain of human or mouse 
GSDMD, respectively7,15. Proteolytic activation of GSDMD is carried 
out primarily by a class of proteases known as inflammatory caspases, 
including caspase-1, caspase-4 and caspase-5 in humans as well as 
caspase-11 in mice. Caspase-1 becomes activated upon recruitment 
into an inflammasome. Inflammasomes are one of a growing number 
of supramolecular organizing centers (SMOCs), which represent the 
signaling organelles of the innate immune system16. Like all SMOCs, 
inflammasomes are not present in resting cells, but they are assem-
bled upon infection or metabolic dysregulation of various sorts17. 
Caspase-4, caspase-5 and caspase-11 also cleave and activate GSDMD 
pore-forming activities, but these enzymes are not typically activated 
upon recruitment into inflammasomes. Rather, these caspases are 
activated to cleave GSDMD upon recognition of bacterial lipopolysac-
charides (LPS) in the cytosol. This process can lead to the downstream 
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Beyond GSDMD, a number of proteases cleave and activate GSDM 
family members. For example, GSDMB is proteolytically activated 
by granzyme A in cells targeted by cytotoxic T cells or natural killer 
cells41. Contrary to its inhibitory effect on GSDMD, caspase-3 can 
activate GSDME to promote secondary necrosis during apoptotic 
signaling or induce pyroptosis in virus-infected keratinocytes42,43. 
The activation of GSDMC pore formation was linked to the activity 
of caspase-8 (refs. 44,45). Proteases expressed by infectious agents 
can also activate or inhibit GSDM pore-forming activities. For exam-
ple, SpeB, a protease produced by group A Streptococcus can cleave 
GSDMA to cause pyroptosis in infected keratinocytes46,47. Similarly, 
Zika virus protease NS2B3 can cleave GSDMD at Ser250 to produce a 
cytolytic NT-GSDMD fragment48. These findings raise the possibility 
that GSDMs could be considered protease-sensing guard proteins, 
which stimulate effector-triggered immunity49. Conversely, certain 
viral proteases, such as severe acute respiratory syndrome coronavirus 
disease 2 3C-like protease or enterovirus 71 3C protease, can cleave 
internal sites in NT-GSDMD to inactivate its pore-forming activities, 
similar to caspase-3 and caspase-7 (refs. 50,51).

Structure and dynamics of the GSDMD pore
After proteolytic activation, NT-GSDMD exposes several patches of 
basic amino acids that serve as binding sites for acidic phospholip-
ids, such as phosphoinositide phosphates, phosphatidylserine, phos-
phatidic acid and cardiolipin4,7,52. This binding facilitates NT-GSDMD 
recruitment to cellular membranes containing these lipids, including 
the inner leaflet of the plasma membrane, where it oligomerizes and 
forms multimeric pores4,6,7. The biophysical mechanisms that convert 
NT-GSDMD monomers into multimeric pores has been the subject of 
much investigation. Studies using cryo-electron microscopy (cryo-EM) 
demonstrated that the fully assembled GSDMD pore is composed of 
31–34 NT-GSDMD subunits arranged in a ring with inner and outer diam-
eters of 215 Å and 310 Å, respectively53. Oligomerization of GSDMD is 
mediated by lateral interfaces between neighboring GSDMD subunits, 
involving the α1 helices, which align head-to-tail to form a helical belt 
structure, and intensive hydrogen bonds between the transmembrane 
β-hairpins. This mode of oligomerization and interacting interfaces 
is conserved in all human GSDMs for which pore structures are avail-
able (namely GSDMD, GSDMA3 and GSDMB)53–56. The study describing 
the cryo-EM structure of the GSDMD pore also reported a structure 
of a GSDMD pre-pore with the same stoichiometry53. Membrane 
association of the GSDMD pre-pore and the pore is promoted by the 
membrane-proximal β1–β2 loop. This loop consists of a hydrophobic 
tip, which can insert into the membrane, and a basic patch that binds 
head groups of acidic membrane lipids. In the pre-pore, NT-GSDMD 
assumes a globular conformation similar to its auto-inhibited state15,53. 
When comparing the pre-pore to pore structure, it becomes evident 
that to form a transmembrane pore, NT-GSDMD must undergo a con-
formational change, inserting two β-hairpins into the membrane and 
thereby creating a intermolecular β-barrel with a large hydrophilic 
surface lining the interior of the pore53. Molecular dynamics simula-
tions of GSDMD or murine GSDMA3 pores support a model whereby 
insertion of the β-hairpins occurs in a concerted fashion57,58. These 
simulations demonstrated that binding of the pre-pore to the mem-
brane deforms the lipid bilayer and bends it into the pre-pore, thereby 
facilitating simultaneous insertion of the β-hairpins57. Transition from 
pre-pore to pore conformation in this manner would result in a lipid 
plug present in the interior of the pore. When fully assembled trans-
membrane pores were simulated with such a lipid plug present in the 
lumen, water molecules were attracted by the hydrophilic lining of the 
β-barrel. This change in hydration state caused the lipid plug to deform 
into a vesicle or bicelle-like structure. As a result, the lipids diffused 
away from the interior of the pore and membrane permeabilization is 
accomplished57,58 (Fig. 2).

activation of the NLRP3 inflammasome through GSDMD-mediated K+ 
efflux (often referred to as the noncanonical pathway of inflammasome 
activation)18–20.

Dissection of enzyme–substrate interactions has revealed mecha-
nisms of GSDMD cleavage by inflammatory caspases. Upon activa-
tion, caspases undergo autoprocessing at several sites (for example, 
Asp270 and Asp289 in caspase-4, or Asp285 in caspase-11) to remove 
an inhibitory interdomain linker. Cleavage at these sites generates 
the small (p10) catalytic subunit and facilitates formation of the enzy-
matically active caspase dimer21. This dimer can then bind to full-length 
GSDMD through a protease exosite interaction. X-ray crystallography 
has shown that the processed L2 loops in the caspase dimer form an 
intermolecular beta-sheet, harboring a cluster of conserved hydro-
phobic residues (Trp267 and Val291 in caspase-4 or Trp263 and Val287 
in caspase-11), which inserts into a hydrophobic pocket in CT-GSDMD 
formed by Leu306, Leu310, Val367 and Leu370 (refs. 21,22). Moreover, 
a structure of caspase-1 bound to full-length GSDMD suggests the pres-
ence of a second binding interface between the interdomain linker of 
GSDMD and the peptide-binding groove near the caspase active site22,23. 
These interactions position the interdomain linker of GSDMD for cleav-
age. Although no contacts are observed between NT-GSDMD and the 
caspase in this structure, it was suggested that a RFWK motif in the 
β1–β2 loop of NT-GSDMD can bind and inhibit inflammatory caspases 
after cleavage, acting in a negative feedback loop24. Consistent with the 
structural evidence, biochemical experiments suggest that the amino 
acid residues directly downstream of the scissile peptide bond (called 
‘prime site’ residues) in GSDMD impact substrate recognition, while 
cleavage is independent of the residues directly upstream of Asp276/
Asp275 (the ‘tetrapeptide’)21,25. This exosite-mediated mode of sub-
strate recognition appears to be specific to GSDMD, as mutations in the 
exosite have little effect on the cleavage of another prominent caspase-1 
substrate, pro-IL-1β26. Mutations that modulate pro-IL-1β cleavage 
have little effect on GSDMD processing, suggesting that GSDMD and 
pro-IL-1β are recognized by distinct regions of caspase-1 (ref. 26).

Inflammatory caspase-independent activation
In addition to inflammatory caspases, other proteases can cleave 
GSDMD and activate its pore-forming activities (Fig. 1). For example, 
cathepsin G and elastase can generate a pore-forming NT-GSDMD frag-
ment in neutrophils27,28. GSDMD activated in this manner is thought 
to contribute to the formation of neutrophil extracellular traps29,30, 
although GSDMD-independent neutrophil extracellular trap formation 
also occurs31,32. The apoptotic initiator caspase-8 can cleave GSDMD 
in macrophages infected with pathogenic strains of Yersinia33,34. This 
activation is dependent on inhibition of the signaling cascade down-
stream of the MAP kinase kinase kinase TAK1 by the bacterial virulence 
factor YopJ35,36. Chemical inhibitors of TAK1, together with Toll-like 
receptor (TLR) or tumor necrosis factor (TNF) receptor activation, 
stimulate caspase-8-dependent GSDMD cleavage and pyroptosis33,34. 
The ability of caspase-8 to cleave GSDMD is context dependent. While 
caspase-8 efficiently cleaves GSDMD when activated through TNF 
complex IIb (as is the case after inhibition of TAK1), it poorly cleaves 
GSDMD downstream of TNF complex IIa or death-inducing signaling 
complex37. These signaling complexes form downstream of TNF recep-
tor engagement in a cell-type and context-dependent manner, high-
lighting the pleiotropic effects of this cytokine on cell fate. Caspase-8 
can also be activated by inflammasomes containing the adaptor protein 
ASC, especially in situations where activity of caspase-1 is absent, but 
whether caspase-8 cleaves GSDMD in this context is unknown38,39. The 
apoptotic effector caspases-3 and caspase-7 can also cleave GSDMD. 
However, while cleavage by caspase-8 produces a pore-forming 
NT-GSDMD fragment, cleavage by caspase-3 or caspase-7 occurs at 
a distinct site in NT-GSDMD (Asp87 in humans, Asp88 in mice), which 
blunts its pore-forming activities40.
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Atomic force microscopy imaging revealed that NT-GSDMD 
and NT-GSDMA3 can form not only ring-shaped, but also smaller 
arc-shaped and slit-shaped assemblies in supported lipid bilayers and 
liposomes58,59. All of these shapes were capable of forming transmem-
brane pores57,59, with assemblies consisting of as few as two NT-GSDMD 
molecules able to form water-filled, ion-permeable channels in molecu-
lar dynamics simulations57. Time-resolved atomic frce microscopy and 
molecular dynamics simulations found that arc-shaped and slit-shaped 
pores can grow and fuse with each other57–59. Additionally, arc-shaped 
GSDMD oligomers can bend and exclude lipids from their interior, but 
might crack under the line tension of the open membrane edge to col-
lapse into smaller slit-shaped transmembrane pores57. Once a pore has 
been assembled, electrophysiology and live-cell imaging has suggested 
that GSDMD pores may close and reopen multiple times over a period of 
minutes. Opening and closing kinetics were controlled by the phospho-
inositide composition of the membrane60. The lipid microenvironment 
may therefore affect not only regulation pore assembly, but also pore 

function57,60,61. In conclusion, GSDMD pores are dynamic, heterogene-
ous structures and pore formation can likely proceed along variable 
pathways in parallel, such as concerted insertion of a pre-assembled 
ring-shaped pore into the membrane and plastic growth from smaller 
membrane-inserted oligomers (Fig. 2). The contribution of either 
assembly process to pore formation in the context of a cell is unknown. 
Data supporting either model were collected under specific conditions 
in vitro and in silico, and if either mechanism, or both, occur in vivo 
remains to be determined.

GSDMD pores as mediators of cytokine release
The formation of GSDMD pores can lead to the release of cytokines 
and other mediators of inflammation from the cell into the extracel-
lular space. This release can occur in two major ways—through the 
transmembrane channel formed by GSDMD (that is, the pore) or after 
plasma membrane rupture. Size is one factor that determines whether a 
molecule can be released through GSDMD pores. Water molecules, ions 
and small chemicals (for example, fluorescent dyes), as well as small 
proteins such as IL-1β, IL-18, Rho GTPases, galectin-1 and nanobodies 
can diffuse from one side of a GSDMD-permeabilized membrane to 
another8,9,62–65. In contrast, larger molecules, such as the enzyme lactate 
dehydrogenase, the alarmin HMGB1, or high-molecular-weight dex-
trans, cannot8,9,66,67. The contribution of the different pore shapes and 
sizes described above to the release kinetics of different cargo remain 
to be determined, but it was estimated that an oligomer of ten or more 
NT-GSDMD subunits should be sufficient to permit passage of IL-1β57.

Size is not the only variable that affects cargo release. Although the 
hydrodynamic radii of cleaved IL-1β is comparable to that of pro-IL-1β, 
the cleaved protein passes preferentially through GSDMD pores53. This 
finding can be explained by the presence of four acidic patches that 
create a negative potential in the interior of the GSDMD channel. This 
electrostatic filter permits the selective release of positively charged 
cargo (for example, IL-1β), while cargo with net negative charges (for 
example, pro-IL-1β) are repelled53. Mathematical modeling further 
predicts that interactions between GSDMD and acidic membrane lipids 
enhance charge selectivity of the pore, while salt diminishes electro-
static filtering by shielding electrostatic interactions61. Thus, intrinsic 
biophysical properties (size and charge), as well as extrinsic factors 
(lipid microenvironment, salt concentration) determine whether 
IL-1β can pass through a GSDMD pore. Other determinants of passage 
through GSDMD pores may exist, and studies of additional GSDMD 
cargoes will be informative.

While early studies focused on GSDMD-mediated secretion of 
IL-1β from phagocytes, recent work revealed roles for GSDMD and 
other GSDMs in the release of different IL-1 family cytokines from 
various cell types. For instance, release of IL-1α from macrophages 
after inflammasome activation depends on GSDMD, much like IL-1β8. 
However, unlike IL-1β, IL-1α is not directly cleaved by caspase-1. Instead, 
GSDMD pores allow for influx of extracellular calcium, which activates 
calpains that cleave IL-1α. IL-1α is then released through GSDMD pores68. 
IL-1α is also released from a subset of human TH17 cells using a similar 
calcium-dependent process69. Following T cell receptor engagement, 
an NLRP3–caspase-8–caspase-3 axis activates GSDME, which forms 
plasma membrane pores, resulting in calcium influx, calpain activation 
and IL-1α processing and release. GSDMs therefore play a dual role in 
IL-1α maturation and secretion, acting upstream and downstream of 
IL-1α cleavage68,69.

GSDMs have also been implicated in the release of the IL-1 family 
cytokine IL-33 (refs. 70,71). Exposure of macrophages and airway epi-
thelial cell lines to allergen proteases leads to the cleavage of GSDMD 
in a caspase-independent manner to produce a noncanonical p40 
fragment. This p40 fragment promotes the release of IL-33. Process-
ing of GSDMD was dependent on allergen protease activity, although 
whether allergen proteases cleave GSDMD remains undefined71. 
GSDMD deficiency reduced IL-33 secretion and type 2 immunity-related 
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Fig. 1 | Cleavage of GSDMD by diverse cellular proteases activates its 
pore-forming activity. Pathogenic viral or bacterial infections trigger diverse 
innate immune pathways that activate proteases with the ability to activate 
GSDMD. Cytosolic LPS, a result of gram-negative bacterial infection, can be 
sensed by caspase-4, caspase-5 or caspase-11. Inflammasome activation can 
activate caspase-1. TNF receptor (TNFR) signaling (especially through TNF 
complex IIb) can activate caspase-8. Upon their activation, these proteases 
can cleave GSDMD within its interdomain linker connecting its C-terminal and 
N-terminal domains. In addition, proteases encoded by some infectious agents 
can similarly cleave and activate GSDMD. NT-GSDMD can then translocate to the 
plasma membrane, mitochondria, lysosomes and perhaps other membranous 
organelles and assemble into transmembrane pores. Apoptotic signaling can 
activate caspase-3 or caspase-7, which cleave GSDMD within its N terminus to 
inhibit its pore-forming abilities.
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pathogenesis in mouse models of allergic airway inflammation71. In 
addition to its role in allergies, IL-33 impacts the development of hepa-
tocellular carcinoma. In a mouse model of obesity-induced hepato-
cellular carcinoma, senescent hepatic stellate cells released IL-33 in a 
GSDMD-dependent manner70. In this context, GSDMD is processed by 
caspase-11, whereas IL-33 is cleaved into its bioactive fragment in the 
extracellular space by secreted elastases. IL-33 then activates regula-
tory T cells in the tumor microenvironment, which promotes tumori-
genesis70. Inhibiting GSDMD pore formation with the drug disulfiram 
suppressed IL-33 release from hepatic stellate cells and hepatocellular 
carcinoma development, demonstrating the therapeutic potential 
of GSDMD-targeting drugs. Lastly, GSDMC-mediated IL-33 release 
has been described during helminth infection in the gut72. O-linked 
N-acetylglucosamine modification of the transcription factor STAT6 
was reported to induce the upregulation of Gsdmc gene expression and 
GSDMC-mediated IL-33 release from intestinal epithelial cells. These 
processes contributed to the generation of a type 2 cytokine milieu 
and anti-helminth immunity72.

GSDMD activities in living or dead cells
The formation of GSDMD pores was initially linked to the induction of 
pyroptosis, a lytic form of PCD1,2. Indeed, most inflammasome stimuli 
that are commonly used in the laboratory induce pyroptosis by a pro-
cess dependent on GSDMD. However, the obligate link between GSDMD 
pore formation and pyroptosis has been challenged. For example, 
stimulation of dendritic cells and macrophages with TLR ligands and 
select oxidized phospholipids lead to the assembly of NLRP3 inflam-
masomes within living cells that retain the ability to execute phagocyto-
sis8,73,74. Genetic analyses of phagocytes stimulated with TLR ligands and 
oxidized phospholipids indicated that the process of IL-1β release from 
living cells is dependent on NLRP3, ASC, inflammatory caspases and 
GSDMD8,73,75. In mice, these cells can also migrate to the lymph nodes 
while producing IL-1β75. Infection with a mutant strain of Staphylococ-
cus aureus can also trigger IL-1 family cytokine release in the absence 

of cell death8,76, and human primary dendritic cells treated with the 
NLRP3 agonist L18-MDP release IL-1β while remaining viable77. Similarly, 
neutrophils can survive and secrete IL-1β after infection with Salmonella 
or stimulation with NLRP3 agonists78,79, and TLR4 signaling promotes 
IL-1β release from viable human, porcine and canine monocytes26,80. 
Other studies showed that both IL-1α and IL-1β can be released from 
living cells through GSDME pores69,81. Cell-death-independent IL-33 
release through GSDMD pores has also been observed70,71.

Before the above-described work, stimulated phagocytes were 
considered to be capable of living while they secrete cytokines other 
than IL-1β (such as TNF and IL-6), or releasing IL-1β upon pyroptosis. 
The finding that numerous stimuli and cell types can release IL-1β while 
maintaining viability suggests a third activation state in immune cells 
exists. In deference to the traditionally labeled state of macrophage 
and dendritic cell activation, where cytokines other than IL-1β are 
released upon stimulation, cells that have added IL-1β to the reper-
toire of secreted factors are considered to be hyperactivated73,75. 
Indeed, stimuli that hyperactivate dendritic cells lead to a more robust 
antigen-specific T cell response (and protective immunity to cancer) 
than stimuli that activate dendritic cells or induce pyroptosis75. These 
collective findings demonstrate that GSDM pores can serve as physi-
ologically important conduits for IL-1 family cytokine release in various 
experimental settings.

In addition to the uncoupling of GSDMD pore formation from 
cell death through the study of cell hyperactivation mechanisms, 
GSDMD-mediated cell death has also been uncoupled from cell lysis. In 
wild-type cells, pyroptosis-inducing stimuli promote the formation of 
GSDMD pores that result in cell swelling and plasma membrane rupture 
(PMR)63,64. However, in murine and human macrophages lacking the 
plasma membrane-localized protein ninjurin-1 (NINJ1), GSDMD pore 
formation, IL-1β release, cell swelling and energetic cell death proceed 
normally, but PMR is defective66,82. NINJ1 had been characterized as a 
homophilic cell-adhesion molecule expressed in cells of the central 
nervous system, epithelial cells and immune cells83–85. However, a role in 
PMR and cell death had not been appreciated. The mechanism by which 
NINJ1 promotes PMR after cell death is undefined, but an amphipathic 
helix located at the N-terminus of NINJ1 is required for this activity. 
Moreover, PMR downstream of GSDMD pore formation correlates 
with the formation of NINJ1 oligomers66. An intriguing aspect of NINJ1 
biology is that NINJ1-deficient mice display increased susceptibility to 
bacterial infections66,86. Additionally, NINJ1 is required for the egress of 
norovirus particles from infected cells87. These findings suggest that 
the process of cell lysis is important for host defense, either through 
the release of damage-associated molecular patterns or through an 
active role played by the cellular corpse. Pyroptotic corpses serve to 
trap intracellular bacteria and facilitate their elimination via recruited 
neutrophils88. It remains to be determined if NINJ1 contributes to the 
engulfment of pyroptotic corpses by neutrophils. The phenotypes 
associated with NINJ1 deficiency are analogous to cells treated with 
pyroptosis-inducing agents in the presence of the amino acid gly-
cine8,9,64,89. Glycine has long been appreciated for its cytoprotective 
properties but its mechanism of action has been elusive90. These obser-
vations were linked biochemically by a report that found that glycine 
treatment inhibits the formation of NINJ1 oligomers that are typically 
associated with PMR82. These findings suggest that NINJ1 might be a 
target of glycine-mediated cytoprotection82.

Removal of GSDMD pores from the cell membrane
Cells from diverse organisms have mechanisms that ensure mem-
brane integrity. Cellular movement, environmental chemicals, 
bacterial pore-forming toxins, and T cell-derived and natural killer 
cell-derived perforin can all cause injuries to the plasma membrane. 
These injuries result in the influx of calcium from the extracellular 
space, which is detected by lysosomal calcium sensory proteins of 
the synaptotagmin family91,92. These proteins promote the fusion of 
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Fig. 2 | Assembly of the GSDMD pore can proceed along various paths. 
After proteolytic cleavage, NT-GSDMD monomers translocate and bind to 
the target membrane. NT-GSDMD monomers can then oligomerize into a 
membrane-associated ring-shaped pre-pore. Upon concerted insertion of the 
NT-GSDMD subunits into the membrane, the internal lipid plug will deform into 
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result of the line tension of the excluded lipid bilayer, or further grow and fuse 
into a full ring-shaped pore.
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endosomes and lysosomes with the plasma membrane, resulting in the 
extrusion or endocytosis of the damaged site and a return to homeo-
stasis93. The endolysosomal ESCRT-III machinery is a central regulator 
of synaptotagmin-mediated membrane repair, which acts to remove 
pores formed by GSDMD and the necroptosis-associated pore-forming 
protein MLKL94,95. Local delivery of ESCRT-III is mediated directly by 
GSDMD, as the pore formed is the source of the calcium influx that trig-
gers recruitment of ESCRT-III to the cell surface. The ESCRT-III complex 
is recruited to the membrane, primed by the concave membrane around 
the GSDMD pore53, and induces the formation of GSDMD-containing 
vesicles that bud off the cell surface95. Blocking ESCRT-III-mediated 
membrane repair, either by inhibiting calcium flux or by overexpress-
ing a dominant-negative ESCRT-III component, amplified pyroptotic 
cell death and IL-1β release95. This connection between ESCRT-III and 
GSDMD may have therapeutic implications. In preclinical cancer 
models, the efficacy of bacteria-based delivery systems that induce 
GSDMD-mediated tumor cell pyroptosis was improved by co-delivering 
a calcium chelator to inhibit ESCRT-III-mediated membrane repair96.

In addition to ESCRT-III-mediated repair, other mechanisms of 
GSDMD pore removal exist. After inflammasome activation, caspase-1 
can activate caspase-7, which in turn cleaves and activates the lysosomal 
enzyme acid sphingomyelinase (ASM)97. Activation of ASM leads to the 
accumulation of ceramide, which induces enhanced endocytic mem-
brane repair, thereby antagonizing GSDMD-mediated pyroptosis97,98. 
This type of membrane repair is critical to slow down pyroptotic cell 
death in intestinal epithelial cells upon Salmonella infection, thereby 
enabling the infected cell to be extruded from the epithelial barrier97. 
Whether this process is also activated in hyperactive cells to maintain 
viability is unclear.

Targeting of diverse organelles by GSDMD
The plasma membrane is considered the primary target membrane 
for GSDMD. However, GSDMD can also associate with other mem-
branous organelles, including lysosomes and mitochondria (Fig. 2).  
Lysosomes have been implicated in the regulation of the NLRP3 
inflammasome99–101 and may serve as platforms for GSDMD process-
ing during caspase-8-dependent pyroptosis102. In addition, lysosomal 
decay is a common feature of pyroptotic cell death, but whether this 
decay is explained by perforation of lysosomes by GSDMD has not 
been fully resolved63,103. Cleavage of the lysosomal enzyme ASM by 
cytosolic caspase-7 is suppressed in GSDMD-deficient cells, providing 
indirect evidence that GSDMD pores may permeabilize the lysosomal 
membrane in pyroptotic intestinal epithelial cells97. Direct targeting 
of lysosomes by GSDMD has been observed in neutrophils following 
inflammasome activation104. In this context, NT-GSDMD localizes to 
azurophilic granules and autophagosomes, resulting in lysosomal 
leakage, secondary cleavage of GSDMD by cathepsins and IL-1β release 
through an autophagy-related pathway104.

The hypothesis that GSDMD might target mitochondria was 
formed due to the presence of the acidic lipid cardiolipin in the mito-
chondrial membrane. NT-GSDMD binds to cardiolipin4,52 and targets 
mitochondria when activated by inflammatory caspases105–108. Other 
GSDM family members, such GSDME and GSDMA, are also able to 
perforate mitochondria105,107,109. Targeting of mitochondria by GSDMs 
results in their depolarization and contributes to the induction of reac-
tive oxygen species (ROS) and energetic cell death during pyroptosis, 
which usually precedes PMR63,64,106. Moreover, mitochondrial GSDM 
pores can serve as conduits for cytochrome c to enter the cytosol, where 
it activates the apoptosome in a feed-forward loop105.

If and to what degree GSDMs target mitochondria appears to 
depend on the specific protein, context and cell type. For example, 
GSDMA has a preference for associating with mitochondrial mem-
branes over the plasma membrane, although the reason for this behav-
ior is unclear109. GSDMD was reported to target mitochondria in murine 
endothelial cells following LPS transfection and in mouse models of 

septic shock108. Following inflammasome activation, macrophages 
derived from mice carrying a gain-of-function mutation in the gene 
encoding LRRK2, which has been associated with the development 
of diseases such as Parkinson’s disease and Crohn’s disease as well as 
increased susceptibility to mycobacterial infections (Lrrk2G2019S)110–112, 
exhibited increased GSDMD-dependent cell death but decreased secre-
tion of mature IL-1β112. This observation implies that pyroptosis may 
have been converted into a different type of PCD, thereby uncoupling 
cell death from caspase-1-dependent cytokine processing. Mecha-
nistic analysis suggested that the aberrant production of mitochon-
drial ROS in Lrrk2G2019S cells promoted recruitment of NT-GSDMD to 
mitochondria, which led to a burst in cellular ROS and activation of 
RIPK3-dependent, RIPK1-dependent and MLKL-dependent necropto-
sis112. Additional work is needed to understand how GSDMs target and 
form pores in diverse membranes, and whether repair mechanisms 
exist for all organelles disrupted by GSDM pores.

Posttranslational modifications of GSDMD
A number of studies suggest a connection between metabolism, ROS 
and GSDMD activities. While ROS can act at the apex of the inflamma-
some pathway by controlling priming and activation of the NLRP3 
inflammasome113,114, recent studies suggest a direct link between cel-
lular redox state and GSDMD. As such, ROS was shown to promote 
cleavage of GSDMD by inflammatory caspases115,116. ROS production by 
xanthine oxidase and downstream signaling by the MAP kinases JNK2 
and MAP3K5 was reported to promote trafficking of GSDMD to the 
plasma membrane117. ROS can also directly affect GSDMD after cleav-
age, at the level of oligomerization and pore formation. A genome-wide 
CRISPR–Cas9 loss-of-function screen identified components of the 
Ragulator–Rag–mTORC1 axis, a key regulatory pathway in cellular 
metabolism, as positive regulators of GSDMD pore formation118. Ragula-
tor–Rag controls cellular ROS production and GSDMD oligomerization 
and pyroptosis118. Defects in GSDMD oligomerization and pyroptosis 
were complemented by the induction of cellular ROS through mito-
chondrial poisons or priming with microbial products118,119. Mechanisti-
cally, GSDMD senses ROS through the Cys192 residue in its N-terminal 
domain. Oxidation of this residue promotes oligomerization of GSDMD 
and pore formation119. This finding suggests that, like phosphorylation 
cascades in other signal transduction pathways, ROS acts at multiple 
stages of the inflammasome pathway (upstream and downstream of 
GSDMD cleavage) to regulate pore formation and pyroptosis.

Although the biochemical mechanism of how Cys192 oxidation 
promotes GSDMD oligomerization and pyroptosis is undefined, these 
studies highlight the importance of posttranslational modifications 
(PTMs) for GSDMD regulation (Table 1). We speculate that oxidation 
of Cys192 might aid in the removal or addition of another inhibitory or 
activating PTM, respectively. Palmitoylation of GSDMD at Cys192 was 
suggested to occur in a ROS-dependent manner120,121. Similarly, bacte-
rial GSDM homologs are lipidated to assist membrane association and 
human GSDME can be palmitoylated in its C-terminal domain, which 
promotes pyroptosis by dissociating NT-GSDME from CT-GSDME 
after cleavage122,123. In addition, cysteine residues in GSDMD are the 
target of PTMs other than ROS to modulate its pore-forming activi-
ties. Itaconate, a Krebs cycle-derived metabolite that accumulates in 
myeloid cells upon prolonged TLR-stimulation, can modify Cys77 in 
murine GSDMD124. The specific effects of this PTM on GSDMD has not 
been explicitly determined, but together with the inhibitory itacona-
tion of caspase-1 and NLRP3, it can tolerize cells to NLRP3 inflamma-
some activators124,125. Irreversible succination of Cys192 in GSDMD by 
fumarate also prevents GSDMD-mediated pyroptosis by disrupting 
the interaction between GSDMD and caspase-1 (ref. 126). Resulting 
anti-inflammatory effects can be mimicked by treating cells or mice 
with the drug dimethyl fumarate (DMF). Other small-molecule drugs 
such as disulfiram and necrosulfonamide also inhibit GSDMD by cova-
lently binding to Cys192 (refs. 127,128). Disulfiram and DMF inhibit pore 
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formation by both GSDMD and GSDME126,129. This finding is notable as 
Cys192, their target in GSDMD, is not conserved in GSDME. While it 
was shown that succination targets Cys45 in GSDME126, the target of 
disulfiram in GSDME is undefined.

Another possible role of cysteine PTMs in GSDMD is through 
disulfide bond formation. Indeed, a common way to study GSDMD 
pore formation is to analyze it by SDS–PAGE under denaturing but 
non-reducing conditions4,118,119,128. In this assay, GSDMD pores are 
detected as large, detergent-stable oligomers that are collapsed into 
a single monomer band when a reducing agent is added. This behavior 
is commonly observed for protein complexes stabilized by disulfide 
bonds and depends on the presence of cysteines in NT-GSDMD (our 
unpublished observation). However, the cryo-EM structure of the 
GSDMD pore is inconsistent with the formation of disulfide bonds53. 
Thus, there might be as-yet-undefined, reversible cysteine-linked PTMs 
that stabilize the GSDMD pore.

Cysteines are not the only residues in GSDMD that can be modified 
by PTMs. Phosphoproteomic analyses have determined that multiple 
threonine and serine residues in several human GSDMs can be phospho-
rylated130,131. The phosphorylation at Thr213 in GSDMD, Thr6 in GSDME 
or Thr8 in GSDMA prevent pore formation and pyroptosis, perhaps by 
interfering with oligomerization through steric hindrance105,130. The 
kinases responsible for the phosphorylation and the physiological 
relevance of these modifications are not well understood.

Finally, several sites in GSDMD have been found to be ubiqui-
tinated. Addition of Lys27-linked polyubiquitination to Lys203 or 
Lys204 in human GSDMD (Lys204/Lys205 in mouse) by the E3 ubiquitin 
ligase synoviolin promotes GSDMD-mediated pyroptosis through an 
undefined mechanism132. In contrast, the Shigella effector IpaH7.8 
decorates GSDMD and GSDMB with Lys48 and Lys63 polyubiquitin 
chains, targeting them for proteasomal degradation as a mechanism 

of immune evasion133–135. Pore formation by GSDMB, but not GSDMD, is 
directly inhibited by IpaH7.8-mediated ubiquitination in vitro, indicat-
ing additional proteasome-independent mechanisms of inhibition55. 
Structural studies revealed that the leucine-rich repeat domain of 
IpaH7.8 interacts with GSDMB through a cluster of negatively charged 
amino acids in its N-terminal domain55,56,135. Importantly, this inter-
action motif is conserved in human, but not murine GSDMD. As a 
result, IpaH7.8 can only target human GSDMD for degradation55,56. 
These species-specific differences in GSDMD may contribute to the 
higher susceptibility of humans to Shigella infection compared to 
mice55,56,133,135. Ubiquitin-mediated immune evasion of GSDMD has also 
been observed in cells infected with Mycobacterium tuberculosis (Mtb). 
Cellular ubiquitin acts as a cofactor for the Mtb-encoded phospholi-
pase Ptpb, which dephosphorylates the membrane lipid PtdIns(4,5)
P2, thereby preventing plasma membrane localization of NT-GSDMD, 
IL-1β release and pyroptosis136.

Activities of GSDMs across the tree of life
We are beginning to appreciate the remarkable conservation of 
GSDM-like pore-forming proteins, and other innate immune regulators, 
across the kingdoms of life137. It is believed that all GSDMs originated 
from a common ancestor. This proto-GSDM, which likely had the abil-
ity to form pores, evolved into the GSDM-like proteins found today in 
a variety of species, including vertebrates, invertebrates, fungi and 
even bacteria and archaea122,138,139. It is notable that GSDMs appear to 
be absent from plants, unlike other machineries involved in intracel-
lular immune surveillance (such as NLR proteins) that are conserved 
in animals, plants and prokaryotes140,141.

Phylogenetic and gene synteny analyses made it possible to recon-
struct the evolutionary history of GSDMs in metazoans (Fig. 3a)139,142. 
Most invertebrates, such as Cnidaria and Mollusca, and early Chordata, 

Table 1 | PTMs affecting activities of GSDM family members

Protein PTM Modified residue Effect Ref.

GSDMD Oxidation Cys192 (only tested in mouse) Promotes oligomerization and 
pore formation

119

GSDMD Oxidation Cys38, Cys56, Cys268, Cys467 (only tested 
in human)

Promotes cleavage by 
caspase-1

116

GSDMD Disulfiram Cys191/Cys192 (human/mouse) Inhibits pore formation 127

GSDMD Necrosulfamide Cys191/Cys192 (human/mouse) Inhibits pore formation 128

GSDMD Succination (fumarate/DMF) Cys191/Cys192 (human/mouse) Inhibits cleavage by caspase-1 
and pore formation

126

GSDMD Itaconation Cys77 (mouse-specific; not present in 
human)

Most likely inhibitory 124

GSDMD Phosphorylation Thr213 (only tested in human) Inhibits pore formation 130

GSDMD Lys27-linked polyubiquitination Lys203, Lys204/Lys204, Lys205 (human/
mouse)

Promotes pyroptosis 132

GSDMD Lys63-linked/ Lys48-linked 
polyubiquitination

LysK55, Lys62, Lys203 (human-specific) Targeting for degradation 55,56,133,135

GSDMD Palmitoylation Cys192 Promotes membrane 
association

120,121

GSDMA Phosphorylation Thr8 (only tested in human) Inhibits pore formation 105

GSDMB Lys48-linked polyubiquitination At least Lys177, Lys190, Lys192 (only tested 
in human)

Targeting for degradation 
and direct inhibition of pore 
formation

55,56,133–135

GSDME Phosphorylation Thr6 (only tested in human) Inhibits pore formation 105

GSDME Disulfiram Undefined Inhibits pore formation 129

GSDME Succination (fumarate/DMF) Cys45 Inhibits pyroptosis 126

GSDME Palmitoylation Cys407/Cys408 (human/mouse) Promotes pyroptosis 123

Bacterial GSDMs Palmitoylation Cys3/Cys3/Cys4/Cys7 (Runella/
Bradyrhizobium/ Vitiosangium/Lysobacter)

Promotes membrane 
permeabilization

122
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such as the jawless fish lamprey and lancelets, possess one GSDM gene, 
which is most similar to mammalian GSDME. Members of the ecdysozoa 
clade of invertebrates (including insects and nematodes) do not encode 
this GSDM gene139. In jawed fish, the ancestral GSDM gene underwent 
a gene duplication event, giving rise to the genes encoding GSDME 
and the non-pore-forming pejvakin. Some jawed fish have up to three 
GSDME homologs (GSDMEa, GSDMEb, GSDMEc)143. Birds, reptiles and 
platypus encode one additional GSDM gene, GSDMA, which originated 
from another duplication of GSDME. In mammals, GSDMA duplicated 
three more times, giving rise to genes for GSDMB, GSDMC and GSDMD, 
all of which display immune functions139,142. The diversification of GSDM 
genes can therefore be seen as a sign of the increased sophistication of 
the evolving mammalian immune system.

Some GSDM proteins from species with increasing evolutionary 
distance to humans have been characterized functionally. For example, 
GSDME homologs from ducks and teleost fish are cleaved by caspases 
to induce lytic cell death143–146. In the corals Orbicella faveolata and 
Pocillopora damicornis a GSDM gene most similar to human GSDME 
exists147. Coral GSDME is cleaved by coral and human caspase-3, forms 
membrane pores that contributes to necrosis and organismal death 
when these animals are infected with a bacterial pathogen147. These 

findings show that pyroptotic cell death is a defense mechanism in 
diverse clades of metazoans.

GSDM-like proteins from fungi have been implicated in the pro-
cess of allorecognition. Allorecognition occurs after somatic fusion 
of germlings from two incompatible strains of fungus and leads to 
the elimination of resulting heterokaryons. GSDM-like proteins from 
two strains of fungus have been characterized, the RCD-1 proteins 
from Neoforma crassa (encoded by the genes rcd-1-1 and rcd-1-2) and 
the HET-Q proteins (encoded by the idiomorphic genes het-Q1 and 
het-Q2) from Podospora anserina148–150. When germlings from one 
fungal strain express one component of these allorecognition systems 
and germlings from another strain express the other, the resulting 
heterokaryons undergo lytic cell death148,150. RCD-1-1 and RCD-1-2 from 
N. crassa are homologous to the N-terminal pore-forming domain of 
mammalian GSDMs149. When coexpressed in mammalian cells, the two 
proteins form membrane-bound clusters, indicative of membrane 
pores, which cause pyroptosis-like cell death149. These findings indicate 
that coexpression of the two RCD-1 proteins is sufficient to induce lytic 
death, but the underlying biochemical mechanisms of this process are 
not understood. HET-Q1 from P. anserina shares homology to mam-
malian GSDMs and includes a short C-terminal domain. HET-Q2 is a 
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Fig. 3 | Evolutionary history of the GSDM protein family. a, All GSDMs are 
likely derived from one common ancestor. This pore-forming proto-GSDM 
diversified to give rise to all GSDM proteins known today in prokaryotes, fungi 
and metazoans. GSDME is the most ancient GSDM found in metazoans. Gene 
duplications in early vertebrates, amniotes and mammals resulted in the genes 
encoding pejvakin, GSDMA and GSDMB/GSDMC/GSDMD, respectively. GSDMs 
appear to be absent from plants and ecdysozoa (such as insects and nematodes). 
b, GSDMs from various kingdoms of life can be activated by proteolysis. GSDMs 

found in metazoans are typically cleaved by proteases such as caspases or 
granzymes upon pathogen infection. Fungal GSDMs (such as HET-Q1), which 
are involved in allorecognition, can be cleaved and activated by subtilisin-like 
proteases (such as HET-Q2). bGSDMs can be cleaved, for example, by caspase-like 
CHAT proteases, which are activated in response to phage infection. Proteolytic 
cleavage of these diverse GSDMs leads to membrane pore formation and cell 
death.
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subtilisin-like serine protease that can cleave HET-Q1 to liberate its 
N-terminal pore-forming domain and trigger lytic cell death. Thus, 
HET-Q1 is proteolytically activated by HET-Q2, similar to how GSDMs 
in metazoans are activated by caspases150 (Fig. 3b). Many fungal GSDM 
genes are located near HET-Q2-like protease genes in the genome, sug-
gesting that proteolytic activation of fungal GSDMs may be widespread. 
Moreover, HET-Q2-like proteases sometimes contain immune-related 
domains akin to those found in NLRs150. These findings suggest that 
GSDM-mediated cell death pathways in fungi could have a role beyond 
allorecognition, for example, in immunity.

Despite limited sequence conservation between GSDMs from 
prokaryotes and mammals, they share structural homology in their 
pore-forming N-terminal domains122. Similar to fungal GSDMs, bac-
terial GSDMs (bGSDMs) lack a large C-terminal domain and instead 
contain a short hydrophobic C-terminal peptide. Within bacterial 
genomes, GSDM-like genes cluster with genes encoding caspase-like 
CHAT proteases, which can cleave off this C-terminal peptide to release 
auto-inhibition122. Cleaved bGSDMs form membrane pores of vary-
ing size in liposomes in vitro and permeabilize membranes when 
expressed in bacterial cells122. Operons containing bGSDM and CHAT 
protease genes are located within genomes next to antiphage defense 
systems. Heterologous expression of the GSDM-containing operons 
in Escherichia coli attenuated phage infection, suggesting a role for 
bGSDMs in antiphage immunity (Fig. 3b)122. Taken together, these 
studies demonstrate that GSDMs are widespread across the tree of 
life and despite large phylogenetic distances, they share many func-
tional characteristics, such as activation by proteolysis, pore-forming 
activity and the fold of the pore-forming domain. They also have 
roles in immune-related processes, tailored to the specific needs of  
each organism.

Concluding remarks
While much progress has been made in understanding the molecular 
mechanisms that regulate GSDMD pore formation, many open ques-
tions remain, particularly how the various regulatory mechanisms are 
coordinated in time and space. For instance, structural studies have 
characterized the interactions between inflammatory caspases and 
GSDMD in vitro. Yet, it is unclear how these enzyme–substrate com-
plexes are formed in the three-dimensional space of a cell and what 
additional factors are required to coordinate trafficking of GSDMD to 
desired subcellular localizations before and after cleavage. The inter-
play between GSDMD, cellular redox state and mitochondria provides 
another intriguing example. The study of Ragulator–Rag-deficient 
cells has established that ROS are required for the formation of GSDMD 
pores. At the same time, depolarization of mitochondria by GSDMD 
pores amplifies ROS levels. How these events are linked is unknown. 
Basal ROS may license the formation of a low level of GSDMD pores in 
the mitochondria early during pyroptosis, resulting in a burst of ROS 
and escalating formation of GSDMD pores in the plasma membrane, 
eventually killing the cell.

Additional mechanistic insight into GSDMD biology will inform 
discussions of therapeutic intervention. Several small-molecule 
inhibitors of GSDMD have been identified; however, these inhibitors 
suffer from poor specificity and adverse effects. In addition to target-
ing GSDMD directly, the identification of compounds modulating 
cell biological processes and PTMs that control GSDMD pores will 
be a promising approach for drug development. Specific inhibitors 
or activators of these processes might allow for the fine-tuning of 
GSDMD activities, for example, by specifically generating GSDMD 
pores of different sizes (rings versus slits versus arcs) to control 
secretion of certain cargo but not others. Further study of GSDMs 
from various species will inform these efforts as evolutionarily con-
served properties of GSDMs may present particularly promising 
therapeutic targets.
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