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The innate immune system senses and responds to pathogens and endogenous damage
through supramolecular protein complexes known as inflammasomes. Cytosolic inflamma-
some sensor proteins trigger inflammasome assembly on detection of infection and danger.
Assembled inflammasomes activate a cascade of inflammatory caspases, which process
procytokines and gasdermin D (GSDMD). Cleaved GSDMD forms membrane pores that
lead to cytokine release and/or programmed lytic cell death, called pyroptosis. In this
review, we provide a primer on pyroptosis and focus on its executioner, the GSDM protein
family. In addition to inflammasome-mediatedGSDMDpore formation,we describe recently
discovered GSDMD activation by caspase-8 and elastase in Yersinia-infected macrophages
and aging neutrophils, respectively, and GSDME activation by apoptotic caspases. Finally,
we discuss strategies that host cells and pathogens use to restrict GSDMD pore formation, in
addition to therapeutics targeting the GSDM family.

PYROPTOSIS AND GASDERMIN D
ACTIVATION

Canonical and Noncanonical Inflammasome
Pathways

The innate immune system recognizes a broad
array of exogenous pathogens and endoge-

nous damage to elicit an inflammatory response.
To accomplish this, cytosolic sensor proteins (de
Vasconcelos and Lamkanfi 2019) rapidly detect
a diverse set of pathogen- and danger-associated
molecular patterns, PAMPs and DAMPs, re-
spectively (Bergsbaken et al. 2009). In one path-
way, PAMPs and DAMPs such as bacterial
flagellin, lipopolysaccharides (LPSs) of Gram-
negative bacteria, bacterial toxins, uric acid

crystals, cytosolic double-stranded DNA
(dsDNA), and many others trigger the assembly
of supramolecular signaling complexes called in-
flammasomes (Fig. 1A; Martinon et al. 2006; Pé-
trilli et al. 2007; Hornung et al. 2009; Zhao et al.
2011;Zhouet al. 2011;Hagaret al. 2013;Kayagaki
et al. 2013; de Vasconcelos and Lamkanfi 2019).
Inflammasomes activate inflammatory caspases,
which include human andmouse caspase-1, hu-
man caspase-4 and -5, and mouse caspase-11.

Canonical inflammasomes are comprised of
a pattern recognition receptor (PRR) such as
NLRP3 or AIM2, the adaptor protein ASC,
and the effector caspase-1 (Martinon et al.
2002; Lamkanfi and Dixit 2014; Man and Kan-
neganti 2015). Different PAMPs and DAMPs

1These authors contributed equally to this work.
Editors: Kim Newton, James M. Murphy, and Edward A. Miao
Additional Perspectives on Cell Survival and Cell Death available at www.cshperspectives.org

Copyright © 2019 Cold Spring Harbor Laboratory Press; all rights reserved
Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a036400

1

Laboratory Press 
 at Harvard Library on September 5, 2019 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

mailto:wu@crystal.harvard.edu
mailto:wu@crystal.harvard.edu
mailto:wu@crystal.harvard.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml
http://cshperspectives.cshlp.org/


activate unique sensor proteins, leading to their
homo-oligomerization. Sensor protein oligo-
mers recruit ASC, which scaffolds procaspase-
1 polymerization (Lu et al. 2014). The locally
high concentration of procaspase-1 at the in-
flammasome facilitates its homodimerization,
autoprocessing, and activation (Lamkanfi and
Dixit 2014; Lu et al. 2014; Man and Kanneganti
2015). Activated caspase-1 subsequently cleaves
the procytokines pro-IL-1β and pro-IL-18 into
their bioactive forms, IL-1β and IL-18, respec-
tively (Martinon et al. 2002; Faustin et al. 2007),
and leads to pyroptosis, a lytic form of pro-
grammed cell death (Fink and Cookson 2005;
Chen et al. 2016; Zhang et al. 2018).

The molecular platform that leads to the
activation of murine caspase-11 or its human
homologs caspases-4 and -5 is knownas thenon-
canonical inflammasome (Fig. 1B;Kayagaki et al.
2011; Broz et al. 2012). Intracellular LPSs from
Gram-negative bacteria and self-encoded oxi-
dizedphospholipidsdirectlybind these caspases,
resulting in their oligomerization, autoproteoly-
sis, and activation (Hagar et al. 2013; Kayagaki
et al. 2013; Shi et al. 2014; Zanoni et al. 2016; Lee
et al. 2018). Although all inflammatory caspases
can lead to pyroptosis, the molecular player that
mediates this effector function and the mecha-
nism for inflammasome-induced cytokine re-
lease were largely unknown until recently.
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Figure 1.Biological pathways of gasderminD (GSDMD) activation. (A) Canonical inflammasomes triggered by a
wide array of pathogen- and danger-associated molecular patterns (DAMPs and PAMPs) activate caspase-1,
which cleaves GSDMD and liberates GSDMD-NT for pore formation, cell content release, and pyroptosis.
Caspase-1 also cleaves certain interleukin 1 (IL-1) family cytokines into their mature forms. (B) A complex of
cytosolic lipopolysaccharides (LPSs) and caspase-11 known as the noncanonical inflammasome cleaves GSDMD
to generate the pore-forming GSDMD-NT. (C) YopJ of Yersinia pestis inhibits transforming growth factor β–
activated kinase 1 (TAK1) for caspase-8-mediated cleavage of GSDMD and pyroptosis. (D) In aging neutrophils,
an elastase cleaves and activates GSDMD.
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GSDMD Identification, Autoinhibition,
and Activation by Inflammasomes

To identify a molecule that is responsible for
cytokine secretion and pyroptosis, Kayagaki
et al. (2015) conducted an N-ethyl-N-nitro-
sourea (ENU)-based forward genetic screen in
mice to identify mutations that impaired IL-1β
secretion in bone marrow macrophages follow-
ing LPS challenge. Simultaneously, Shi et al.
(2015) performed a genome-wide CRISPR-
Cas9 knockout screen in murine macrophages
for genes involved in caspase-1- and caspase-11-
dependent pyroptosis, and He et al. (2015) used
quantitative mass spectrometry to discover new
inflammasome component proteins. All studies
identified gasdermin D (GSDMD) as a direct
substrate of the inflammatory caspases down-
stream from canonical and noncanonical
inflammasomes, which is required for both cy-
tokine release and pyroptosis.

GSDMD features a two-domain archi-
tecture, with a pore-forming amino-terminal
fragment (GSDMD-NT) of ∼30 kDa (p30
fragment) and a repressive carboxy-terminal
fragment (GSDMD-CT) of ∼20 kDa (p20 frag-
ment). These domains are separated by a long
disordered interdomain linker cleavable by the
inflammatory caspases after Asp276 (D276)
(Kayagaki et al. 2015; Shi et al. 2015). On cleav-
age, GSDMD-NTs translocate to the plasma
and mitochondrial membranes to bind acidic
lipids, such as phosphatidylinositol phosphates
(PIPs), phosphatidylserine (PS), and cardioli-
pin (CL), oligomerize into a ring-like structure,
and insert into the lipid bilayer to form large
transmembrane (TM) pores (Fig. 1; Aglietti
et al. 2016; Chen et al. 2016; Ding et al. 2016;
Liu et al. 2016; Sborgi et al. 2016; Platnich et al.
2018). These GSDMD pores release cytosolic
contents, including the inflammatory cytokines
IL-1β and IL-18, cause membrane rupture by
disrupting osmotic potentials, and eventually
result in pyroptotic cell death (Fink and Cook-
son 2006; Evavold et al. 2018; Heilig et al.
2018). Cleaved GSDMD can also form pores
on bacterial membranes, directly killing intra-
cellular bacteria (Liu et al. 2016). Thus,
GSDMD facilitates cytokine release, pyroptotic

cell death, and pathogen destruction in innate
immunity.

Because of its inflammatory role, pyroptosis
was long regarded as exclusive to monocytes,
macrophages, and dendritic cells. Recently,
however, pyroptosis was shown to occur in var-
ious other cell types including epithelial cells,
keratinocytes, and peripheral bloodmononucle-
ar cells (Shi et al. 2014; Zhong et al. 2016).
GSDMD and caspase-4/5/11 are expressed in a
wide range of tissues and cell types (Kayagaki
et al. 2011; Broz et al. 2012; Saeki and Sasaki
2012; Hagar et al. 2013; Uhlen et al. 2015). These
data are consistent with the finding that pyro-
ptosis is not limited to a few subgroups of im-
mune cells.

PORE-FORMING MECHANISM OF THE
GSDM FAMILY

GSDMD belongs to the GSDM family, which
is comprised of five other members in hu-
mans including GSDMA, GSDMB, GSDMC,
DFNA5/GSDME, and DFNB59/GSDMF. Mice
have three GSDMAs (GSDMA1–3) and four
GSDMCs (GSDMC1–4) generated by gene du-
plication events, and they lackGSDMB (Tamura
et al. 2007; Tanaka et al. 2013). Human GSDMB
has multiple transcript variants that might show
differences in their mechanisms of autoinhibi-
tion (Ding et al. 2016; Chao et al. 2017; Chen
et al. 2018b; Panganiban et al. 2018). Because the
GSDM family shares the common pore-forming
activity of GSDMD, the Nomenclature Com-
mittee on Cell Death recently redefined pyro-
ptosis as a type of regulated lytic cell death
mediated by GSDM pore formation on the plas-
mamembrane, often but not always as a result of
inflammatory caspase activation (Kovacs and
Miao 2017; Galluzzi et al. 2018).

Mechanism of GSDM Autoinhibition

GSDMs contain an amino-terminal pore-
forming domain (GSDM-NT) and a carboxy-
terminal autoinhibitory domain (GSDM-CT),
with the exception of GSDMF, which lacks
homology in the GSDM-CT and might have
different regulatory mechanisms (Feng et al.
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2018). In the autoinhibited state, GSDM-CT
folds backontoGSDM-NT to repress its activity.
The basis for this autoinhibitory mechanism
was elucidated by the X-ray crystal structures
of full-length (FL) mouse GSDMA3 as well as
both human and mouse GSDMD (Ding et al.
2016; Kuang et al. 2017; Liu et al. 2018, 2019).
GSDM-NT contains both α-helices and extend-
ed β-strands, whereas GSDM-CT is almost ex-
clusively α-helical. The long linker between
these domains is disordered in these crystal
structures, indicating flexibility that underlies
its accessibility to caspases and perhaps other
unknown activating proteases (Fig. 2A,B). The
α1 and α4 helices of GSDM-NT closely interact
with GSDM-CT in the autoinhibited state via
electrostatic and hydrophobic interactions (Fig.
2A). GSDM-NT and GSDM-CT remain nonco-
valently associated in vitro following cleavage
of the interdomain linker, suggesting that a li-
pidic environment drives complex separation,
GSDM-NT oligomerization, and pore forma-
tion (Ding et al. 2016; Ruan et al. 2018).

Mechanism of GSDM Pore Formation

Several GSDMs have been shown to form large
TM pores following proteolytic activation of
their NTs, including GSDMD, GSDMA3, and
GSDME (Aglietti et al. 2016; Chen et al. 2016;
Ding et al. 2016; Liu et al. 2016; Wang et al.
2017). The cryo-electron microscopic (cryo-
EM) structure of the mouse GSDMA3 pore elu-
cidated the mechanism of pore formation in the
GSDM family (Ruan et al. 2018). The pore is a
27-fold symmetric, ∼0.8-MDa oligomeric as-
sembly, spanning 18 nm in inner diameter
(Fig. 2C). The size of the inner diameter permits
the passage ofmany soluble cytosolic contents to
the extracellular space including proinflamma-
tory cytokines IL-1β and IL-18 (Fig. 2C). How-
ever, lactate dehydrogenase (LDH), whose
release is often used as an indication of lytic
cell death, is too large to pass through the
GSDMD pore, consistent with the use of LDH
release as a hallmark of membrane rupture and
cell death. In addition to the 27-subunit struc-
ture, 26- and 28-fold symmetric GSDMA3 pores
were also reported, indicating heterogeneity and

plasticity inGSDM-NToligomerization (Mulvi-
hill et al. 2018; Ruan et al. 2018).

The 27-subunit GSDMA3 pore features a
complete 108-strand antiparallel β-barrel
formed by two β-hairpins from each GSDMA3-
NTsubunit andarimadjacent to thecytoplasmic
side of the lipid bilayer (Fig. 2C).Whereas the β-
barrel with a height of ∼7 nm serves as the TM
region, the rim is soluble and does not integrate
into themembrane. In thecryo-EMstructure, the
positively chargedα1helix lies in closeproximity
to the negative lipid headgroup of CL, consistent
with the observation that GSDMs bind acidic
lipids (Ding et al. 2016; Liu et al. 2016). It should
be noted that acidic lipids are not exclusive to the
plasma membrane, and the localization of CL in
mitochondrial and bacterial membranes raises
the possibility of GSDM pore formation else-
where. The α1 helix is occluded by GSDM-CT
in theautoinhibited conformation, and therefore
FL GSDMs do not associate with lipids. Super-
imposition of the GSDMA3 autoinhibited NT
and pore structures reveal that large conforma-
tional changes occurat theTMβ-strands,where-
as the globular domain that constitutes the
soluble rim remains relatively unaltered
(Fig. 2D). On membrane insertion, the entire
β3-β4-β5 region of GSDMA3-NT reaches into
the membrane to form the first β-hairpin, and
the β7-α4-β8 region straightens into the second
β-hairpin.

Although other protein families are known
to form large β-barrel TM pores, including the
membrane attack complex component/perforin
(MACPF) and cholesterol-dependent cytolysin
(CDC) superfamily, which include pneumolysin
and hemolysin (Song et al. 1996; van Pee et al.
2017), GSDMs likely represent a novel class of
pore-forming proteins given their unique mem-
brane insertion mechanism and divergence at
the amino acid sequence level (Ruan et al. 2018).

ADDITIONAL PATHWAYS REGULATING
GSDM ACTIVATION

GSDMD Activation by Other Proteases

In addition to the inflammasome pathways, sev-
eral other mechanisms for GSDMD activation
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Figure 2. Mechanisms of gasdermin (GSDM) autoinhibition and pore formation. (A) Crystal structure of full-
length GSDMA3 (PDB ID: 5B5R) shows a two-domain organization of the GSDM family. GSDMA3-CT is
colored in orange and key secondary elements in GSDMA3-NT are labeled. (B) Structural overlay of mouse
GSDMD-CT (PDB ID: 6AO3) and GSDMA3-CT suggests a conserved mechanism of autoinhibition in the
GSDM family. (C) Cryo-electron microspcopic (cryo-EM) structure of the GSDMA3 pore (PDB ID: 6CB8)
shows a large 27-subunit ring with a 108-strand β-barrel as the TM region. Each subunit contributes an α1 helix
that directly interacts with acidic lipid heads and two β-hairpins that line the β-barrel. (D) Structural overlay of
GSDMA3-NT in autoinhibited and membrane-inserted conformations reveals drastic conformational changes
in the β3-β4-β5 and β7-α4-β8 regions, which form the two TM β-hairpins. (PyMOL session files are available at
osf.io/x7dv8.)
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have recently been elucidated. One such activa-
tion pathway occurs through transforming
growth factor β–activated kinase 1 (TAK1) and
caspase-8 in response toYersinia pestis infection
(Fig. 1C). Under normal conditions, TAK1 re-
stricts the NLRP3 inflammasome and phos-
phorylation of receptor-interacting protein 1
(RIPK1) (Geng et al. 2017; Malireddi et al.
2018). YopJ, a Y. pestis effector molecule, binds
TAK1 to abolish its repression of RIPK1 (Orn-
ing et al. 2018; Sarhan et al. 2018). Active RIPK1
then recruits FADD and procaspase-8 to form a
structure called the RIPoptosome, which acti-
vates caspase-8 through autoprocessing. Active
caspase-8 then cleaves GSDMD to promote py-
roptosis (Fig. 1C; Orning et al. 2018; Sarhan
et al. 2018).

Although the majority of GSDMD-activat-
ing enzymes are caspases, a GSDMDactivator in
aging neutrophils, an inflammatory cell type
(Mayadas et al. 2014), is the neutrophil elastase
(ELANE). ELANE cleaves GSDMD at a location
upstream of the caspase cleavage site to generate
functional GSDMD-NTs that form pores and
result in neutrophil death (Fig. 1D; Kambara
et al. 2018). ELANE-mediated cleavage of
GSDMD also facilitates the formation of neutro-
phil extracellular traps (NETs) in response to
noncanonical inflammasome stimuli (Soll-
berger et al. 2018; Chen et al. 2018a). Neutro-
phils expel these NETs, antimicrobial weblike
structures composed of DNA and proteins, un-
der certain pathogenic conditions. GSDMD fa-
cilitates the formation of NETs by forming pores
in organelles, as well as their extrusion into the
surrounding extracellular milieu by causing cell
rupture (Chen et al. 2018a; Sollberger et al.
2018). Thus, the function of the GSDM family
likely extends beyond pyroptosis and can be
modulated through different upstream activat-
ing enzymes.

GSDME Activation by Caspase-3

GSDME was recently shown to form pores to
mediate pyroptosis following its cleavage and
activation by caspase-3 (Wang et al. 2017). In-
terestingly, caspase-3 is traditionally defined as
an apoptotic caspase, highlighting a role of

GSDME in cross talk between multiple cell
death pathways. Additionally, GSDME func-
tions as a tumor suppressor by potentiating py-
roptosis in response to chemotherapeutics that
activate caspase-3 and becomes silenced in
many tumors. Cancer cells that express high lev-
els of GSDME undergo pyroptosis in response
to chemotherapies that generally result in apo-
ptosis (Rogers et al. 2017; Wang et al. 2018).
Further research into the regulation of GSDME
expression and activation will elucidate the
complex circuitry underlying its cross talk
among multiple cell death pathways.

Proteolytic Restriction of GSDMD
by Caspase-3/7 and Enterovirus71

Before pore formation, cleavage of GSDMD at
noncanonical amino-terminal sites (amino-
terminal to the caspase-1/11 cleavage site) can
abolish its ability to form functional pores. One
suchmechanism involves proteolysis by apopto-
tic caspases (MacFarlane 2019), particularly cas-
pases-3 and -7 (Fig. 3B; Taabazuing et al. 2017).
Inmurinemonocytes,multiple apoptotic stimuli
resulted in a restricted “p43”GSDMD fragment,
rather than the canonical p30 (GSDMD-NT)
and p20 (GSDMD-CT) fragments, suggest-
ing that apoptotic caspases might inactivate
GSDMD. In vitro cleavage reactions showed
that caspase-3 and caspase-7 indeed cleaved
GSDMD at a different site than inflammatory
caspases, and the cleavage site was mapped to
aspartate 87 (D87). Neither the 1–87 nor 88–
484 GSDMD fragment was toxic to HEK293T
cells (Taabazuing et al. 2017), confirming that
caspase-3 and caspase-7 inhibit pore formation
by cleaving GSDMD within its NT domain.
Conversely, however, a related GSDM family
member, GSDME, can be activated by caspase-
3 (Rogers et al. 2017;Wang et al. 2017).Cross talk
betweenapoptosis andpyroptosis likelyprevents
an inflammatory response during apoptosis,
whichcouldotherwise lead tochronic inflamma-
tory diseases (Nagata 2018). Failure to execute
apoptosis might necessitate other pathways
such as pyroptosis to ensure cell death.

Pathogens would also benefit from prevent-
ing pyroptosis by silencing pore formation, thus
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protecting their niche and avoiding the innate
immune response. One such case is enterovirus
71 (EV71), the causative agent of hand-foot-
and-mouth disease. The 3C protease of EV71
cleaves GSDMD at an amino-terminal site, in-
hibiting GSDMD (Fig. 3C; Lei et al. 2017). EV71
infection resulted in this GSDMD cleavage in
multiple cell lines (Lei et al. 2017). The same
GSDMD cleavage bands were observed by co-
expressing EV71 3C proteasewithGSDMD, and
its catalytic activity was necessary for GSDMD
cleavage. By mutating a 3C-like consensus site,
glutamate 193 (Q193) of GSDMDwas identified
as the EV71 3C protease cleavage site, which is
amino-terminal to the conventional caspase
cleavage site (D276). The truncated GSDMD-
NT, residues 1–193, could not cause cell death
(Lei et al. 2017). Although EV71 remains the
only known pathogen to cleave GSDMD

directly, other pathogens have likely evolved
such mechanisms.

Mechanisms of Cytokine Release without
Pyroptosis

Although GSDMD pore formation generally
leads to pyroptotic cell death and membrane
rupture, recent discoveries call into question
the finality of eliciting pyroptosis. Several stud-
ies showed uncoupling of inflammasome
activation and IL-1β release from cell death in
multiple cell types, suggesting that live cells
might release cytokines through GSDMD pores
and perhaps even survive pore formation. The
first line of such evidence showed that murine
neutrophils undergo NLRC4-dependent cyto-
kine maturation in response to Salmonella
stimulus but not concomitant loss of membrane
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enzyme

GSDMD1-193
(inactive)

GSDMD vesicle

GSDMD-FL
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Figure 3. Pyroptotic death evasion through gasdermin D (GSDMD). (A) GSDMD pores are exocytosed from
the cell through the endosomal sorting complexes required for transport (ESCRT)-III machinery.
(B) Caspase-3 and caspase-7 cleave the GSDMD-NT after D87, generating a nonfunctional protein fragment.
(C) The 3C protease of enterovirus 71 cleaves the GSDMD-NT at a noncanonical site, generating an inactive
NT fragment.
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integrity and cell death (Chen et al. 2014).
Macrophages underwent cell death under the
same stimuli (Chen et al. 2014) but were also
recently shown capable of releasing cytokines
while maintaining membrane integrity when
buffered with glycine, an osmoprotectant (Eva-
vold et al. 2018).Murinemacrophages evade cell
death in the presence of Gram-negative pepti-
doglycan, which results in cytokine release with
unconventional signaling through themetabolic
enzyme hexokinase and the NLRP3 inflamma-
some (Wolf et al. 2016). In dendritic cells,
NLRP3 stimuli such as LPS and ATP resulted
in pyroptotic cell death, whereas oxidized phos-
pholipids, which often accompany tissue cell
death (Chang et al. 2004), triggered cytokine
release without eliciting pyroptotic cell death
(Zanoni et al. 2016). TheNLRP3 inflammasome
also mediates living IL-1β release in peripheral
blood mononuclear cells (Gaidt et al. 2016).
Thus, several cell types were shown capable of
releasing inflammatory cytokines through
GSDMD pores without concomitant cell death.

Of note, many of these studies used bulk cell
assays, in which it is difficult to distinguish cy-
tokine release from a small population of dying
cells if IL-1β effect sizes are not sufficiently large.
Furthermore, cell death (cessation of cell move-
ment/mitochondrial integrity) likely precedes
GSDMD-mediated cell lysis (DiPeso et al.
2017), confounding the ability to experimentally
decouple pore formation (PI uptake), cell death,
and cell lysis (LDH release). Nonetheless, pro-
longed cytokine maturation and release in living
cells would be a reasonable mechanism for a
more robust recruitment of immune effector
cells. Indeed, several mechanisms to evade
GSDMD-mediated cell death have been dis-
covered, such as the exocytosis of GSDMD
pore-containing membrane vesicles (Rühl et al.
2018) as described below.

GSDMD cleavage leads to its oligomeriza-
tion and membrane insertion, which is likely an
energetically irreversible process. How, then,
can cells repair these GSDMD pores once they
have been inserted into the plasma membrane?
The first and only known mechanism of such
repair involves exocytosis of vesicles containing
GSDMD pores (Fig. 3A). Removal of GSDMD

pores from the cell membrane prevents or pro-
longs membrane lysis (Rühl et al. 2018). This
pathway occurs through the endosomal sorting
complexes required for transport (ESCRT)-III
machinery (Rühl et al. 2018), which mediates
membrane fission and subsequent exocytosis
of membrane vesicles in many cellular processes
(McCullough et al. 2018), including exocytosis
of mixed lineage kinase domain like pseudoki-
nase (MLKL) pores in necroptosis (Gong et al.
2017).

Similar to MLKL pores (Gong et al. 2017),
GSDMD pores cause rapid calcium ion (Ca2+)
influx (Rühl et al. 2018), which is known to acti-
vate ESCRT-III (Scheffer et al. 2014). Inhibition
of ESCRT-III through Ca2+ chelation or knock-
downs of ESCRT-III components led to
increasedcell death in response to several inflam-
masome stimuli, including those that activate
NLRC4, AIM2, and noncanonical activation of
NLRP3 through caspase-11. Additionally, fluo-
rescently labeled CHMP4, a component of
the ESCRT-III machinery, formed membrane-
localized puncta in response to inflammasome
stimulus (Rühl et al. 2018), consistent with other
ESCRT-III-mediated repair processes (Jimenez
et al. 2014). Thus, cells can shed GSDMD pores
to prevent or prolong pyroptotic cell death,
enabling survival and/or increased cytokine
maturation (Fig. 3). It remains unclear whether
additional cellular mechanisms disassemble or
destroy GSDMD pores, and the functional out-
comes of these mechanisms in vivo.

Pyroptosis in Disease

Precise discrimination between healthy and in-
fected host cells is an important challenge of
innate immunity, as unchecked activity can
lead to autoimmune disorders. Thus, although
phagocytes, including neutrophils and macro-
phages, efficiently detect pathogens in the extra-
cellular space, pathogens that enter host cells
might escape surveillance. Pyroptosis serves a
crucial protective function of alerting the im-
mune system to intracellular pathogenic insult.
Pyroptosis directly kills compromised host cells,
removing the niche for invading pathogens. Ad-
ditionally, release of cytokines through GSDMD
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pores establishes a cytokine gradient that directs
phagocytes to the site of infection. Moreover,
tears on the membranes of postlytic pyroptotic
cells are small enough to retain large organelles
and bacteria by forming an intracellular trap,
driving the recruitment of phagocytes to engulf
the trapped bacteria and cell debris through a
process termed efferocytosis (Jorgensen et al.
2016; Davidson and Wood 2019; Moldoveanu
and Czabotar 2019).

Despite its importance to pathogen defense,
inappropriate or hyperactive pyroptosis can
be highly pathological, causing damaging in-
flammation that contributes to diseases such
as arthritis, inflammatory bowel disease, Alz-
heimer’s, and sepsis (Lamkanfi and Dixit
2012). Thus, inhibiting pyroptosis might im-
prove autoimmune and autoinflammatory dis-
ease prognoses.

Inhibiting Pyroptosis with Small Molecules

Because GSDMD integrates a multitude of en-
dogenous and exogenous upstream signals (de
Vasconcelos and Lamkanfi 2019) by executing
pyroptosis, it presents a highly desirable molec-
ular target for therapeutic intervention. Mecha-
nistically, strategies to directly inhibit GSDMD
could involve preventing its cleavage, lipid bind-
ing, oligomerization, or membrane insertion
(Fig. 4A). Recently, four small molecules were
identified as targeting GSDMD: necrosulfona-
mide (Rathkey et al. 2018), LDC7559 (Sollberger
et al. 2018), Bay 11-7082, and disulfiram (Hu
et al. 2018). Necrosulfonamide was originally
identified as acysteine reactive drug that targeted
MLKL to inhibit necroptosis (Sun et al. 2012)
and might also inhibit multiple steps of the py-
roptotic pathway (Rathkeyet al. 2018). LDC7559
inhibited NET formation, presumably by bind-
ing and suppressing GSDMD pore formation
(Sollberger et al. 2018). Bay 11-7082 and disul-
firam were discovered through drug screening
efforts using an in vitro assay for GSDMD pore
formation and disulfiramwas shown to suppress
pyroptosis in vitro and in vivo (Hu et al. 2018).

In characterizing these drug candidates, a
reactive cysteine on GSDMD, C191 (C192 in
mouse), was identified as the target for covalent

modification by necrosulfonamide, disulfiram,
and Bay 11-7082. Based on the structure of the
homologous GSDMA3 pore (Ruan et al. 2018),
C191 likely lies on the tip of a β-hairpin that sits
at the membrane interface (Fig. 4B), and mod-
ification of C191 by drug candidates could
prevent its membrane insertion and/or oligo-
merization (Liu et al. 2016). Ongoing efforts
to target GSDMD will benefit from a more
complete knowledge of its membrane insertion
mechanism. Conversely, cellular studies will
benefit from potent and specific small-molecule
inhibitors of GSDMD.

CONCLUSIONS AND FUTURE
PERSPECTIVES

During the last several years, a rich body of re-
search has established the critical function of the
GSDM family in programmed cell death. In-
flammatory caspases are activated upon sensing
PAMPs and DAMPs by inflammasomes, result-
ing in the cleavage of autoinhibited GSDMD
and liberation of GSDMD-NT to form mem-
brane pores. In addition to inflammasome acti-
vation, Yersenia infection and ELANE trigger
cleavage of GSDMD. GSDMD-NT pore forma-
tion on the plasma membrane facilitates the
release of soluble cytosolic contents including
mature IL-1 family cytokines and often leads
to lytic, pyroptotic cell death. To prevent pyro-
ptosis, host cells and pathogens have evolved
mechanisms for repairing GSDMD-perforated
membranes and inactivating GSDMD.

GSDME was also shown to be an execution-
er of pyroptosis following cleavage by active cas-
pase-3 (Rogers et al. 2017; Wang et al. 2017).
Despite our increasing knowledge of GSDMD
and GSDME, the biological functions remain
elusive for most GSDMs. In fact, although con-
served in domain organization, many GSDM
family members mediate cellular processes be-
yond pyroptosis. For example, a main function
of murine GSDMA3 is to regulate the produc-
tion of reactive oxygen species by forming pores
on mitochondrial membranes (Lin et al. 2015),
and GSDMD functions in NETosis (Chen et al.
2018a; Sollberger et al. 2018). Underlying
the diverse functions of the GSDM family are
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intricate signaling networks that might have been
previously underappreciated. GSDM-activating
enzymes are not strictly inflammatory caspases,
and increasing evidence indicates that cell death
pathways are regulated bymultiple cross-talking
activating enzymes (Vince and Silke 2016;
Mascarenhas et al. 2017; Rauch et al. 2017; Taa-
bazuing et al. 2017). A more comprehensive in-
vestigation into the mechanisms and regulation
of the GSDM family will benefit future under-
standing of GSDM-mediated diseases and the
development of GSDM-targeting therapeutics.
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