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Inflammasomes assemble in the cytosol of myeloid and epithelial cells on sensing of cellular
stress and pathogen-associated molecular patterns and serve as scaffolds for recruitment and
activation of inflammatory caspases. Inflammasomes play beneficial roles in host and
immune responses against diverse pathogens but may also promote inflammatory tissue
damage if uncontrolled. Gasdermin D (GSDMD) is a recently identified substrate of
murine caspase-1 and caspase-11, and human caspases-1, -4, and -5 that mediates a regu-
lated lytic cell death mode termed pyroptosis. Recent studies have identified pyroptosis as a
critical inflammasome effector mechanism that controls inflammasome-dependent cytokine
secretion and contributes to antimicrobial defense and inflammasome-mediated autoinflam-
matory diseases. Here,we review recent developments on inflammasome-associated effector
functions with an emphasis on the emerging roles of gasdermin pores and pyroptosis.

CANONICAL AND NONCANONICAL
INFLAMMASOME PATHWAYS

Although frequently providing protection
against bacterial, viral, and fungal patho-

gens, inflammasome activation is often detri-
mental in a diverse range of (auto)inflammato-
ry, autoimmune, metabolic, neurodegenerative,
and malignant diseases (Mangan et al. 2018;
Van Gorp et al. 2019; Voet et al. 2019).

Inflammasome pathways are traditionally
divided into the canonical and noncanonical
pathways, referring to which inflammatory cas-
pase initiates signaling that critically contributes

to inflammation and host–defense responses
(Fig. 1). The canonical inflammasomes by defi-
nition assemble a multiprotein complex that ac-
tivates caspase-1, and their signaling is initiated
by engagement of cytosolic pattern recognition
receptors (PRRs) mostly from the nucleotide-
binding domain, leucine-rich repeat containing
(NLR) protein family (Lamkanfi andDixit 2014;
Broz and Dixit 2016). NLRP3 scavenges the
cytosol of myeloid and epithelial cells for a
plethora of danger- and pathogen-associated
molecular patterns (DAMPs and PAMPs);
thus, it is speculated that this inflammasome
senses cellular stress and imbalance. Other
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well-defined canonical inflammasome-forming
NLRs include NLRC4, human NLRP1, and
murine Nlrp1a and Nlrp1b, which respond to
stimuli such as flagellin, inhibition of dipeptidyl
peptidases (DPPs)8/9, andBacillus anthracis–de-
rived lethal toxin (LeTx) (Franchi et al. 2006;

Miao et al. 2006; Okondo et al. 2018; Zhong
et al. 2018; de Vasconcelos et al. 2019b). Akin
to NLRs, the HIN200 family member AIM2 and
the TRIM protein family member pyrin are
well-defined inflammasome-forming PRRs.
AIM2 directly binds to cytosolic DNA via its
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Figure 1. Inflammasome platforms activate caspase-1, -11, and -8 for multiple downstream effector functions.
Intracellular lipopolysaccharide (LPS) precipitates the oligomerization of caspase-11, in the so-called nonca-
nonical inflammasome (right), and its automaturation. Cytosolic presence of danger- and pathogen-associated
molecular patterns (DAMPs or PAMPs) can also trigger the canonical inflammasome pathway, which recruits
procaspase-1 for proximity-induced autoactivation (left). Caspase-1 and caspase-11 cleave the common sub-
strate, gasdermin D (GSDMD), releasing an amino-terminal fragment (GSDMDN), which initiates cell death by
pyroptosis. This lytic cell deathmode is associated with alarmin release to the extracellular space and discharge of
tissue factor–containing microvesicles. Inflammasomes also mediate the activation and secretion of the proin-
flammatory cytokines interleukin (IL)-1β and IL-18, either through caspase-1-directed cleavage of the procyto-
kines or through indirect NLRP3 activation. At the canonical inflammasome, ASC also recruits FADD and
caspase-8, through a still-undefined mechanism. Caspase-8 activation at inflammasomes leads to apoptosis in
caspase-1-deficient cells.
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carboxy-terminal HIN200 domain, and pyrin
indirectly senses inactivating RhoA GTPase
modifications by microbial pathogens (Bürck-
stümmer et al. 2009; Fernandes-Alnemri et al.
2009; Xu et al. 2014). Once active, these inflam-
masome receptors recruit the bipartite in-
flammasome adaptor ASC, which bridges the
interaction with caspase-1, although direct en-
gagement of caspase-1 is also possible in the
context of the caspase recruitment domain
(CARD)-containing NLRs including NLRP1,
Nlrp1a, Nlrp1b, and NLRC4 (Broz et al. 2010;
Masters et al. 2012; VanOpdenbosch et al. 2014;
Broz andDixit 2016). The noncanonical inflam-
masome is engaged on sensing of cytosolic lipo-
polysaccharide (LPS) by murine caspase-11 and
its humanorthologs, caspase-4 and -5 (Kayagaki
et al. 2011; Shi et al. 2014; Schmid-Burgk et al.
2015). Inflammasomes perform several cell-in-
trinsic and extrinsic functions, and highlighting
these are complex machineries integrating sev-
eral cellular signaling pathways (Fig. 1). Yet, de-
fining the contribution of the different effector
functions initiated on inflammasome activation
is only now emerging. This review will discuss
recent progress in understanding of inflamma-
some functions and how thesemay affect disease
outcomes.

INFLAMMASOME EFFECTOR FUNCTIONS:
PYROPTOSIS AND MATURATION OF
INTERLEUKIN-1 CYTOKINES

Both canonical and noncanonical inflamma-
some pathways converge on secretion of proin-
flammatory cytokines and initiation of a lytic
cell death mode named pyroptosis, both of
which are unequivocally linked to inflamma-
some-driven antimicrobial functions (Fig. 1).
Interleukin (IL)-1β and IL-18 are key proinflam-
matory cytokines of the IL-1 family that are pro-
duced and stored in the cytosol as functionally
inactive proteins (Dinarello 2009). Caspase-1,
originally named IL-1β converting enzyme
(ICE), cleaves both IL-1β and IL-18 after specific
aspartate residues in their linker regions, allow-
ing the mature cytokines to bind their cognate
receptors on their extracellular release (Black
et al. 1989; Kostura et al. 1989; Ghayur et al.

1997; Gu et al. 1997). IL-1β is a pyrogenic cyto-
kine, and its binding to IL-1 receptor 1 (IL-1R1)
triggers assembly of a tertiary receptor complex
with the IL-1 receptor accessory protein (IL-
1RAcP) on effector cells that promotes secretion
of inflammatory mediators, local infiltration of
immune cells, antibody production by B cells,
and development of a T helper (Th)17 response.
IL-18 is a costimulatory factor for interferon γ
(IFN-γ) production and consequently a stimula-
tor of natural killer (NK) cell function, polarizing
the T-cell response to either a Th1 or Th2 pattern
according to the context (Dinarello 2009). Pro-
tein expressionof pro-IL-1β ismainly confined to
cells of the myeloid lineage and further regulated
by the requirement of NF-κB and MAPK signal-
ing for its transcriptional up-regulation (often
named signal 1), whereas pro-IL-18 is constitu-
tively present in cells throughout the body (Van
Opdenbosch et al. 2017; Van Gorp et al. 2019).
Only caspase-1 can directly cleave IL-1β and IL-
18; meanwhile, caspase-11 must activate the
NLRP3 inflammasome for cytokine secretion in
the context of noncanonical inflammasome sig-
naling (Kayagaki et al. 2011, 2015).

In contrast to maturing cytokines, murine
caspase-1 and -11 (and human caspases -1, -4,
and -5) are equally capable of autonomously
inducing pyroptosis (Kayagaki et al. 2011).
This is accomplished through caspase-1/-11-
directed cleavage of a common pyroptosis
substrate, gasdermin D (GSDMD), at Asp275
(corresponding to Asp276 in human GSDMD),
releasing a cytotoxic GSDMD amino-terminal
fragment (GSDMDN) (Kayagaki et al. 2015; Shi
et al. 2015). GSDMDN assembles pores in the
plasma membrane for execution of pyroptosis
(Aglietti et al. 2016; Ding et al. 2016; Liu et al.
2016; Sborgi et al. 2016).

In addition to pyroptosis, inflammasomes
were also described to initiate an alternative
form of cell death, namely, NETosis. The term
NETosis refers to a neutrophil-associated cell
death mode, accompanied by extrusion of
DNA webs, called NETs (Papayannopoulos
2018). Histones and antimicrobial proteins ag-
gregate in the decondensed DNA structure,
serving as a scaffold to hold pathogens and fa-
cilitate antimicrobial responses. In the context
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of noncanonical inflammasome activation, cas-
pase-11 was shown to control DNA extrusion
and cell death by cleaving and activating
GSDMD, after sensing LPS or Citrobacter roden-
tium in the cytosol of neutrophils (Chen et al.
2018). In vivo, DNase treatment, known to dis-
solve NETs, prevented the host response to the
vacuole destabilizing and caspase-11-activating
ΔsifA mutant of Salmonella enterica serovar
Typhimurium (S. Typhimurium) strain, but it
had no effect in the absence of caspase-11 or
GSDMD. These data suggest that inflamma-
somes have an ability to regulate the initiation
of cell death, which would take on different mor-
phological characteristics depending on the cell
type.However, understanding the specific contri-
butions of each form of inflammasome-mediated
cell death during antimicrobial defenses awaits
the use of targeted conditional knockouts.

Pyroptotic cell lysis releases intracellular
contents that act in neighboring cells for initia-
tion of inflammatory responses (Fig. 1). One of
these components, called alarmins, is IL-1α, an
IL-1 family member that, akin to IL-1β, binds to
IL-1R1 (Dinarello 2009). However, different
from IL-1β, IL-1α is present in the nucleus of
resting cells and is biologically active both as a
full-length or matured cytokine (Mosley et al.
1987; Dinarello 2009). Caspase-1/-11-initiated
pyroptosis controls IL-1α release on several in-
flammasome triggers (Kayagaki et al. 2011). An-
other alarmin, HMGB1, is an abundant nuclear
protein involved in chromatin maintenance
at steady-state conditions. Yet, extracellular
HMGB1 signals through RAGE to initiate a che-
motactic response (Bertheloot and Latz 2017). It
may also engage TLRs when bound to dsDNA
or LPS to promote proinflammatory signaling.
Studies have shown that HMGB1 is released on
inflammasome activation both in vitro and in
vivo inmice challenged with LPS or LeTx (Lam-
kanfi et al. 2010; Kayagaki et al. 2011; Lu et al.
2012; Van Opdenbosch et al. 2014). Notably,
recent studies have clarified the role of hepato-
cyte-derived HMGB1 in promoting caspase-
11-dependent lethality during LPS-induced
endotoxemia, revealing that initial contact be-
tween hepatocytes and LPS triggers the observed
systemic HMGB1 release seen in this model

(Deng et al. 2018). In a second step, HMGB1
binding to extracellular LPS promotes RAGE-
dependent translocation to the cytosol of the
HMGB1–LPS complex, where LPS activates cas-
pase-11. Indeed, impairing HMGB1 signaling
confers protection to septic shock and endotox-
emia, similar to the resistance seen in caspase-
11-deficient mice (Lamkanfi et al. 2010; Deng
et al. 2018). Pyroptotic cells also release micro-
vesicles containing tissue factor (TF), which pro-
motes intravascular blood clotting and further
instigates LPS-induced lethality in vivo (Wu
et al. 2019). Initiation of an eicosanoid storm is
another inflammasome effector mechanism.
Different from pyroptosis induction and IL-1β/
IL-18 release; however, resident peritoneal mac-
rophages are selectively capable of releasing ei-
cosanoids, which contributed to hypothermia
on systemic Nlrp1b and NLRC4 inflammasome
activation in vivo (von Moltke et al. 2012).

Although caspase-1 is an absolute require-
ment for initiation of pyroptosis during canon-
ical inflammasome signaling, deletion of cas-
pase-1 in murine macrophages and epithelial
cells does not prevent cell death per se after
triggering of the NLRP3, AIM2, NLRC4, and
Nlrp1b inflammasomes (Puri et al. 2012; Sagu-
lenko et al. 2013; Rauch et al. 2017; Schneider
et al. 2017; Van Opdenbosch et al. 2017; Lee
et al. 2018a). Instead, caspase-1 knockout cells
switch to an apoptotic phenotype that is driven
by ASC-mediated caspase-8 activation, albeit
frequently delayed by a few hours (Sagulenko
et al. 2013; Rauch et al. 2017; Van Opdenbosch
et al. 2017; Lee et al. 2018a). Accordingly,
knockin of the C284A amino acid substitution
in the catalytic site of caspase-1 inactivates not
only its protease activity, but also suffices for
triggering ASC- and caspase-8-mediated apo-
ptosis on activation of the NLRC4 and Nlrp1b
inflammasome pathways (Van Opdenbosch
et al. 2017; Lee et al. 2018a). Moreover, activa-
tion of caspase-8 by inflammasomes was fully
dependent on ASC (Man et al. 2013; Sagulenko
et al. 2013; Rauch et al. 2017; Van Opdenbosch
et al. 2017; Lee et al. 2018a), and genetic deletion
of ASC in caspase-1-deficientmacrophages fully
rescued these cells from inflammasome-initi-
ated apoptosis (Van Opdenbosch et al. 2017;
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Lee et al. 2018a). Furthermore, inflammasome-
induced caspase-8 activation and apoptosis by
the Nlrp1b and NLRC4 inflammasomes was
negatively regulated by TLR-induced up-regula-
tion of the caspase-8-regulatory protein cFLIP
(Van Opdenbosch et al. 2017; Lee et al. 2018a).
Whether cFLIP is also incorporated in ASC
specks remains unknown. Overall, these find-
ings suggest that inflammasome assembly and
ASC specks might function as a critical check-
point that integrates cellular signals committing
an infected cell to die by redundant regulated
cell death pathways.

Interestingly, recruitment of caspase-8 to
ASC specks is also observed in wild-type mac-
rophages, suggesting that it is a native aspect of
inflammasome signaling and does not only oc-
cur in the absence of caspase-1 signaling (Fig. 1;
Man et al. 2013; Gurung et al. 2014; Van Op-
denbosch et al. 2017). Ultrastructure modeling
of the NLRP3 and AIM2 inflammasomes sug-
gests these receptors oligomerize in star-like
structures to expose their pyrin (PYD) domains
for ASC recruitment (Lu et al. 2014). Addition-
ally, a recent cryo-electron microscopic (cryo-
EM) analysis of NLRP3 complexed with NEK7
suggests that the latter stabilizes NLRP3 com-
plexes by bridging the interaction between leu-
cine-rich repeats (LRRs) of adjacent NLRP3
molecules in the inflammasome (Sharif et al.
2019). PYDAIM2/NLRP3/PYDASC interactions act
as a seeding mechanism for rapidly assembling
ASC molecules and forming PYD-based fila-
ments, which are cross-linked by CARDASC to
form the speck and recruit caspase-1 (Lu et al.
2014; Dick et al. 2016; Schmidt et al. 2016). Al-
though the mechanisms governing caspase-8
recruitment to the ASC speck are not fully clar-
ified, FADD, a death effector domain (DED)-
containing protein that recruits caspase-8 to
death receptors during extrinsic apoptosis
(Hughes et al. 2016), colocalizes with ASC fol-
lowing NLRC4 activation, which suggests that
this adaptor protein may mediate caspase-8
recruitment to the ASC speck (Fig. 1; Van
Opdenbosch et al. 2017). Consistently, FADD
deficiency was shown to hamper caspase-8 mat-
uration on canonical and noncanonical NLRP3
inflammasome activation (Gurung et al. 2014).

Because FADD does not have either a CARD or
a PYD, its interaction with ASCmay be indirect.
Thus, morework is needed to clarify how FADD
is recruited to ASC specks.

Remarkably, genetic deletion of GSDMD in
murine bone marrow–derived macrophages
(BMDMs) elicits apoptosis in canonical inflam-
masome-triggered cells (He et al. 2015; de Vas-
concelos et al. 2019a). A recent report suggests
that caspase-1-mediated cleavage of the pro-
apoptotic Bcl-2 familymember BID contributed
to caspase-1-induced apoptosis induction in
GSDMD-deficient BMDMs (Tsuchiya et al.
2019). Notably, caspase-1-dependent apoptosis
might drive cell death in primary cortical neu-
rons on oxygen/glucose deprivation (Zhang
et al. 2003) because these cells express caspase-
1 and have low levels of GSDMDprotein expres-
sion (Tsuchiya et al. 2019).

A recent study has shown that full autopro-
cessing of caspase-1, which releases the soluble
p20/p10 form from the complex, inactivates the
protease, thus suggesting that only caspase-1 as-
sociated with the inflammasome is active and
that the inflammasome platform together with
the polymerized caspase functions as a holoen-
zyme (Boucher et al. 2018). In agreement, in-
flammasome receptors that contain a CARD
domain, such as NLRC4 and Nlrp1b, were pre-
viously shown to potently induce pyroptosis in
the absence of ASC, by activating caspase-1 in
the apparent absence of caspase-1 autoprocess-
ing (Broz et al. 2010; Guey et al. 2014; Van
Opdenbosch et al. 2014). Consistently, other
studies show that the full-length form of cas-
pase-1 becomes catalytically active and cleaves
GSDMD during NLRC4 activation in Asc−/−

cells (Dick et al. 2016; Boucher et al. 2018).
However, maturation of IL-1β is less effective
when CARD-containing inflammasome recep-
tors are engaged in ASC-deficient macrophages
(Broz et al. 2010; Van Opdenbosch et al. 2014).
This might suggest that GSDMD is a better cas-
pase-1 substrate than pro-IL-1β and/or that it
can be efficiently recruited to complexes com-
posed of NLRC4/Nlrp1b and caspase-1, where-
as pro-IL-1β recruitment would occur more ef-
ficiently to ASC-containing complexes such as
the ASC speck. Notably, also GSDMD and pro-
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IL-1β (Man et al. 2013; He et al. 2015) have been
localized to inflammasome platforms alongside
caspase-8 and FADD (Man et al. 2013; Van Op-
denbosch et al. 2017).

Although alternative downstream cell death
pathways have not been described for the non-
canonical inflammasome, substantial progress
has been made in understanding its upstream
signaling requirements. Guanylate-binding
proteins (GBPs)—small GTPases that are tran-
scriptionally up-regulated in response to IFN
stimulation—act upstream of caspase-11 in ac-
tivation of the noncanonical inflammasome
pathway by vacuolar pathogens (Meunier et al.
2014; Pilla et al. 2014; Santos et al. 2018). Several
GBP family members accumulate at endosomal
membranes and bacterial outer membrane ves-
icles, in which GBP2 and GBP5 are prominently
involved in the release of PAMPs from the
endolysosomal compartment or unmasking in-
tramembrane domains of LPS for detection by
caspase-11 (Meunier et al. 2014; Pilla et al. 2014;
Shi et al. 2014; Santos et al. 2018). This process
promotes caspase-11 dimerization and automa-
turation that is essential for it to gain catalytic
activity and cleave GSDMD (Lee et al. 2018b;
Ross et al. 2018). However, GBPs appear to be
dispensable for caspase-11-mediated host de-
fense and in vivo sensing of cytosol-invasive
bacterial pathogens that deliberately access the
cytosol in their course of infection such as Burk-
holderia thailandensis (Aachoui et al. 2015).

The noncanonical inflammasome has long
been recognized to rely on the NLRP3 inflam-
masome for cytokine secretion, a process in
which caspase-11-mediated plasma membrane
damage allows K+ efflux to activate NLRP3
(Kayagaki et al. 2011; Rühl and Broz 2015). In
agreement, Gsdmd−/− macrophages autopro-
cess caspase-11 following LPS transfection, but
fail to undergo pyroptosis, activate caspase-1, or
mature IL-1β/IL-18 (Kayagaki et al. 2015; Shi
et al. 2015; Gonzalez Ramirez et al. 2018).
NLRP3 activation downstream from GSDMD
has also been shown in the context of caspase-
8-mediated GSDMD cleavage, and this mecha-
nism promotes IL-1β secretion in parallel to
direct caspase-8-mediated IL-1β maturation in
the context of extrinsic and intrinsic apoptosis

induction in macrophages (Yabal et al. 2014;
Lawlor et al. 2015; Chauhan et al. 2018; Mali-
reddi et al. 2018; Orning et al. 2018; Sarhan et
al. 2018). Caspase-8-mediated control of the
NLRP3 inflammasome was shown in various
conditions, such as TLR4 or TNFR1 signaling
combined with inhibition of IAPs, after TAK1
inhibition and following Yersinia pestis infec-
tion (Yabal et al. 2014; Lawlor et al. 2015; Mali-
reddi et al. 2018; Orning et al. 2018; Sarhan et al.
2018), and thus suggesting a role in diverse path-
ophysiological settings.

Gasdermin Proteins: A Conserved Family
of Pore-Forming Proteins

Gasdermin proteins were initially identified as
proteins with high expression levels in skin and
the upper gastrointestinal tract (Saeki et al.
2000). There are four gasdermin family mem-
bers in humans, namely, gasdermin A
(GSDMA), gasdermin B (GSDMB), gasdermin
C (GSDMC), and gasdermin D (GSDMD) (Ta-
mura et al. 2007). The mouse genome does not
encode homologs of GSDMB, but GSDMA and
GSDMC are represented by three (Gsdma1-3)
and four (Gsdmc1-4) paralogs, respectively.
Mice further express a single GSDMD ortholog.
All gasdermin family members are able to
induce necrotic cell death through their amino-
terminal domains (Fig. 2; Ding et al. 2016). In-
terestingly, gasdermin-induced cytotoxicity was
shown to be shared even with the distant gasder-
min relative, deafness-associated tumor sup-
pressor (DFNA5). Identified as the gene bearing
a mutation causative of nonsyndromic hearing
impairment, DFNA5 was initially described as a
separate branch of the gasdermin phylogenetic
tree, but recently renamed gasdermin E
(GSDME) (Van Laer et al. 1998; Tamura et al.
2007; Ding et al. 2016; Wang et al. 2017).

The amino-terminal domains of GSDMD,
GSDMA, GSDMA3, and DFNA5/GSDME as-
sociatewith phospholipids in vitro and perforate
liposomes (Fig. 2). There seems to be a level
of specialization because GSDMD, GSDMA3,
DFNA5/GSDME, andGSDMB all bind to phos-
phoinositides, but only GSDMD, GSDMA3,
and GSDMA efficiently interact with cardioli-
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pin, a lipid found in the inner leaflet of the
mitochondrial membrane (Aglietti et al. 2016;
Ding et al. 2016; Liu et al. 2016; Chao et al.
2017; Wang et al. 2017). Uniquely, GSDMB ef-
ficiently binds to sulfatide, a lipid present in
specialized areas such as the apical face of

epithelial cells (Chao et al. 2017). Together
with their differential tissue distribution pro-
files (Tamura et al. 2007), these findings suggest
that perforation of cellular membranes is a com-
mon mechanism of gasdermin-induced cyto-
toxicity (Aglietti et al. 2016; Ding et al. 2016;

Cardiolipin GSDMA
(human)

GSDMA3
(murine)

GSDMB
?

Casp3

GSDMD

DFNA5/GSDME

NE Casp8 Casp11 Casp1

Casp3

GSDMC
(human)

80SFKVSDVVDGNI91

267IGKQLSLLSDGID279

262EFAFLDMLDGGQ273

PI(4,5)P2

PS

Figure 2. The gasdermin family encompasses pore-forming proteins. All gasdermin family members are com-
posed of a pore-forming amino-terminal domain, which is kept autoinhibited by the carboxy-terminal domain,
both connected by an unstructured flexible linker. Caspase-1 (Casp1), caspase-8 (Casp8), caspase-11 (Casp11),
and neutrophil elastase (NE) cleave gasdermin D (GSDMD) in the linker region (the caspase recognition
sequences are marked in red), releasing the pore forming amino-terminal fragment (GSDMDN). GSDMDN is
able to perforate liposomes containing complex mixtures, which include phosphatidylserine (PS), phosphati-
dylinositol 4,5-bisphosphate (PI(4,5)P2) and cardiolipin-containing preparations. Conversely, caspase-3 (Casp3)
cleavage of deafness-associated tumor suppressor/gasdermin E (DFNA5/GSDME) in the linker region releases
an amino-terminal fragment that perforates liposomes containing PI(4,5)P2. Caspase-3 (Casp3) can also cleave
GSDMD, generating an amino-terminal fragment that is unable to perforate plasma membranes. Although
amino-terminal fragments of human gasdermin A (GSDMA) and murine gasdermin A3 (GSDMA3) forms
pores in lipososomes containing cardiolipin and/or PI(4,5)P2, their activation mechanism remains unknown. It
is also unclear how gasdermin B (GSDMB) and gasdermin C (GSDMC) could be activated and, although
overexpression of their amino-terminal fragments triggers a lytic form of cell death, pore formation by these
proteins has not yet been confirmed.
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Liu et al. 2016; Sborgi et al. 2016; Wang et al.
2017).

In all gasdermins, the amino-terminal
pore-forming domain is kept inhibited by
intramolecular interactions with the regulatory
carboxy-terminal domain (Ding et al. 2016).
However, other aspects of gasdermin bio-
chemistry may be different between family
members. For GSDMD, GSDMA3, GSDME,
and GSDMA, the carboxy-terminal domain
also prevents binding to lipids, in addition to
preventing cell death (Shi et al. 2015; Ding
et al. 2016). Conversely, GSDMB full-length
protein is already able to bind lipids, but toxicity
remains prevented by the presence of the car-
boxy-terminal domain (Ding et al. 2016; Chao
et al. 2017).The regulatory interfaces inGSDMD
and GSDMA3 were mapped to two main points
of contact: (interface 1) the amino-terminal α1
helix and β1-β2 hairpin that intramolecularly
interact with the carboxy-terminal domain;
and (interface 2) the amino-terminal α4 helix,
which interacts with the carboxy-terminal α9
and α11 helices at the upper part of the
carboxy-terminal structure (Shi et al. 2015;
Ding et al. 2016; Liu et al. 2018). Interface 1 is
the lipid-binding component of GSDMA3,
GSDMD, and DFNA5/GSDME, and this region
is kept hidden by the carboxy-terminal domain
in the full-length GSDMA3 and GSDMD pro-
teins (Rogers et al. 2017; Liu et al. 2018; Ruan
et al. 2018). Mutations that distress these molec-
ular interfaces, particularly at interface 1, or that
shorten the linker region destabilize the inter-
domain inhibitory interaction and are sufficient
to promote cell death by full-length GSDMD
and GSDMA3 (Ding et al. 2016; Kuang et al.
2017; Liu et al. 2018). Although the tertiary
structure of DFNA5/GSDME has not been
solved, mutations that cause hearing impair-
ment in patients drive production of a truncated
protein that lacks the last exon (Op de Beeck
et al. 2012). Overexpression in HEK293T cells
of these deafness-associated DFNA5/GSDME
mutants triggers cell death (Wang et al. 2017).
Therefore, it is likely that DFNA5/GSDME
pathogenicity is associated with conformational
changes that weaken the interface between
the amino- and carboxy-terminal domains, al-

though it remains unresolved why only cochlea
cells are affected in patients expressing these
mutant forms of DFNA5/GSDME.

Notwithstanding the considerable insights
that have been reported on the secondary and
tertiary structure of gasdermin family members
(Ding et al. 2016), the mechanisms that govern
dissociation of the amino- and carboxy-termi-
nal domains are still unclear for most gasdermin
proteins. GSDMD was initially discovered as a
substrate of the inflammatory caspases -1, -11,
-4, and -5, and the long-awaited executor of
plasma membrane lysis during inflammasome-
mediated pyroptosis (Fig. 2; Kayagaki et al.
2015; Shi et al. 2015). The cleavage site of in-
flammatory caspases lies at an unstructured loop
that segregates the amino- and carboxy-termi-
nal domains. Caspase-3 also cleaves GSDMD at
Asp87, which destroys the amino-terminal do-
main and inactivates GSDMD (Rogers et al.
2017; Taabazuing et al. 2017; Orning et al.
2018), but further analysis is required to show
that this regulation mechanism operates under
physiological conditions. Furthermore, recent
studies suggest that regulation of GSDMD activ-
ity is not restricted to caspase-3 and the inflam-
matory caspases because neutrophil elastase and
caspase-8 also cleave GSDMD at the caspase-1/-
11 cleavage site or at adjacent sites in the same
linker (Fig. 2; Kambara et al. 2018; Orning et al.
2018; Sollberger et al. 2018). Notably, gasder-
mins have substantially less sequence similarity
in the linker region, suggesting that each gasder-
min may potentially use a different mechanism
to disrupt the inhibitory interface (Tamura et al.
2007). Indeed, DFNA5/GSDME is cleaved in
this same region by caspase-3 (Fig. 2; Rogers
et al. 2017; Wang et al. 2017), a process that
has been suggested to promote secondary necro-
sis of cells that follows apoptosis in cell culture
settings (Rogers et al. 2017), although this has
been contested by others (Lee et al. 2018a; Tix-
eira et al. 2018; Vince et al. 2018). Interestingly,
cell types with high expression level of DFNA5/
GSDME do not display features of apoptosis,
such as cell shrinkage and blebbing, but instead
undergo lytic cell death on activation of death
receptors (Wang et al. 2017). This form of
DFNA5/GSDME-mediated regulated necrosis
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was suggested to drive adverse inflammation in
the lung and intestine in response to chemother-
apy (Wang et al. 2017).

Overall, despite great recent advances in un-
derstanding the function of several gasdermin
proteins, the field is still left with major ques-
tions. Most studies so far have relied on over-
expression systems, which might overlook
fine-tuned regulations and functions of these
proteins. Therefore, there should be a focus in
establishing in vivo physiological roles of gas-
dermins going forward. Further studies on the
tissue and cell type–associated expression of
gasdermin proteins and their regulation and
activation mechanisms will allow a better un-
derstanding of different necrotic cell death
pathways and their potential contributions to
homeostasis and pathology.

Gasdermin Pores: Structural and Biochemical
Features

Plasma membrane damage is one of the most
outspoken features of pyroptosis. Yet, mecha-
nistic understanding of pyroptotic cell lysis
only gained significant traction with the discov-
ery of GSDMD. In the context of inflammasome
activation, cleavage of GSDMD by caspase-1,
-11, -4, and -5 releases the pore-forming ami-
no-terminal domain (GSDMDN) from its inhib-
itory carboxy-terminal fragment (Kayagaki et al.
2015; Shi et al. 2015). GSDMDN monomers
oligomerize in part through disulfide bonds,
precipitated mainly by Cys39 and Cys192 of
mouse GSDMD (Liu et al. 2016; Rathkey et al.
2018), and integration of GSDMD units into
membranes promotes GSDMDN-mediated
pyroptotic cell lysis (Aglietti et al. 2016; Ding
et al. 2016; Liu et al. 2016; Sborgi et al. 2016).
Cryo-EM-based structural analysis indicated
that GSDMA3 pores are formed by 26–28
monomers (Ruan et al. 2018). This ultrastruc-
ture suggests that, on membrane insertion,
GSDMA3N undergoes significant conforma-
tional changes in which its unstructured loops
reorganize into four β-strands. The final pore is
composed of the adjoining of several β-strands
from GSDMA3N subunits to form a β-barrel
domain inserted in the lipid bilayer, with their

globular domains emerging at the surface of the
membrane.

The observation of a GSDMA3N oligomer
formed outside of the lipid bilayer, in which
GSDMA3N still adopted its monomeric confor-
mation, instigated the suggestion that this was a
soluble prepore assembly, normally formed be-
fore membrane insertion (Ruan et al. 2018). In-
terestingly, in this same study, an attempt to
analyze GSDMD pores was not successful, ow-
ing to the fact that these formed a heterogeneous
population. Indeed, prior observations of the
GSDMDN pore in overexpression systems had
shown that its size ranges from 10 to 20 nm in
internal diameter (Fig. 3; Ding et al. 2016; Liu
et al. 2016; Sborgi et al. 2016). This pore assem-
bly could potentially allow even large proteins to
flux through, which appears to conflict with the
observation that pyroptotic cells are subjected
to osmotic pressure that drives cell lysis. How-
ever, further work is needed to understand how
plasma membrane insertion of endogenous
GSDMDN units proceeds in macrophages and
other cell types that are triggered to undergo
pyroptosis.

Early studies in this regard have shown that
PEG-based osmoprotectants of only 2.4 nm
prevented release of soluble cytosolic factors,
including lactate dehydrogenase (LDH), from
pyroptotic J774A.1 macrophages (Fink and
Cookson 2006). Accordingly, osmoprotection
with glycine allowed pyroptotic cells to be
stained by a nuclear dye impermeable to intact
membranes, named propidium iodide (PI),
while bigger contents, tracked with LDH, were
still retained in the cytoplasm (Russo et al.
2016). From this, the hypothesis emerged that
caspase-1 initially triggers small pores at the
plasma membrane that selectively allow ions to
flux, with the associated osmotic pressure ac-
counting for the ensuing total cell lysis. Consis-
tent herewith, time-lapse analysis by atomic
force microscopy of GSDMD pore formation
showed that recombinant GSDMDN can initial-
ly form arc- or slit-shaped structures in lipo-
somes, which grow over time into ring-shaped
assemblies through the insertion of additional
GSDMDN units at one end of the expanding
oligomer (Mulvihill et al. 2018). Furthermore,
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GSDMDN monomers seem to require mem-
branes to oligomerize, as the investigators could
not detect any pore formation in the absence of
lipids. Accordingly, a single-cell analysis of py-
roptosis induction in primary macrophages
showed that Ca2+ fluxes and osmotic increase
in cell volume is detected before uptake of mem-
brane-impermeable dyes (de Vasconcelos et al.
2019a). Furthermore, small plasma membrane–
impermeant DNA dyes (molecular weight
∼400 Da) accessed the nucleus of pyroptotic
cells earlier than slightly larger ones (molecular

weight ∼600 Da). GSDMD-deficiency prevent-
ed these responses, suggesting that GSDMDN

pores in the plasma membrane may gradually
expand to promote plasma membrane perme-
ability to larger cytosolic factors under physio-
logical conditions (de Vasconcelos et al. 2019a).
The concept that GSDMDN oligomerizes within
the plasma membrane is further supported by
the fact that GSDMDN higher magnitude as-
semblies are only found in membrane extracts
(Ding et al. 2016; Liu et al. 2016). Therefore, the
large pore GSDMD assemblies seen in cryo-EM

DNA damage and
nuclear shrinkage

Intracellular PAMPs and DAMPs

Procaspase-11

Procaspase-1

Pro-IL-1β

Pro-IL-18

HMGB1

GSDMDN assembly and pore formation

Cell swelling
and lysisRelease of soluble

intracellular contents K+ 10 to 20 nm

Mitochondrial damage

Lysosomal decay

GSDMD GSDMDN

PITs

IL-1α

IL-1β

IL-18

Casp11

Figure 3. Amino-terminal gasdermin D (GSDMD) determines several morphological and biochemical features
during pyroptosis. Presence of intracellular danger- and pathogen-associated molecular patterns (DAMPs and
PAMPs) initiates signaling through canonical and noncanonical inflammasomes. Both caspase-1 and caspase-11
direct the cleavage of GSDMD, releasing its pore-forming amino-terminal fragment (GSDMDN). Evidence
suggests that GSDMDN inserts into the cellular plasma membrane in lower magnitude structures and assembles
the pore through oligomerization within membranes until a higher magnitude final pore is formed. Finally,
pyroptotic cellular swelling and plasma membrane rupture release soluble intracellular contents, including the
proinflammatory cytokines IL-1β and IL-18, matured by caspase-1. During the noncanonical signaling, pyrop-
totic-mediated K+ efflux causes cell-intrinsic NLRP3 inflammasome activation, accounting for cytokine matu-
ration. GSDMDN also damages mitochondria during execution of cell death, and might be responsible for the
organellar damage seen in lysosomes and nuclei. The pyroptotic cell corpse further maintains intracellular
pathogens, in the pore-induced intracellular trap (PIT), facilitating their clearance by infiltrating immune cells.
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and atomic force microscopy studies might be
favored by the high concentrations of recombi-
nant GSDMDN required for these analyses and
may correspond to the final stages of in vivo
pore formation, which may proceed more grad-
ually at physiological concentrations (Fig. 3).

Pyroptosis: Morphological and Biochemical
Hallmarks

In addition to the plasma membrane alterations
and leakage promoted by GSDMD, pyroptotic
cells undergo a series of intracellular changes
during cell death, which is thought to be directed
by inflammatory caspase activity. Of note, cas-
pases were first recognized as mediators of apo-
ptotic cell death, and their ability to cleave a
large set of substrates generates the morpho-
logical and biochemical characteristics of this
program of cellular demise (Taylor et al. 2008).
Shigella- and Salmonella-induced cell death of
infected macrophages was initially postulated to
proceed through apoptosis (Zychlinsky et al.
1992; Chen et al. 1996; Monack et al. 1996; Hilbi
et al. 1998; Hersh et al. 1999). However, these
conclusions were debunked by the observation
that caspase-1-initiated cell death triggered by
these intracellular pathogens was accompanied
by the release of cytosolic proteins, and the term
pyroptosis—alluding to the inflammatory na-
ture of this cell death—was coined (Cookson
and Brennan 2001).

Although pyroptotic and apoptotic cells are
morphologically distinct, they nevertheless have
several biochemical features in common, which
might be associated with their shared depen-
dency on caspases. During canonical inflamma-
some activation, caspase-1 cleaves and activates
caspase-7 (Lamkanfi et al. 2008). Caspase-7
activation does not contribute to inflamma-
some-mediated plasma membrane permeabili-
zation or cytokine release, but it assists caspase-1
in the cleavage of PARP1, a nuclear protein in-
volved in DNA repair (Lamkanfi et al. 2008;
Malireddi et al. 2010). Interestingly, PARP1
cleavage during pyroptosis has been linked to
an increased NF-κB response (Erener et al.
2012). Moreover, caspase-7 activation down-
stream from NLRC4 was shown to aid bacterial

control by promoting phagolysosomal transport
of bacteria-containing vacuoles in infected cells
(Akhter et al. 2009). Activation of inflamma-
somes was also found to promote cleavage of
several glycolytic enzymes, such as GAPDH,
α-enolase, and pyruvate kinase (Shao et al.
2007), although future studies should investi-
gate how these proteolytic events impact inflam-
masome responses. Fewer proteins have been
reported to be cleaved during noncanonical
inflammasome signaling. Caspase-11 cleaves
TRPC1, a component of cation-permeable
pores, in vitro (Py et al. 2014). Absence of
TRPC1 facilitates IL-1β release, but whether
and how this protein is involved in pyroptosis
is still unclear. The difference between the ex-
tensive list of caspase-1 putative substrates and
the few proteins directly cleaved by caspase-11
might be related to enzyme substrate specificity.
Indeed, in vitro comparisons of these two in-
flammatory caspases towards tetrapeptidic sub-
strates suggested caspase-1 has a broader recog-
nition spectrum than caspase-11 (Gonzalez
Ramirez et al. 2018). Overall, the findings on
alternative inflammatory substrates suggest
that there might exist unidentified signaling
pathways that contribute to the execution or
consequences of pyroptosis.

Both apoptosis and pyroptosis are associat-
ed with DNA fragmentation, as evidenced by
terminal deoxynucleotidyl transferase dUTP
nick end (TUNEL) labeling, although a different
staining pattern distinguishes these distinct reg-
ulated cell death modes (Fig. 3; Brennan and
Cookson 2000). The mechanism for pyropto-
tic-initiated DNA damage is unclear, but the
apoptoticcaspase-3–ICAD/CADpathwayseems
dispensable for pyroptosis as ICAD is not de-
graded in Salmonella-infected macrophages
(Fink and Cookson 2006). Intriguingly, in addi-
tion to DNA fragmentation, the whole nuclear
compartment changes during pyroptosis, taking
a more roundish appearance (Fig. 3; de Vascon-
celos et al. 2019a).

Mitochondrial damage has been observed
on activation of canonical and noncanonical in-
flammasomes, suggesting this is a common fea-
ture of pyroptosis (Fig. 3; Allam et al. 2014;
Yu et al. 2014; de Vasconcelos et al. 2019a).
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BID, a member of the proapoptotic Bcl2 family,
is also cleaved during pyroptosis (Yu et al. 2014;
de Vasconcelos et al. 2019a). However, trans-
genic overexpression of antiapoptotic Bcl2 and
genetic deletion ofmitochondrial Bax/Bak pores
does not impair permeabilization of the mito-
chondrial outer membrane (MOMP) and py-
roptosis-associated cell permeabilization by the
Nlrp1b and NLRP3 inflammasomes (Allam
et al. 2014; de Vasconcelos et al. 2019a). There-
fore, pyroptotic mitochondrial damage does not
seem to rely on Bax/Bak pores. Instead, mito-
chondrial depolarization in the context of py-
roptosis driven by the noncanonical inflamma-
some pathway is abolished in GSDMD-deficient
macrophages (de Vasconcelos et al. 2019a), sug-
gesting that GSDMDmay also target intracellu-
lar membrane-bound organelles in addition to
the plasma membrane (Aglietti et al. 2016; Ding
et al. 2016; Liu et al. 2016; Sborgi et al. 2016).
Consistently, pyroptotic organelle damage is not
restricted to mitochondria, but also affects lyso-
somes and possibly other organelles (Fig. 3; de
Vasconcelos et al. 2019a).

Release of the proinflammatory cytokines,
IL-1β and IL-18, has long been associated with
pyroptotic cell death (Fig. 3; Lamkanfi 2011).
Several other soluble intracellular proteins,
whether cytosolic or organellar, are also re-
trieved extracellularly following activation of
the Nlrp1b and NLRC4 inflammasomes (de
Vasconcelos et al. 2019a). Contrastingly, pyro-
ptosis-induced membrane permeabilization
does not allow the passage of organelles and
phagocytosed pathogens (Jorgensen et al.
2016), suggesting there is a size limit for intra-
cellular components that can be released
during pyroptosis. Biologically, keeping larger
intracellular agents, such as pathogenic bacte-
ria, inside the pyroptotic corpse, which has
been named the pore-induced intracellular
trap (PIT), prevents the spread of such patho-
gens and could facilitate their clearance by in-
filtrating neutrophils and other professional
phagocytes (Fig. 3; Jorgensen et al. 2016). Con-
versely, unspecific leakage in the extracellular
milieu of soluble intracellular proteins and
DAMPs may contribute to chemotactic and
proinflammatory responses.

The Role of GSDMD in Inflammasome
Effector Responses

IL-1β and IL-18 are cytosolic proteins that lack
targeting sequences for secretion through the
classical ER–Golgi secretion pathway (Rubar-
telli et al. 1990; Gu et al. 1997). Thus, a long-
standing central question in the field has been
how these cytokines are released from myeloid
cells when their biological activity as a cytokine
is required. Casp1−/− mice are impaired in both
cytokine maturation and secretion (Kuida et al.
1995). Because caspase-1 also controls pyropto-
sis initiation, cell death has long been postulated
to be the secretion mechanism for IL-1β and IL-
18, although several alternative modes of IL-1β
secretion from live cells have also been put for-
ward. In support of a key role for pyroptosis in
secretion of IL-1β and DAMPs, single-cell stud-
ies in the myeloid leukemia cell line THP-1 and
in murine peritoneal macrophages have shown
that extracellular release of IL-1β was only de-
tected in the vicinity of dying cells (Liu et al.
2014; Cullen et al. 2015). In mouse BMDMs—
the gold standard for inflammasome studies—
and epithelial cells, most inflammasome triggers
promote cell death coupled to IL-1β secretion
(Kayagaki et al. 2011, 2015; Gurung et al. 2014;
Zhong et al. 2016; Rauch et al. 2017; Van Op-
denbosch et al. 2017). Accordingly, Gsdmd−/−

BMDMs are impaired in LDH release andmain-
tain matured IL-1β in their cytosol, failing to
secrete the cytokine when shortly stimulated
(He et al. 2015; Kayagaki et al. 2015; Shi et al.
2015). More importantly, GSDMD seems to be
an essential controller of cytokine release in vivo,
as Gsdmd−/− animals are rescued from the in-
crease in circulating IL-1β caused by familial
Mediterranean fever (FMF) and neonatal-onset
multisystem inflammatory disease (NOMID)-
associated mutations in mice (Kanneganti et al.
2018; Xiao et al. 2018). Thus, GSDMD is a crit-
ical determinant of inflammasome-mediated
cytokine release in vitro and in vivo.

Nonetheless, several reports have shown a
dissociation between cell death and cytokine se-
cretion on inflammasome activation with spe-
cific stimuli and/or in different cell types. For
example, activation of BMDMs with certain
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lipids of the mixture of oxidized phospholipids,
oxPAPC, commonly released by necrotic cells,
and with peptidoglycan from O-acetyltransfer-
ase A–deficient Staphylococcus aureus triggers
IL-1β release in the absence of detectable LDH
release (Shimada et al. 2010; Zanoni et al. 2017).
In human primary monocytic cells, TLR4 sig-
naling is sufficient to initiate IL-1β release,
which is not accompanied by cell death above
background levels (Gaidt et al. 2016). Similarly,
IL-1β, but not LDH, was recently shown to be
secreted by oxPAPC-triggered dendritic cells
(DCs), although a recent publication shows
that bone marrow–derived DCs are contami-
nated with BMDMs prompts a reevaluation of
these conclusions (Zanoni et al. 2016; Erlich
et al. 2019). Finally, a similar dissociation be-
tween cell death and cytokine release has been
reported for S. Typhimurium–infected neutro-
phils (Chen et al. 2014; Heilig et al. 2018).

However, the molecular mechanisms driv-
ing cytokine secretion from live cells have so far
remained unresolved. Alternative mechanisms
for the active secretion of IL-1β could play a
role in the absence of pyroptosis, as reviewed
elsewhere (Monteleone et al. 2015). In some sit-
uations, macrophages and neutrophils were sug-
gested to rely onGSDMD for IL-1β release with-
out inducing LDH release (Evavold et al. 2018;
Heilig et al. 2018), which could be explained
by the rapid shedding of GSDMD pores in the
plasma membrane by the endosomal sorting
complexes required for transport (ESCRT) ma-
chinery (Rühl et al. 2018). It remains unclear
whether this membrane recycling mechanism
is sufficiently efficient and rapid to shed all
GSDMD pores that appear in the plasma mem-
brane to prevent cell death, and its relevance for
controlling IL-1β secretion from activated
monocytes and macrophages in vivo also war-
rants further analysis. Notably, delayed IL-1β
release is detected in Gsdmd−/− BMDMs cul-
tured ex vivo (Kayagaki et al. 2015). Careful
analysis of GSDMD-deficient macrophages has
revealed that they undergo apoptosis on activa-
tion of caspase-1, with morphological alter-
ations appearing within the same time frame as
pyroptosis is detected in wild-type cells through
a pathway recently suggested to involve cleavage

of BID by caspase-1 (He et al. 2015; de Vascon-
celos et al. 2019a; Tsuchiya et al. 2019).

ROLE OF PYROPTOSIS IN INFECTIONS AND
INFLAMMATORY DISEASE

Inflammasomes have long been implicated in
host defense against microbial pathogens.
Studies in knockout mice have firmly estab-
lished the critical role of inflammasome acti-
vation in protection against in vivo infection
with B. anthracis spores (Moayeri et al. 2010;
Terra et al. 2010), Burkholderia spp. (Ceballos-
Olvera et al. 2011; Aachoui et al. 2015), S.
Typhimurium (Karki et al. 2018), Francisella
tularensis (Fernandes-Alnemri et al. 2010;
Jones et al. 2010), murine cytomegalovirus
(Rathinam et al. 2010), Candida albicans
(Joly et al. 2009), and many other pathogens.
Remarkably, certain effector functions of in-
flammasomes—that is, IL-1β or IL-18 secre-
tion, pyroptosis, and DAMP release—may
each exert specific functions in in vivo models
of inflammasome activation that together con-
tribute to host and immune responses during
infection. As a result, genetic ablation of the
inflammasome sensor not always phenocopies
animals that lack expression of specific inflam-
masome effector proteins. Il18−/− mice are
more susceptible to lethality when infected
with Burkholderia pseudomallei or B. thailan-
densis compared with wild-type mice, whereas
deletion of IL-1β did not alter host defense to
the infections (Ceballos-Olvera et al. 2011; Aa-
choui et al. 2015). Additionally, IL-18 was
shown to be essential for clearing Chromobac-
terium violaceum from the liver of infected
mice (Maltez et al. 2015). Distinctively, IL-1-
mediated signaling is important for resistance
to B. anthracis infection, and deletion of IL-
1R1 renders inbred mouse strains that express
the LeTx-sensitive Nlrp1b allele susceptible to
B. anthracis infection (Moayeri et al. 2010).

Another prominent example is that co-abla-
tion of IL-1β and IL-18 signaling prevents
lethality to lower LPS doses in the mouse endo-
toxemia model of sepsis, but this protective
effect is not sustained at higher LPS doses (Lam-
kanfi et al. 2010; Berghe et al. 2014). However,
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Casp11−/− and Gsdmd−/−mice are highly resis-
tant to LPS-induced lethality (Lamkanfi et al.
2010; Kayagaki et al. 2011, 2015; Berghe et al.
2014). This decisive role for pyroptosis in LPS-
induced endotoxic shock is at least partially
related to the release of microvesicles containing
TF by dying cells, thus initiating an overt sys-
temic coagulation response (Wu et al. 2019).
Similarly, on C. violaceum infection, IL-1β/IL-
18 signaling contributes partially to host defense
against this pathogen, whereas caspase-1/-11
double knockout mice succumb to infection
(Maltez et al. 2015). Furthermore, caspase-1
and -11 are essential to control bacterial loads
in the spleen, with no role found for inflamma-
some-produced cytokines. In an in vivo sterile
model of inflammasome activation, intracellular
flagellin delivery causes fast hypothermia in
wild-type animals that is fully rescued by abla-
tion of NLRC4 (von Moltke et al. 2012; Rauch
et al. 2017). In contrast,Casp1−/− andGsdmd−/−

animals experience an intermediate phenotype.
The hematocrit increases seen in wild-type
animals was only observed in Casp1−/− at later
time points, whereasNlrc4−/− animals remained
protected (von Moltke et al. 2012). A similar
intermediate phenotype is seen on Legionella
spp. infection, in which caspase-1/-11-deficient
mice present with higher colony-forming unit
(CFU) counts than wild-type controls, and
Nlrc4−/− mice are even more susceptible (Mas-
carenhas et al. 2017).

These midway results obtained with
Casp1−/− mice have been associated with cas-
pase-8 activation at the ASC speck. Co-ablation
of either ASC or caspase-8 (in RIPK3 knockout
animals to prevent caspase-8-driven embryonic
lethality [Kaiser et al. 2011; Oberst et al. 2011])
in the caspase-1/-11-deficient background phe-
nocopies NLRC4 deletion on flagellin chal-
lenge in vivo or infection with Legionella spp.
(Mascarenhas et al. 2017; Rauch et al. 2017).
Therefore, in some disease settings, inflamma-
some signaling to caspase-8-dependent apo-
ptosis suffices to clear the infected cell, result-
ing in a partial containment of the bacteria.
Cell death also plays a role in the in vivo eicos-
anoid storm observed on NLRC4 triggering in
epithelial cells, as ablation of both caspase-1

and -8 is required to protect mice from eicos-
anoid increase (Rauch et al. 2017).

In conclusion, it appears that there is an
intricate relationship between inflammasome
effector functions within several tissue compart-
ments, which might determine susceptibility to
specific pathogens. In B. thailandensis infection,
IL-18 is required to up-regulate caspase-11
through IFN-γ production, and caspase-11-
driven signaling is essential for mice to survive
the infection (Aachoui et al. 2015). In addition,
absence of caspase-11 does not alter S. Typhi-
murium bacterial loads in vivo, but Casp1−/−

Casp11−/−mice in which caspase-11 expression
was reconstituted from a C57BL/6 bacterial ar-
tificial chromosome (BAC) have higher CFUs in
their organs than caspase-1/-11-codeleted con-
trols (Broz et al. 2012). This surprisingly shows
that caspase-11-mediated pyroptosis might be
essential in the absence of caspase-1-driven sig-
naling, and suggests proinflammatory cytokines
and cell death may be needed simultaneously to
promote full innate immune activation and pro-
tection.

Although the role of GSDMD in inflamma-
some-associated diseases remains less under-
stood, much progress has been made in recent
years. GSDMD was defined as an important
effector to clear Francisella novicida in vivo in-
fection (Banerjee et al. 2018; Zhu et al. 2018).
However, similar to what has been observed
with Casp1−/−mice, GSDMD-deficient animals
have an intermediate phenotype on in vivo chal-
lenge with flagellin (Rauch et al. 2017). Defining
the molecular mechanisms by which GSDMD-
deficient cells switch to an apoptotic cell death
mode on canonical inflammasome stimulation
would help elucidate why Gsdmd−/− mice are
not fully rescued on flagellin challenge. Remark-
ably, Gsdmd−/− animals were shown to clear
Escherichia coli infection better than wild-type
counterparts (Kambara et al. 2018). E. coli is
sensed by caspase-11 inmacrophages, triggering
GSDMD-mediated pyroptosis (Kayagaki et al.
2011, 2015). Mice require caspase-11 to mount
an immune response and survive in vivo deliv-
ery of E. coli outermembrane vesicles, showed to
mediate LPS intracellular delivery (Vanaja et al.
2016; Santos et al. 2018). Although the protec-
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tion observed in Gsdmd−/− mice was associated
with lower cell death induction by neutrophils,
this was not shown to be the case in vivo.

Inflammasome-initiated effector functions
may play specific roles not only for infectious
disease resolution, but also during development
of sterile inflammasomopathies. These inflam-
masome-driven autoinflammatory diseases are
caused by activating mutations in inflamma-
some-coding genes, andmost of their symptoms
recollect features of generalized inflammation,
such as recurrent fever and body rash (Van
Gorp et al. 2019). CAPS collectively represents
three diseases—NOMID, Muckle–Wells syn-
drome (MWS), and familial cold autoinflam-
matory syndrome (FCAS)—which represent a
spectrum of severity and are all caused by mu-
tations inNLRP3 (Kuemmerle-Deschner 2015).
Deletion of the IL-18R in mice carrying
the Nlrp3 A350V allele, associated with MWS,
is sufficient to rescue their survival (Brydges
et al. 2013). In agreement with an important
role for IL-18 in NLRC4-mediated autoin-
flammatory disease progression, a patient carry-
ing the autoinflammatory NLRC4 variant
V341A was successfully treated with recombi-
nant IL-18-binding protein, which prevents
IL-18 binding to its receptor, while blocking
IL-1 alone did not provide a benefit to this pa-
tient (Romberg et al. 2014; Canna et al. 2017).
Development of FMF is in most patients linked
to mutations in theMEFV gene, which encodes
the inflammasome receptor pyrin. A knockin
mouse model that expresses a chimeric human-
ized version of Pyrin with an FMF-associated
mutation, V726A, develops systemic autoin-
flammatory pathology that is fully dependent
on IL-1β signaling (Sharma et al. 2017). Inter-
estingly, deletion of GSDMD completely res-
cued circulating IL-1β levels and provided the
same level of protection as seen in Il1b−/− mice,
highlighting the role of pyroptosis for cytokine
secretion in vivo (Sharma et al. 2017; Kanne-
ganti et al. 2018). GSDMD-deletion also rescued
all signs of autoinflammation seen in the Nlrp3
D301Nmice, a mutation that causes NOMID in
humans (Xiao et al. 2018). As deletion of
GSDMD in these mice abolished circulating
IL-1β levels, it would be of interest to determine

the relative contribution of this cytokine to in-
flammatory pathology in Nlrp3 D301N mice. A
critical role for cell death in driving NLRP3-me-
diated pathology has also been suggested inmice
bearing the FCAS-linked L351P mutation in
Nlrp3 (Brydges et al. 2013). Post-birth lethality
seen in these animals is fully rescued by the
absence of caspase-1, whereas co-ablation of
IL-1R/IL-18 is only partially protective. Thus,
pyroptosis appears to contribute to inflamma-
some-dependent cytokine secretion and other
inflammasome-associated effector pathways.
Modulating GSDMD activation may therefore
hold promise for the treatment of inflamma-
some-driven diseases in the clinic.

CONCLUSIONS

Inflammasome activation is emerging as an in-
creasingly complexmechanism for regulated ac-
tivation of inflammatory caspases and induction
of inflammatory and host defense responses. In
addition to canonical proinflammatory cytokine
maturation and secretion, GSDMD-driven py-
roptosis is rapidly emerging as another key func-
tion associated with inflammasome activation
that intercrosses with cytokine and DAMP re-
lease and other immune effector mechanisms.
Functional analysis of additional caspase sub-
strates that are cleaved during pyroptosis may
reveal unexpected and diverse roles in intracel-
lular signaling that contribute to how pyroptotic
cells regulate immune activation and host de-
fense. A better understanding of the diverse
roles pyroptosis plays in the immune system
could aid in understanding how inflammasome
activation signals to neighbor cells to control
pathogen spread and potentiates sterile tissue
damage in inflammatory diseases. Furthermore,
addressing these mechanisms could reveal novel
therapeutic approaches to benefit patients suf-
fering from a broad suite of inflammasome-me-
diated diseases.
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