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Review 

Inflammasome-independent pyroptosis 
Xing Liu1 and Judy Lieberman2,3   

Gasdermins are membrane pore–forming proteins that cause 
pyroptosis, an inflammatory cell death in which cells burst and 
release cytokines, chemokines, and other host alarm signals, 
such as ATP and HMGB1, which recruit and activate immune 
cells at sites of infection and danger. There are five gasdermins 
in humans — gasdermins A to E. Pyroptosis was first described 
in myeloid cells and mucosal epithelia, which express 
gasdermin D and activate it when cytosolic sensors of invasive 
infection or tissue damage assemble into large macromolecular 
structures, called inflammasomes. Inflammasomes recruit and 
activate inflammatory caspases (caspase 1, 4, 5, and 11), which 
cut gasdermin D to remove an inhibitory C-terminal domain, 
allowing the N-terminal domain to bind to membrane acidic 
lipids and oligomerize into pores. Recent studies have identified 
inflammasome-independent proteolytic pathways that activate 
gasdermin D and the other gasdermins. Here, we review 
inflammasome-independent pyroptosis pathways and what is 
known about their role in normal physiology and disease. 
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Introduction and overview 
Pyroptosis is a distinct form of lytic and inflammatory 
programmed cell death mediated by membrane damage 
caused by gasdermin (GSDM) cleavage and activation of 
the N-terminal fragment to form pores. Pyroptosis 

causes loss of membrane integrity, cell swelling, and the 
formation of large membrane balloons [1,2]. Gasdermin 
pores also serve as conduits for interleukin (IL)-1 family 
cytokines that do not have a conventional secretion 
signal and for many inflammatory mediators, including 
other cytokines, chemokines, ATP, and HMGB1, which 
are released from pyroptotic cells and attract immune 
cells and promote their activation. Pyroptotic cells 
eventually rupture, which involves, at least in some 
contexts, oligomerization of the integral membrane 
protein NINJ1 to cause release of larger molecules and 
amplification of inflammation [3,4] (Figure 1). 

Pyroptotic cell death was initially observed in macro
phages in response to anthrax lethal toxin (LT) and in
vasive bacterial infection, although it was not initially 
recognized as a cell death pathway distinct from apop
tosis [5]. Endocytosed LT in macrophages prompts ne
crotic cell death accompanied by lactate dehydrogenase 
(LDH) release. Macrophages infected with invasive 
Shigella flexneri die, while infection with a noninvasive 
strain is not cytotoxic [6]. Salmonella typhimurium infec
tion also triggers macrophage death [7,8]. Soon, the cy
steine protease caspase-1 was identified as the caspase 
activated by LT and bacterial invasion that is re
sponsible for cell death and processing and release of 
inflammatory IL-1 family cytokines [9–14], and NLRP1 
was identified as the LT sensor responsible for acti
vating caspase-1. Because caspase-1-dependent cell 
death elicits a powerful immune response distinct from 
immunologically silent apoptosis, this form of cell death 
was designated ‘pyroptosis’, or fiery death [13,15–17]. 

In a classic 2002 paper, Jurg Tschopp et al. first identi
fied the inflammasome in a human macrophage cell line 
as a high-molecular-weight complex of NLRP1 inter
acting with the ASC adaptor and caspase-1 via homo
typic interactions between the caspase recruitment 
domains (CARD) and PYRIN domains (PYD) in these 
proteins [18]. The inflammasome recruits caspase-1 and 
activates it by proximity-induced autoproteolysis. Acti
vated caspase-1 then processes the proinflammatory IL- 
1β/18 fever-inducing cytokines to their active forms and 
triggers pyroptosis. Additional inflammasomes, including 
NLRP3, NLRC4, AIM2, and PYRIN, were then found 
to be activated by sensing distinct pathogen-associated 
molecular patterns (PAMPs) or danger-associated mole
cular patterns (DAMPs) [19]. Sensors containing PYD 
(such as NLRP3, AIM2, and PYRIN) recruit the adaptor 
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apoptosis-associated spike-like protein containing a 
caspase recruitment domain (ASC) and caspase-1, 
whereas sensors containing CARD (such as NLRP1b, 
NLRC4, and CARD8) can directly interact with caspase- 
1 without ASC. These inflammasomes are categorized as 
canonical inflammasomes [20,21]. Inflammasome com
ponents are generally not expressed in cells that have 
not been exposed to microbes or other danger signals, 
but their expression is transcriptionally activated when 
PAMPs or DAMPs bind to cell surface pattern recogni
tion receptors, such as the Toll-like receptors (TLR), in 
a process called ‘priming’. 

Additionally, a noncanonical inflammasome, formed by 
inflammatory caspases 4 and 5 in humans and caspase-11 
in mice, which directly bind to cytosolic gram-negative 
bacterial lipopolysaccharide (LPS) and might also be 
activated indirectly by lipotechoic acid from gram-posi
tive bacteria, plays a key role in sepsis [22–26]. Non
canonical inflammasomes can also be activated by 
oxidized host lipids [27]. Pyroptosis induced by the 
noncanonical inflammasome involves a simplified me
chanism that does not require additional sensors or 
adaptors [22,25,26]. Although noncanonical inflamma
somes were assumed by their name to assemble into 
large complexes in a manner resembling the canonical 
inflammasome, the assembly into large complexes was 

only demonstrated recently in cells ectopically expres
sing caspase-11 in which micron-sized noncanonical in
flammasome specks were visualized [28]. Noncanonical 
inflammasome speck formation, however, depends on 
caspase proteolysis, unlike the canonical inflammasome. 
Human caspase-4 is constitutively expressed in myeloid 
cells and some epithelial and endothelial cells and can
cers; therefore, pyroptosis induced by the noncanonical 
pathway in those cells does not require priming. 

While inflammatory caspases were recognized as re
sponsible for pyroptosis, the final executioner of pyroptosis 
remained elusive until 2015 when two independent for
ward genetic screens — one conducted in vivo and the 
other in bone marrow–derived macrophages — identified 
gasdermin D (GSDMD) as a shared target of all the in
flammatory caspases [23,29] and the N-terminal fragment 
of GSDMD (GSDMD-NT), generated by inflammatory 
caspase cleavage, as the direct inducer of pyroptosis. Sub
sequent studies showed that GSDMD orchestrates pyr
optosis when GSDMD-NT binds to membrane acidic 
phospholipids, including phosphoinositides, cardiolipin, 
and phosphatidylserine. This, in turn, facilitates GSDMD- 
NT membrane association, oligomerization, and formation 
of pores in the cell membrane, ultimately leading to 
membrane permeabilization [2,30–33]. Because the lipids 
to which GSDM-NT binds are all on the inner leaflet of 

Figure 1  
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Pyroptosis and its morphological characteristics. Upon sensing external or internal danger signals, GSDMs undergo proteolytic cleavage to release their N- 
terminal fragments. These liberated N-terminal fragments bind to and create pores within the plasma membrane, which disrupt cell membrane integrity, causing 
cell swelling and the formation of prominent ballooning structures that are pathognomonic for pyroptosis. Mitochondrial inner and outer membranes are also 
profoundly damaged by GSDM binding to cardiolipin, which is critical for cell death, to form pores in and permeabilize both mitochondrial membranes, inhibit 
mitochondrial metabolism, and cause ROS, cytosolic release of mitochrondrial proteins and DNA, and mitophagy [48]. During pyroptosis, intracellular contents, 
including chemokines and cytokines, cleaved gasdermins, and activated caspases, and other alarmins, such as ATP, are released from the dying cell and 
contribute to inflammation, tissue damage or repair, and recruitment of immune cells. These phenomena, which occur downstream of GSDM activation, are 
common features of inflammasome-dependent and inflammasome-independent pyroptosis.   
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the plasma membrane, activated GSDMs kill cells from 
within, but do not kill bystander cells when GSDM-NT is 
released from pyroptotic cells with other inflammatory 
mediators. The integral membrane protein NINJ1 causes 
plasma membrane rupture during pyroptosis and other cell 
death programs, including apoptosis and necrotic cell 
death, at least in some contexts [34]. NINJ1 deficiency or 
NINJ1 antibody inhibits cell rupture and release of some 
intracellular contents, especially larger molecules such as 
LDH [34,35]. 

Recent studies found that gasdermin activity is regu
lated by S-palmitoylation, which is needed for GSDMD- 
NT association with membranes and pore formation  
[36–38]. Surprisingly, Gu et al. also found that palmi
toylated full-length GSDMD can also form pores even if 
it is not cleaved [36]. Although it is unclear whether 
palmitoylated full-length gasdermins activate pyroptosis 
in physiologically relevant settings, GSDMD palmitoy
lation and pyroptosis is activated by reactive oxygen 
species (ROS), which could be a trigger. A cleavage-in
dependent mechanism for an ancient gasdermin was also 
described by a redox-sensitive switch for the metazoan 
Trichoplax adhaerens gasdermin, which is a disulfide- 
linked protein that can be activated by disrupting its 
disulfide bond [36,39]. These examples suggest that 
there may be circumstances in which pyroptosis could be 
activated that involve neither inflammasomes nor pro
teases. 

All the GSDMs (GSDMA-E) in humans share a homo
logous NT domain that binds to plasma membranes and 
form pores to trigger pyroptosis, as well as similar auto
inhibitory C-terminal domains [31]. A sixth GSDM 
homolog (known as GSDMF, DFNB59, or pejvakin 
PJVK), which has a nonhomologous shortened C-term
inal domain, is genetically linked to noise-induced 
neuronal damage and hearing loss, but it is unclear 
whether GSDMF is proteolyzed or activated to form 
pores in a manner resembling the other GSDMs [40]. 
The concept of pyroptosis has now evolved beyond 
death initiated by inflammasome activation of in
flammatory caspases and GSDMD to include cell death 
mediated by any activated GSDM [41]. Notably, GSDM 
homologs that cause cell death have now been identified 
in even the most ancient eukaryotes [42–45], and bac
terial homologs have also recently been identified [46]. 
These bacterial counterparts, encoded in operons with 
proteases that can activate them, can assemble into 
membrane pores, which orchestrate bacterial cell death 
and serve as a defense against phage infection. Under 
basal conditions, GSDMD is predominantly expressed 
in myeloid cells and mucosal epithelia, GSDMA in the 
skin and gastrointestinal tract, GSDMB in the lung and 
gastrointestinal tract, and GSDMC in the skin and gas
trointestinal tract. In contrast, GSDME is highly ex
pressed in neurons and the placenta, heart, and muscle, 

tissues where inflammation might be more harmful. 
However, under immune activation, inflammatory, and 
other stress conditions, GSDM genes can be induced, 
but little is known about what pathways and transcrip
tion factors regulate their gene expression [47]. Induced 
gene expression needs to be considered when in
vestigating potential roles of GSDMs in disease protec
tion and pathology. 

In the past few years, inflammasome and inflammatory 
caspase-independent mechanisms for activating gas
dermin D have been identified that involve cleavage by 
other proteases, including ‘noninflammatory’ caspases 
involved in apoptosis as well as hematopoietic cell serine 
proteases released from specialized granules. In addi
tion, proteolytic mechanisms for activating the other 
GSDMs have begun to be uncovered, although addi
tional unknown mechanisms for activating GSDMs 
probably exist and remain to be identified. These in
flammasome-independent pathways are two-step path
ways that involve a new kind of danger signal — 
activation or cytosolic localization of a protease — that 
cuts a cytosolic GSDM to liberate a pore-forming N- 
terminal domain. Because these pathways only involve 
two molecules (the protease and the GSDM), they do 
not require priming to activate the transcription of the 
mediator proteins, in the same way as the canonical in
flammasome pathway. In this review, we will describe 
current understanding of inflammasome-independent 
pyroptosis and what is known about its roles in normal 
physiology and disease. 

Pathways that cause inflammasome- 
independent pyroptosis 
Inflammasome-independent activation of GSDMD 
Other proteases, besides the inflammatory caspases 
(caspase-1 in mice and humans, caspase-11 in mice, and 
caspase-4/5 in humans), can cleave and activate 
GSDMD to cause pyroptosis without involving in
flammasomes [49]. Caspase-8, an initiator of death re
ceptor-activated apoptosis, triggers pyroptosis by 
cleaving GSDMD during Yersinia and Streptococcus 
pneumoniae infection (Table 1, Figure 2). The upstream 
ligands and receptor(s) that trigger caspase activation in 
these infections are not well defined. During Yersinia 
infection, the bacterial effector protein YopJ inactivates 
TAK1 kinase, which leads to RIPK1-dependent caspase- 
8 cleavage of GSDMD and pyroptosis [50,51]. Caspase-8 
complexes with FADD and RIPK1, and the complex is 
recruited to lysosomal membranes by the Rag-Ragulator 
complex, a multifunctional regulator of cellular nutrient 
responses [52]. Activation of caspase-8 takes place on the 
cytosolic surface of lysosomes. Nonetheless, how the 
‘apoptotic’ caspase-8 is converted to a pyroptotic enzyme 
that cleaves GSDMD remains unknown, warranting 
further investigation. In S. pneumoniae infection of THP- 
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1 cells, STING is activated on the endoplasmic re
ticulum (ER) by an unclear mechanism that causes ER 
release of Ca++ stores that triggers caspase-8-mediated 
GSDMD activation, again by an unclear mechanism that 
is independent of IFN stimulation [53]. When this 
pathway is activated, tissue factor (also known as coa
gulation factor F3) is released, which triggers coagula
tion, which contributes to the disseminated intravascular 
coagulation pathology of bacterial sepsis. GSDMD can 
also be cleaved by neutrophil elastase and cathepsin G, 
serine proteases normally contained within neutrophil 
primary granules, which are specialized secretory lyso
somes. During spontaneous or triggered neutrophil 
death, these granule proteases leak into the cytosol and 
generate N-terminal fragments of GSDMD with pore- 
forming activity when neutrophil elastase cleaves 
GSDMD after Cys268 and cathepsin G cuts GSDMD 
after Leu274 [54,55]. 

GSDMC 
GSDMC is another newly recognized substrate of cas
pase-8 (Table 1, Figure 2) [60]. Hypoxia strongly in
duces GSDMC expression, and TNFα triggers death 
receptor-associated caspase-8 to cleave GSDMC [60]. 
Hypoxia induces GSDMC by activating phosphorylation 
of the Stat3 transcription factor, which then associates 
with programmed death ligand 1 (PD-L1) and the PD- 
L1/Stat3 complex translocates to the nucleus where it 
binds to the GSDMC promoter [60]. Subsequently, ac
tivated caspase-8 cleaves GSDMC at the evolutionarily 
conserved 362LELD365 sequence. GSDMC (1-365) in
itiates pyroptosis in tumor cells in hypoxic regions. Un
expectedly, although pyroptosis activated by GSDMB 
and GSDME in tumor cells augments antitumor im
munity to control tumor growth [58,62], in this study, 
tumor necrosis factor α (TNFα) and caspase-8 activation 
of GSDMC promoted tumor progression in vivo, and 
high GSDMC expression in human breast tumors was 
linked to worse prognosis [60]. Another study found a 
different way to activate caspase-8 cleavage of GSDMC 
and pyroptosis. In this pathway, the tricarboxylic acid 
(TCA) cycle metabolite α-ketoglutarate, whose produc
tion is increased in some tumors, increases cellular 
acidification and triggers ROS, which oxidizes the 
plasma membrane death receptor DR6 and causes it to 
be endocytosed, creating a platform for activating cas
pase-8 [61]. Under these conditions, GSDMC is cleaved 
after Asp240 to generate an active fragment more similar 
in size to the other active GSDM-NT fragments that 
trigger pyroptosis [61]. Activating GSDMC by this 
pathway suppressed tumor growth unlike hypoxia-trig
gered activation of GSDMC. The reasons for these op
posing effects on tumor growth of pyroptosis induced by 
different GSDMC-activating pathways and by activating 
GSDMB and GSDME is unclear but may be secondary 
to the different sizes of cleaved GSDMC generated by 
these two pathways or to different stresses in the tumor 
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microenvironment and their complex effects on in
filtrating immune cells since tumor protection by 
GSDMB and GSDME is mediated by cytotoxic lym
phocytes. In any event, these studies suggest that 
GSDMC may sense and respond to environmental 
stresses, such as hypoxia, inadequate nutrients, or oxi
dative stress. 

GSMDE 
GSDME is cleaved by caspase-3, the main apoptotic 
effector caspase, independently of inflammasomes 
(Figure 2). In cells expressing GSDME, caspase-3 acti
vation by intrinsic or extrinsic apoptotic triggers leads to 
cleavage of GSDME at Asp270, generating GSDME- 
NT with membrane pore–forming activity [41,63]. Im
portantly, pyroptotic death occurs much more rapidly 
than apoptosis and is inflammatory because of the re
lease of cellular contents (‘alarmins’) with proinflamma
tory attributes, mirroring the effect seen in GSDMD- 
induced pyroptosis. Thus, GSDME acts as a switch that 
converts noninflammatory apoptosis into inflammatory 
pyroptosis in cells expressing GSDME. 

Cytotoxic lymphocyte proteases activate pyroptosis in 
target cells 
GSDM-mediated pyroptosis also occurs during cytotoxic 
lymphocyte attack in target cells that express GSDMB or 
GSDME (Table 1, Figure 2). Cytotoxic lymphocytes (T 
cells and natural killer cells (NK)) deliver cytotoxic 

granule, death-inducing serine proteases called granzymes 
to the cytosol of target cells. Although there are five 
granzymes in humans, granzymes A and B (GzmA and 
GzmB) are the most highly expressed and physiologically 
important. GzmB, which cuts and activates caspase-3, also 
cleaves and activates GSDME directly, but killer cell 
pyroptosis is also amplified by GzmB activation of caspase- 
3 [62]. Cytotoxic lymphocyte activation of GSDME-de
pendent pyroptosis in tumor cells enhances host antitumor 
immunity. GzmA also directly cleaves and activates 
GSDMB to initiate target cell pyroptosis [58]. Although 
purified human GzmA can cleave GSDMB at both Lys229 
and Lys244 in vitro, Lys244 is the predominant physiolo
gical and functional GzmA cleavage site [58]. Gastro
intestinal cancer cell lines that express GSDMB are 
susceptible to pyroptosis following GzmA electroporation. 
Other cancer cells with undetectable GSDMB can become 
sensitive to GzmA-induced pyroptosis after exposure to 
interferon (IFN)-γ, which induces GSDMB [58]. It is im
portant to note that alternate splicing generates several 
GSDMB isoforms that lack exon 6 and do not form pores 
and in fact can act as dominant negative inhibitors of pore 
formation [64,65]. Differential expression of these isoforms 
can affect target cell sensitivity to lymphocyte killing and 
killer lymphocyte immune elimination of tumors and in
tracellular bacteria, despite similar overall GSDMB ex
pression [65]. The conclusions of papers about GSDMB 
published before 2023 that do not take into account 
GSDMB alternate splicing need to be re-examined. 

Figure 2  

Current Opinion in Immunology

Molecular mechanisms that activate and regulate inflammasome-independent pyroptosis. During GAS infection, GSDMA becomes activated through 
cleavage by the GAS-secreted virulence factor SpeB, which triggers an immune response against GAS. Cytotoxic lymphocytes express GzmA and 
GzmB, which cleave and activate GSDMB and GSDME, respectively. This activation initiates pyroptosis in tumor cells, boosting host antitumor 
immune responses. GSDME can also be activated by apoptotic caspase-3, converting apoptosis to pyroptosis in cells expressing GSDME. Moreover, 
apoptotic caspase-8 processes and activates GSDMC and GSDMD, inducing tumor necrosis and anti-Yersinia and S. pneumoniae immunity, 
respectively. Neutrophil elastase and cathepsin G can also cleave GSDMD, resulting in neutrophil death, NETosis, and cytokine release.   
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Whether alternate splicing regulates pore-formation by the 
others GSDMs also needs to be evaluated. 

GSDMA 
In addition to host cell proteases, GSDMs could also be 
susceptible to proteases encoded by invasive pathogens 
(Table 1, Figure 2). The only known example is the 
group A Streptococcus (GAS) virulence factor SpeB, 
found in the cytosol of keratinocytes exposed to GAS, 
which cleaves and activates GSDMA [56,57]. SpeB is a 
secreted bacterial protease, previously known to increase 
skin inflammation but protect against severe GAS sys
temic infections through unknown mechanisms. These 
studies found that SpeB triggers pyroptosis in skin epi
thelial cells that highly express GSDMA by cleaving 
GSDMA to produce a pore-forming N-terminal frag
ment. SpeB-mediated cleavage of GSDMA takes on a 
vital role in safeguarding against GAS skin infection  
[56,57]. Although humans encode only one GSDMA, in 
mice, there are three GSDMA paralogs (Gsdma1–3), and 
Gsdma1 is the one responsible for protecting mice from 
severe GAS infection. As of now, no other pathogen 
proteases have been shown to cleave and activate any 
GSDM, and no host activator of GSDMA has been 
identified. 

Organellar involvement in inflammasome- 
independent pyroptosis 
Organelles play a pivotal role in cell death. Damaged 
organelles release DAMPs that initiate or amplify pyr
optosis. An early imaging study of macrophages under
going bacterial toxin inflammasome/GSDMD-mediated 
cell death suggested that mitochondria and lysosomes 
are damaged early in pyroptosis before the cell mem
brane is permeabilized [66]. The mechanistic basis of 
lysosomal damage has not yet been described, although 
the lipid content of the cytosolic aspect of lysosomal 
membranes is similar to that of the inner leaflet of the 
plasma membrane. Recent studies have elucidated the 
mechanism behind mitochondrial damage and shown 
that it is critical for activating pyroptosis [48,67,68]. The 
N-terminal fragments of GSDMA, GSDMD, and 
GSDME bind to mitochondria and permeabilize both 
the inner and outer membranes of mitochondria, re
leasing mitochondrial DNA and soluble mitochondrial 
matrix and intermembrane space proteins, disrupt mi
tochondrial oxidative phosphorylation, induce ROS, and 
dissipate the mitochondrial transmembrane potential. 
Mitochondrial damage occurs independently of how the 
GSDM is activated and whether inflammasomes are the 
triggers. Mitochondrial damage depends on GSDM-NT 
binding to mitochondrial membrane cardiolipin and is 
presumed to be mediated by pore formation on both 
mitochondrial membranes. Mitochondrial damage occurs 
immediately upon GSDM activation and before plasma 
membrane damage and has a potent effect on whether 

cells die and release inflammatory cytokines. It is likely 
that the active forms of (properly spliced) GSDMB and 
GSDMC similarly destroy mitochondria, but this re
mains to be shown. Why mitochondria are damaged 
before the plasma membrane is not clear but may be 
because of the higher affinity of NT-GSDMs for cardi
olipin compared with plasma membrane acidic phos
pholipids [30,31] or the dependence of plasma 
membrane damage on mitochondrial ROS [36,37]. 

The endoplasmic reticulum (ER) serves as a reservoir of 
cellular calcium that plays an important role in maintaining 
intracellular calcium concentrations. Under pathological 
conditions, ER stress can lead to the release of calcium, 
which can act as a danger signal to initiate an innate immune 
response. One example is STING activation of ER calcium 
release by S. pneumoniae infection of THP-1 cultures, which 
triggers caspase-8 to cleave GSDMD to cause pyroptosis  
[53]. Why S. pneumoniae activates caspase-8, rather than in
flammasome-activated inflammatory caspases, which are 
activated by Escherichia coli and other bacteria, is unknown. 
Understanding the distinct innate immune, inflammasome- 
dependent, and inflammasome-independent pathways trig
gered by different bacterial pathogens and their role in in
nate immune protection versus pathology could provide 
valuable insights into the complex interplay between host 
cells and pathogens and point to potential therapeutic ave
nues for managing severe infections and their complications. 

Organelles can also serve as inflammasome-independent 
platforms to assemble pyroptotic signalling complexes. 
One example is the lysosomal membrane Rag-Ragulator 
complex, which serves as a platform for RIPK1 and 
caspase-8 activation of GSDMD cleavage in Yersinia and 
TAK1 inhibition-induced pyroptosis [52]. Activation of 
caspase-8 and subsequent downstream events occur only 
when the RIPK1–caspase-8 complex is anchored to the 
lysosomal membrane. Although the Rag-Ragulator 
complex plays a critical role in mTORC1 signaling of 
amino acid deprivation, activation of caspase-8 does not 
depend on mTORC1. 

Pathophysiological roles of inflammasome- 
independent pyroptosis 
Recent studies have identified significant roles of in
flammasome-independent pyroptosis in the pathogen
esis of various diseases. Although pyroptosis recruits 
immune cells to sites of infection or danger and activates 
them, which can orchestrate a protective response, ex
cessive inflammation can lead to cytokine storm, mac
rophage activation, and vascular leak, which can be life- 
threatening. Whether inflammatory responses are pro
tective or pathological depends on the extent of the 
danger and the complex responses of multiple cells and 
inflammatory factors, which may differ among geneti
cally diverse individuals with many cofounding factors 
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and is difficult to predict. Moreover, results in mouse 
models may not translate into human situations. Below, 
we summarize studies of the downstream effects of in
flammasome-independent pyroptosis in mouse models. 

GSDMD 
GSDMD cleavage and activation by caspase-8 during 
Yersinia infection counteracts suppression of host TLR- 
dependent inflammatory immune responses suppressed by 
other Yersinia virulence factors and facilitates elimination of 
Yersinia [50,51,69]. However, caspase-8 activation of 
GSDMD helps drive inflammatory bowel disease ileitis, 
which occurs when pyroptosis in intestinal epithelial cells 
is induced in the absence of FADD [70]. While FADD- 
deficient pyroptosis is downstream of Z-DNA-binding 
protein 1 and tumor necrosis factor receptor-1 (TNFR1) 
and depends on RIPK1/3, the precise mechanism by which 
caspase-8 is activated to process GSDMD remains un
known. In a different context, in one study, neutrophil 
elastase cleavage of GSDMD had an anti-inflammatory 
effect by initiating lytic cell death of neutrophils and re
ducing the number of neutrophils, while in another study, 
neutrophil cathepsin G-mediated cleavage and activation 
of GSDMD promoted the release of proinflammatory cy
tokines and intensified inflammation that exacerbated 
LPS-induced sepsis [54,55]. 

GSDME 
GSDME, activated by classical apoptotic signals that turn 
on caspase-3, shifts cell death from apoptosis to pyr
optosis, which has a profound effect on disease outcome  
[41]. Chemotherapy drugs and radiation or endogenous 
insults such as hypoxia or nutrient deprivation induce 
pyroptosis via caspase-3 activation of GSDME in diverse 
cancer types [71–77]. During killing by cytotoxic lym
phocytes, delivery of granzyme B into target cells directly 
cleaves GSDME at the same site as caspase-3, which 
induces pyroptosis and helps control tumor growth [62]. 
While tumors that do not express GSDME undergoing 
apoptosis or killer lymphocyte-mediated death are im
munologically quiet, pyroptotic cell release of proin
flammatory cytokines and other ‘alarmins’ from dying 
GSDME-expressing tumors has a strong inflammatory 
effect. GSDME is often silenced in tumors, which en
ables them to evade immune surveillance [41,62,78–80]. 
Activating GSDME-mediated pyroptosis in tumor cells 
promotes immune cell migration and activation within the 
tumor microenvironment, which helps control tumor 
growth. Increased GSDME expression promotes che
motherapeutic drug responses in cancer [81] but also 
exacerbates toxicity and weight loss in mice because of 
GSDME expression in normal tissues [41]. 

The caspase-3-GSDME pyroptotic pathway is also linked 
to inflammatory diseases and host responses to infection. 
Monocytes and macrophages from rheumatoid arthritis 
patients have more activated caspase-3 and cleaved 

GSDME than cells from healthy counterparts. Knockdown 
of GSDME or inhibition of caspase-3 significantly reduced 
pathological symptoms in mouse models of arthritis [82]. 
Cisplatin treatment activates caspase-3 and GSDME- 
mediated pyroptosis in human tubular epithelial cells and 
mouse tissues. Deletion of GSDME protected mice from 
both cisplatin-induced or ischemia–reperfusion-induced 
kidney injury [83]. GSDME is expressed in neurons of all 
types throughout the brain. Although the normal function 
of GSDME in neurons is not known, GSDME is activated 
by mitochondrial neurotoxins and protein aggregates that 
cause neurodegeneration in human and mouse primary 
neurons in a caspase-3-dependent manner. This cascade 
can cause neurite loss with or without neuronal cell death. 
Knockout of GSDME rescued neurodegeneration in a 
mouse model of amyotrophic lateral sclerosis (ALS) and in 
human neurons generated from ALS patient induced 
pluripotent stem cells [84]. It is likely that neuronal 
GSDME may also play a role in other neurodegenerative 
diseases. GSDME expression in intestinal epithelial cells 
has also been implicated in colitis. Active GSDME-NT in 
colonic epithelial cells in patients with Crohn’s disease 
correlates with disease severity, and GSDME knockout 
mitigates intestinal inflammation in a mouse colitis model  
[85]. GSDME is also highly expressed in fetal trophoblasts 
in the placenta. During Zika virus infection in pregnancy, 
recognition of ZIKV RNA by RIG-I activated a TNFα–
caspase-8–caspase-3-GSDME pathway to cause pyroptosis 
of placental cells, placental pathology, and fetal loss, which 
were ameliorated by GSDME knockout [86]. It is unclear 
whether GSDME expression in trophoblasts in the pla
centa serves any normal placental function or just is a 
mechanism to terminate pregnancies in which the fetus is 
damaged by infection. GSDME ablation also significantly 
increased the survival of mice infected with enterovirus 71 
or the H7N9 influenza virus [87,88]. 

Other GSDMs 
Currently, not much is known about the physiological 
triggers or consequences of pyroptosis induced by 
GSDMA, B, or C. GSDMA is cleaved by virulence factor 
SpeB in epithelial tissue during Streptococcus pyogenes 
infection, which triggers skin epithelial cell pyroptosis 
and contributes to immune protection from systemic 
infection even though it causes more local inflammation 
in the skin [56,57]. In cytotoxic lymphocyte target cells, 
GSDMB is cleaved by GzmA, inducing pyroptosis in 
target cells [58]. GzmA activation of GSDMB suppresses 
tumor growth by potentiating antitumor immunity, such 
as GzmB activation of GSDME. GSDMC, which is in
duced by hypoxia and activated by caspase-8, can also 
restrict tumor growth and metastasis in mouse models  
[89]. During helminth infection, GSDMC cleavage and 
accompanying pyroptosis are also activated [90,91]. A 
recent study of murine intestinal infection with the 
roundworm Heligmosomoides polygyrus found that 
GSDMC-mediated pyroptosis in that setting is mediated 

Inflammasome-independent pyroptosis Liu and Lieberman 7 

www.sciencedirect.com Current Opinion in Immunology 2024, 88:102432 



by mast cell protease 1, which is transferred from in
traepithelial mast cells to intestinal epithelial cells, 
where it cleaves and activates GSDMC [92]. 

Conclusions and perspectives 
Although pyroptosis was initially described as in
flammasome and inflammatory caspase-mediated acti
vation of GSDMD, pyroptosis can be initiated 
independently of inflammasome sensing by direct pro
tease cleavage of any GSDM in a way that enables the 
N-terminal fragment to bind to membranes and oligo
merize into membrane disrupting pores. The linker re
gion is a flexible and accessible region that is especially 
susceptible to proteolysis. Under basal conditions, there 
are no active proteases in the cytosol where the gasder
mins are — proteases are either contained in membrane 
delimited vesicles where they cannot bind to GSDMs or 
they exist as proenzymes that need to be cleaved to gain 
proteolytic capability. In this way, active proteases in the 
cytosol are danger signals that can disrupt cellular 
homeostasis. The presence of active proteases in the 
cytosol can be sensed by cytosolic GSDMs to activate 
simple two-step pyroptotic mechanisms — the cytosolic 
protease cleaves a GSDM that assembles on cell mem
branes to form death-inducing pores. This is a ready-to- 
go system that does not require priming in GSDM-ex
pressing cells. Because the presence of proteases in the 
cytosol is a sign of invasive infection, cells also have 
canonical inflammasome protease sensors, NLRP1 and 
CARD8 [93–95]. Viral proteases introduced into the 
cytosol during viral entry by a variety of viruses, in
cluding HIV-1 and SARS-CoV-2, are also sensed and 
activate these inflammasomes [96,97]. These inflamma
somes have disordered regions (similar to the GSDM 
linker region) that are highly susceptible to cleavage by 
multiple proteases. Protease cleavage in the disordered 
regions triggers proteasomal degradation of the newly 
generated N-terminal fragment, liberating the active C- 
terminal domain. 

In the past few years, the apoptotic caspases caspase-8 
and caspase-3 have been shown to activate GSDM C-E 
and hematopoietic granule proteases from both myeloid 
cells and lymphocytes have been shown to activate 
GSDMs B, D, and E. So far, the only protease known to 
activate GSDMA is a bacterial virulence protease 
(SpeB). The activation of GSDMs by these proteases 
occurs independently of inflammasomes and the in
flammatory caspases. It is likely that many other pro
tease-GSDM pyroptotic pathways await discovery. In 
particular, other pathogen proteases can likely target 
GSDMs to trigger pyroptosis. 

Since pyroptosis can trigger both immune protection and 
pathological inflammation and tissue damage, the effect 
of the known inflammasome-independent pyroptotic 

pathways and these new pathways on normal physiology 
and disease pathogenesis is difficult to predict and will 
require more careful study, especially in humans. The 
role of these inflammasome-independent pyroptotic 
pathways in normal development and physiology and 
disease has barely begun to be explored. One prominent 
example is GSDME, highly expressed in the placenta, 
brain, and heart, places where inflammation might be 
especially dangerous. The apoptotic caspase-3, which 
activates GSDME and is activated in many cells every 
day, plays a critical role in normal development. Caspase- 
3’s ability to trigger inflammation and pyroptosis likely 
contributes to both normal development and many dis
eases. How the expression and post-translational mod
ifications of the GSDMs and their inflammasome- 
independent protease activators are regulated is currently 
not well understood. 

A better understanding of how inflammasome-independent 
pyroptosis is triggered and regulated will not only increase 
our understanding of these important cell death pathways 
but will also point the way to new therapeutic strategies. 
Protease inhibitors or GSDM pore inhibitors could poten
tially be used to inhibit pyroptosis in different settings 
where they cause pathology. However, so far, there are no 
known inhibitors of GSDM pore formation other than 
covalent Cys-reactive compounds that can interact with off- 
target proteins and intrinsically lack specificity. 
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