
Nature Reviews Cancer

nature reviews cancer https://doi.org/10.1038/s41568-026-00959-3

Review article  Check for updates

Igniting antitumour immunity 
with cancer cell pyroptosis
Xin Liu    1,2, Elena Goldberg1,2, Jonathan C. Kagan    3 & Hao Wu    1,2 

Abstract

Gasdermins (GSDMs) are a family of pore-forming proteins that 
execute pyroptosis, a lytic form of programmed cell death associated 
with membrane rupture. This function of GSDMs was initially identified 
from studies of gasdermin D (GSDMD), which is cleaved and activated 
by inflammatory caspases in the inflammasome pathway. It is now 
established that other eukaryotic or pathogen-encoded proteases, as 
well as post-translational modifications, can also activate GSDM family 
members independent of inflammasomes and in multiple cell types 
including cancer cells. T cell granzyme-mediated GSDM activation, 
exogenous delivery of active GSDMs, and small molecule-induced 
activation of GSDMs in cancer cells have been shown to promote 
antitumour immunity through pyroptosis. Notably, only a fraction 
of cancer cells needs to undergo pyroptosis to induce immune cell 
infiltration and antitumour immunity with tolerable toxicity. Here, we 
summarize current knowledge on the role of pyroptosis in antitumour 
immunity, discuss pyroptosis in the context of other lytic forms of cell 
death, and provide an outlook on how cancer cell pyroptosis may 
synergize with existing immunotherapies.
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gastrointestinal tract and dermis16. The mammalian genomes encode 
multiple GSDM paralogues: GSDMA, GSDMB, GSDMC, GSDMD, GSDME 
(also known as DFNA5) and pejvakin (PJVK; also known as DFNB59 or 
GSDMF) (Fig. 1). Most GSDMs share a conserved two-domain architec-
ture: an N-terminal (NT) pore-forming domain and an autoinhibitory 
C-terminal (CT) domain. Early studies of GSDMD downstream of inflam-
masome activation have suggested that caspase-mediated proteolytic 
cleavage of GSDMD at the NT–CT linker is sufficient for its activation, 
in which the pore-forming NT domain oligomerizes on membranes 
containing acidic phospholipids to assemble large, β-barrel pores17–24. 
More recent work has revised this model by showing that GSDM cleav-
age is not the terminal regulated step in the pyroptosis pathway. After 
cleavage, the Ragulator–RAG–mTOR complex 1 (mTORC1) pathway 
and mitochondrial damage facilitate the production of reactive oxygen 
species (ROS) that promote the palmitoylation of GSDMD, a process 
important for efficient membrane localization and oligomerization 
into membrane pores25–32. Full-length GSDMD can also be activated 
to form pores under extreme oxidative stress and hyperpalmitoyla-
tion, although this pore formation is less efficient than that mediated 
by the GSDMD-NT27,33. Similarly, full-length GSDME was shown to be 
poly ADP-ribosylated (PARylated) during the DNA damage response 
to form pores without cleavage34. GSDM pores can permeabilize not 
only the plasma membrane but also organellar membranes such as 
those of the mitochondria32. Cell-based, structural and biochemi-
cal studies have defined GSDM pores as the primary physical basis 
for mediating the release of interleukin-1 (IL-1) family cytokines and 
initiating pyroptosis35–37.

Although initial breakthroughs in the GSDM field came from 
studies of GSDMD in myeloid cells following inflammasome activa-
tion, pyroptosis is now known to occur in almost all cells expressing a 
member of the GSDM family (Fig. 1). In the canonical inflammasome 
pathway in mammals, pattern recognition receptors nucleate large 
supramolecular complexes that recruit and activate caspase-1, which in 
turn cleaves GSDMD and the pro-IL-1β and pro-IL-18 cytokines, coupling 
pore formation to the release of these inflammatory cytokines38–40. 
Of note, evolutionary analysis suggested that caspase-1 has repeat-
edly changed its target GSDMs at speciation junctures, cleaving 
GSDME in fish and GSDMA in amphibians, reptiles and birds41. In the 
non-canonical inflammasome pathway, human caspase-4 and caspase-5 
and mouse caspase-11 cleave GSDMD after their enzymatic activity 

Introduction
Cancer immunotherapy has transformed the treatment landscape for 
multiple malignancies, yet durable benefit is still limited to a subset of 
patients. In particular, immune checkpoint blockade (ICB) can reinvig-
orate exhausted T cells1–3, but many tumours remain poorly immuno-
genic, exclude effector lymphocytes or rapidly acquire resistance. To 
overcome these issues, there is a growing interest in reprogramming 
cancer cells to die by intrinsically immunogenic cell death (ICD)4,5, with 
the goal of promoting antigen release and intratumoural inflamma-
tion that facilitates lesion eradication6,7. ICD is a regulated form of cell 
death that activates an adaptive immune response against antigens 
derived from dying cells. Unlike forms of cell death that are immu-
nologically silent or tolerogenic, ICD is defined by the coordinated 
release of tumour-associated antigens and a set of immunostimulatory 
damage-associated molecular patterns (DAMPs)4,8,9. The term DAMPs 
is used to classify inflammatory molecules that are released by dead, 
stressed or dying cells. Prototypical examples of DAMPs include ATP, 
which functions as a chemoattractant for dendritic cells and promotes 
NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflam-
masome activation; cell surface-exposed calreticulin, which acts as a 
signal that enhances phagocytosis by antigen-presenting cells; and 
high mobility group box 1 (HMGB1), which delivers endogenous pattern 
recognition receptor ligands to diverse populations of myeloid cells, 
resulting in inflammation4,5,10,11. Together, these signals facilitate effi-
cient antigen uptake, processing and cross-presentation, ultimately 
leading to the activation of tumour-specific cytotoxic T lymphocytes4,9. 
The ability of a dying tumour cell to serve not only as a target of elimina-
tion but also as a source of immune activation underlies the therapeutic 
potential of ICD, particularly in combination with immune checkpoint 
inhibitor treatments4,9,11.

Although several forms of cell death exist, pyroptosis has attracted 
considerable attention12–14. Owing to membrane rupture, pyroptosis 
is associated with the leakage of large cytoplasmic macromolecules 
such as lactate dehydrogenase (LDH) into the extracellular space. 
Upon the discovery that gasdermin D (GSDMD) forms large transmem-
brane pores, it was suggested that pyroptosis be defined as gasdermin 
(GSDM)-mediated lytic cell death12. We now know that the membrane 
rupture in pyroptosis also requires the protein ninjurin-1 (NINJ1)15, 
activated after GSDM pore formation. The name gasdermin came from 
the expression of its first identified family member as primarily in the 

Fig. 1 | The enzymes and pathways involved in gasdermin activation. 
a, Domain organization and structural activation of gasdermin D (GSDMD). 
Full-length human GSDMD contains an N-terminal (NT) pore-forming domain 
and a C-terminal (CT) autoinhibitory domain connected by a linker region. 
Cleavage at Asp275 by inflammatory caspases separates the NT domain from 
the inhibitory CT domain. The released GSDMD-NT fragment then oligomerizes 
at membranes to form large transmembrane pores that drive pyroptosis. 
The structures of autoinhibited full-length GSDMD and the GSDMD pore are 
shown using Protein Data Bank (PDB) entries 6N9O and 6VFE, respectively. 
b, Proteolytic and non-proteolytic routes that activate different gasdermin 
family members. For each GSDM, the NT and CT domains are shown as larger 
and smaller shapes, respectively. The squiggly tails attached to NT domains 
represent palmitoylation or poly(ADP-ribosyl)ation (PARylation). GSDMA can 
be cleaved by the Streptococcus pyogenes protease streptococcal pyrogenic 
exotoxin B (SpeB), releasing GSDMA-NT, which forms membrane pores. In 
cytotoxic T cell-mediated or natural killer (NK) cell-mediated killing, granzyme A 
can cleave GSDMB to generate pore-forming GSDMB-NT, whereas granzyme B 
can cleave GSDME directly and can also activate caspase-3, which further 

cleaves GSDME. Apoptotic stimuli can activate caspase-8, which cleaves 
GSDMC and GSDMD, and caspase-8 can also activate caspase-3, leading to 
GSDME cleavage. Canonical inflammasome activation in response to damage-
associated molecular patterns (DAMPs) or pathogen-associated molecular 
patterns (PAMPs) activates caspase-1, whereas cytosolic lipopolysaccharide 
(LPS) from Gram-negative bacteria activates the non-canonical inflammasome 
through caspase-4 and caspase-5 in humans or caspase-11 in mice; these 
pathways cleave GSDMD to release GSDMD-NT. During neutrophil activation, 
granule proteases such as elastase and cathepsin G can also cleave GSDMD. 
In addition to proteolytic activation, aspartate–histidine–histidine–cysteine 
(DHHC)-type palmitoyltransferases can promote gasdermin palmitoylation, 
membrane targeting and pore formation. DHHC family members are shown for 
multiple gasdermins, with DHHC5 and DHHC9 specifically indicated for GSDMD. 
Oxidative stress can promote full-length GSDMD pore formation, whereas DNA 
damage activates poly(ADP-ribose) polymerase (PARP), leading to PARylation of 
GSDME and cleavage-independent full-length GSDME pore formation. DFNB59 
(also known as pejvakin or GSDMF) is included as a gasdermin-related protein, 
although its pore-forming activity remains unclear. ROS, reactive oxygen species.
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is stimulated by interactions with bacterial lipopolysaccharides42. 
Overall, GSDM expression extends beyond myeloid cells to include 
many cancer cell types, with each family member exhibiting a distinct 
expression pattern, including strong enrichment in epithelial compart-
ments such as keratinocytes and gastrointestinal epithelium for several 
family members, and these lineage and tissue contexts probably shape 

how GSDM-dependent signalling contributes to epithelial homeo-
stasis, inflammation and cancer immunity43–48 (Box 1). Furthermore, 
apoptotic caspase-3 engages GSDME49–51 whereas apoptotic caspase-8 
cleaves and activates both GSDMC52 and GSDMD53,54, and cytotoxic T 
lymphocyte-derived granzymes can process GSDMB and GSDME to 
trigger pyroptosis in target cells48,55. In neutrophils, GSDMD can be 
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cleaved not only by inflammatory caspases but also by released granule 
enzymes such as elastase and cathepsin G to contribute to NETosis56–59. 
Thus, pyroptosis can occur through a variety of mechanisms. These 
GSDM-dependent pyroptotic programmes are distinct from apopto-
sis in their rapid plasma membrane permeabilization, osmotic lysis 
and robust release of inflammatory molecules such as cytokines and 
other DAMPs.

Functionally, inflammasome–GSDM pathways enable myeloid 
and barrier cells to respond to microbial or sterile threats through the 
induction of ICD13,46,60–65. This process can limit intracellular pathogen 
replication and alert the immune system through cytokine and DAMP 
release. At the same time, the non-reversible terminal nature of death 
pathway execution requires a tightly controlled network to maxi-
mize host defence and minimize the risk of tissue-damaging inflam-
mation. Thus, GSDM pores and pyroptosis sit at a critical interface 
between cell-intrinsic stress responses and immunity.

In cancer, the immunogenic nature of GSDM activation is increas-
ingly being recognized as a powerful node that can be harnessed for 
cancer therapy. In this Review, we focus on how GSDM activation shapes 
antitumour immunity. We propose the concept of GSDM activation as 
an ICD inducer that might be exploited to inflame cancerous lesions. 
We highlight evidence that GSDM-dependent pyroptosis is integral 
to effective T cell-mediated antitumour responses and review emerg-
ing strategies to induce tumour pyroptosis, including delivery of 
exogenous GSDM-NT domains and use of small molecules to activate 
endogenous GSDMs. Finally, we place pyroptosis within the broader 
immunogenic spectrum of programmed cell death by comparing it with 
apoptosis, necroptosis, ferroptosis and other cell death modalities, 
with the goal of identifying the unique and shared mechanisms through 

which different forms of cell death shape antitumour immunity and 
influence therapeutic responses.

Pyroptosis and antitumour T cell immunity
Until recently, the prevailing view held was that cytotoxic lymphocyte- 
mediated antitumour immunity primarily relied on apoptosis via the 
perforin–granzyme axis. In this pathway, granzymes enter target cells 
through perforin-formed pores and activate caspase-3 along with 
other apoptotic substrates, leading to immunosuppressive cell death. 
However, recent studies have challenged this paradigm, showing that 
granzymes secreted by activated natural killer (NK) cells and cytotoxic  
T lymphocytes (CTLs) can cleave and activate GSDMs, rendering the 
primary cell death pathway pyroptotic48,55 (Fig. 2).

GSDME was identified as a key determinant of tumour pyrop-
totic cell death in response to CTL or NK cell attack48. When granzyme B  
is delivered via the lymphocyte pore-forming protein perforin to 
GSDME-expressing tumour cells, it directly cleaves GSDME at 
Asp270, enabling the activation of its NT pore-forming fragment 
and pyroptosis. Site-directed mutagenesis confirmed the critical 
role of Asp270 in this GSDME-mediated pyroptotic induction. In 
addition, co-culture of NK cells with GSDME-expressing human 
HeLa cervical cancer cells induced pyroptotic cell lysis. Functional 
studies in immunocompetent mouse models have suggested a 
tumour-suppressive role for GSDME-dependent pyroptosis and the 
activation of antitumour immune responses48. Tumours expressing 
either endogenous or ectopic GSDME exhibited reduced growth and 
an immune-enriched tumour microenvironment, marked by increased 
infiltration of cytotoxic lymphocytes48. By contrast, GSDME-deficient 
tumours showed accelerated growth and diminished immune cell 

Box 1 | Predominant expression patterns of major human gasdermins and relevance  
to cancer
 

Gasdermin A (GSDMA)
	• Skin-enriched expression, with strong signal in epidermal cells, 
sebaceous glands and hair follicles; earlier studies of the gene 
family have also shown that GSDMA is expressed in differentiated 
upper gastrointestinal epithelium43–45,122.

	• Most relevant to cancers arising from epithelial tissues in which 
it is normally expressed, as GSDMA is enriched in skin and 
gastrointestinal epithelium and its altered regulation has been 
linked to gastric and oesophageal cancer behaviour123,124.

Gasdermin B (GSDMB)
	• Broad epithelial distribution with notable expression in 
gastrointestinal and other mucosal epithelia; several datasets 
also support expression in airway-associated epithelial 
compartments122,125–127.

	• Highly relevant to cancer because tumour-cell GSDMB can be 
cleaved by granzyme A from cytotoxic lymphocytes, triggering 
pyroptosis and enhancing antitumour killing55.

Gasdermin C (GSDMC)
	• Epithelial-biased expression, with enrichment in suprabasal 
keratinocytes and oesophageal epithelial compartments; in the 
upper gastrointestinal tract, GSDMC is primarily detected in 
differentiating and differentiated epithelial cells44,122.

	• GSDMC is upregulated in cancer types such as melanoma, colorectal 
cancer and lung adenocarcinoma, in which it promotes tumour 
growth and metastasis and may function as an oncogene128–130.

Gasdermin D (GSDMD)
	• Broadly expressed across tissues, including epithelial 
compartments, gastrointestinal epithelial and glandular cell 
populations, and innate immune cells such as monocytes and 
neutrophils57,58,122,131.

	• A central executioner of pyroptotic pore formation and therefore 
broadly relevant across cancer settings involving inflammasome 
signalling, inflammatory cell death or tumour microenvironment 
remodelling17,19,85,115,132,133.

Gasdermin E (GSDME)
	• Broadly distributed and often considered one of the more widely 
expressed gasdermins, including in epithelial and non-epithelial 
tissues, with additional expression also reported in immune cells, 
including neutrophil-associated contexts122,134.

	• Strongly relevant to cancer because GSDME-mediated pyroptosis 
can enhance antitumour immunity and suppress tumour growth. 
GSDME is often silenced in cancer by promoter hypermethylation 
and can be cleaved by granzyme B from cytotoxic lymphocytes 
and natural killer cells to trigger pyroptotic tumour cell death48.
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infiltration48. Notably, protection was abrogated in NOD scid gamma 
(NSG) immunodeficient mice, highlighting the importance of adap-
tive immunity. Furthermore, vaccination with B16 mouse melanoma 
GSDME-expressing cells provided strong protective immunity, 
markedly reducing tumour incidence upon secondary challenge 
with GSDME-negative B16 cells48. These studies demonstrate the 
immunogenic nature of GSDM-mediated cell death and underscore 
the important role of pyroptosis in driving lasting, T cell-dependent 
antitumour responses.

In addition to GSDME, GSDMB cleavage in cancer cells was 
found to contribute to pyroptosis to enhance adaptive immunity to 
cancer55. GSDMB expression is upregulated by T cell-produced and 
NK cell-produced interferon-γ (IFNγ). In turn, the perforin-delivered 
granzyme A cleaves GSDMB at Lys244, generating an active NT frag-
ment that triggers tumour pyroptotic cell death. Co-culture experi-
ments with granzyme-containing NK-92MI cells and human embryonic 
kidney HEK-293T cells engineered to express individual GSDMs 
revealed that only GSDMB induced pyroptosis in a perforin-dependent 
and granzyme A-dependent but caspase-independent manner. 
Extending these findings to adaptive immunity, human anti-CD19 
chimeric antigen receptor T (CAR-T) cells triggered pyroptosis 

in CD19+ GSDMB-expressing HEK-293T cells, and tumour antigen 
NY-ESO-1-specific T cells induced pyroptotic death in NY-ESO-1+ 
human melanoma A375 cells expressing GSDMB. Importantly, mice 
bearing GSDMB-expressing mouse colon CT26 tumours exhibited 
near-complete tumour clearance following anti-programmed cell 
death protein 1 (PD1) ICB, an effect abolished by mutating the gran-
zyme A cleavage site55. Similarly, GSDMB-expressing mouse mela-
noma B16F10 tumours in immunocompetent C57BL/6 mice showed 
significantly reduced growth, reinforcing the role of GSDMB-mediated 
pyroptosis in tumour suppression55. Of note, GSDMB exhibits multiple 
splicing isoforms, and only those that contain exon 6-derived elements 
show normal pyroptotic activity whereas other isoforms show attenu-
ated or no pyroptotic activity66–69. These data explain the complexity 
of GSDMB biology and how cancer cell lines with different GSDMB 
isoform compositions differ in their onset and extent of pyroptosis 
following granzyme A stimulation69.

The experimental models illustrated above showed mechanis-
tically that GSDME-mediated or GSDMB-mediated pyroptosis in 
tumour cells enhances the detection and uptake of dying cells by den-
dritic cells, promotes antigen cross-presentation and boosts cytotoxic 
T cell-dependent tumour control48,55,70. Consistent with these models, 
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Fig. 2 | Gasdermins in natural T cell-mediated antitumour immunity. Cytotoxic 
T cells recognize tumour cells through T cell receptor (TCR) engagement with 
peptide–major histocompatibility complex class I (MHCI) complexes and release 
perforin, granzymes and cytokines at the immune synapse. Perforin forms 
pores in the tumour cell membrane, allowing granzymes to enter the cytosol. In 
tumour cells that express gasdermins (GSDMs), granzyme A cleaves GSDMB to 
generate the pore-forming GSDMB N-terminal (NT) fragment, whereas granzyme B  
cleaves GSDME directly and also activates caspase-3, which further cleaves 

GSDME. The resulting GSDMB-NT and GSDME-NT fragments assemble membrane 
pores, causing pyroptosis. Pyroptotic tumour cells release alarmins and possibly 
cytokines, thereby promoting innate and adaptive immune responses. In tumour 
cells lacking functional GSDMB or GSDME, granzyme-dependent and caspase-3-
dependent killing proceeds mainly through the downstream apoptotic cascade. 
In this context, apoptosis is depicted as a more immunologically silent form of cell 
death, whereas gasdermin-dependent pyroptosis converts cytotoxic lymphocyte 
killing into a more inflammatory antitumour response.

http://www.nature.com/nrc


Nature Reviews Cancer

Review article

GSDME is frequently downregulated in cancer cells, particularly in 
breast71, colorectal72,73 and gastric74 cancers — primarily due to pro-
moter hypermethylation leading to epigenetic silencing. Moreover, 

for oral squamous cell carcinoma, GSDME expression was positively 
correlated with the sensitivity to a number of antitumour drugs, and 
with tumour-infiltrating CD8+ T cells, granzyme B and M1 phenotype 
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macrophages75. Several anticancer therapies, including cisplatin-based 
chemotherapy, paclitaxel-based and anthracycline-based chemother-
apy and ionizing radiation, can induce caspase-3–GSDME-mediated 
pyroptosis in tumour cells and thereby promote antitumour 
immunity76–78. Similarly, euphohelioscopin A, a plant-derived 
natural product, enhances NK cell antitumour immunity through 
GSDME-triggered pyroptosis in cancer cells79. Furthermore, GSDME 
mutations have been observed in some cancer types, most of which are 
loss-of-function48. Patient data mining on other GSDMs also revealed a 
positive correlation between higher GSDMB expression and improved 
prognosis in bladder carcinoma and skin cutaneous melanoma, 
and between higher GSDMC and GSDMD expression and survival 
in low-grade glioma and skin cutaneous melanoma, respectively55. 
GSDMC sensitizes tumour cells to poly(ADP-ribose) polymerase (PARP) 
inhibitor therapy in cancer mouse models, and a high expression level 
of GSDMC predicted better response to PARP inhibitor treatment in 
patients with triple-negative breast cancer80. Histone deacetylase 
inhibitors have also been shown to augment the expression of GSDMA, 
GSDMB and GSDME and instigate pyroptosis in triple-negative breast 
cancer, promoting the infiltration of immune cells and consequently 
intensifying the efficacy of anticancer immunity81. Collectively, these 
findings suggest that pyroptosis is a critical immunogenic mechanism 
of tumour cell elimination by cytotoxic lymphocytes. In the next sec-
tion, we discuss emerging strategies to manipulate GSDM activities, 
with potential applications for cancer.

GSDM-based antitumour therapies
Several preclinical strategies have been undertaken to stimulate pyrop-
tosis in the tumour microenvironment. In one approach, delivery of 
a recombinant version of the pore-forming NT fragment of mouse 
GSDMA3 (GSDMA3-NT) into tumours triggered tumour cell pyroptosis82 
(Fig. 3a). In this study, the authors developed a bioorthogonal system 
that enables the controlled release of the recombinant GSDMA3-NT 

fragment from gold nanoparticles (NPs). To prevent premature oli-
gomerization of free GSDMA3-NT, a GSDMA3(NT + CT) complex was 
conjugated to the NPs with a linker cleavable by phenylalanine trif-
luoroborate (Phe-BF3)82. Although the NP-GSDMA3(NT + CT) conju-
gates had the tendency to accumulate in the tumour via the enhanced 
permeability and retention effect, it was the tumour-targeting Phe-BF3 
(already used as a PET imaging probe for cancer detection) that trig-
gered selective release of GSDMA3(NT + CT) and the subsequent pyrop-
tosis within the tumour cells. Interestingly, pyroptosis in less than 15% 
of tumour cells was sufficient to provoke immune cell infiltration and 
substantial regression of 4T1 mammary tumours in mice. This tumour 
clearance was immune system-dependent, as it failed in immunodefi-
cient mice or upon T cell depletion. Furthermore, subtherapeutic doses 
of the NP-GSDMA3(NT + CT) conjugate when combined with Phe-BF3 
could sensitize tumours to anti-PD1 immune checkpoint therapy, dem-
onstrating synergy between pyroptosis-induced inflammation and 
immunotherapy82.

Beyond the use of recombinant GSDMs as potential therapeutic 
agonists of pyroptosis, nucleic acid-encoded GSDMs have suggested 
value. Nucleic acid-encoded GSDMs are an interesting approach, as 
recombinant GSDM-NT proteins are prone to oligomerization and 
aggregation, which can cause a problem for manufacturing. In one 
example, recombinant adeno-associated virus (rAAV) was engineered 
to express GSDMD-NT using a mammalian-specific promoter83 (Fig. 3b). 
When injected into tumour sites, these engineered rAAVs induced 
tumour cell pyroptosis, eliciting antitumour immune responses and 
prolonging survival in multiple preclinical cancer models. Moreover, 
in a rat model of glioblastoma, rAAV-mediated pyroptosis transiently 
disrupted the blood–brain barrier and promoted T cell infiltration into 
the tumour microenvironment83. Combining rAAV-induced pyrop-
tosis with anti-PD1 ligand 1 (PD-L1) ICB further enhanced therapeu-
tic efficacy83. In another example, a lipid nanoparticle (LNP)-based 
mRNA platform encoding GSDMB-NT was developed, sensitizing a 

Fig. 3 | Gasdermin activation and antitumour immunity. a–c, Strategies 
for delivering active gasdermin (GSDM)-N-terminal (NT) fragments into 
tumour cells. a, In the nanoparticle delivery approach, to prevent premature 
oligomerization of free GSDMA3-NT, a pre-cleaved GSDMA3(NT + C-terminal 
(CT)) complex was conjugated to gold nanoparticles through a chemically 
cleavable linker. Phenylalanine trifluoroborate (Phe-BF3)-mediated desilylation 
removes the silyl-protecting group from the linker, triggering linker cleavage 
and release of the GSDMA3-NT payload in tumour cells. The released GSDMA3-
NT inserts into the plasma membrane, oligomerizes and forms pores, leading 
to pyroptosis and antitumour immunity. b, In recombinant adeno-associated 
virus (rAAV)-mediated delivery, rAAV particles encoding GSDMD-NT bind cell 
surface receptors and are taken up by receptor-mediated endocytosis. After 
intracellular trafficking and delivery of the viral genome to the nucleus, the 
GSDMD-NT transgene is transcribed into mRNA, exported to the cytoplasm 
and translated by ribosomes. The newly produced GSDMD-NT then forms 
membrane pores and induces pyroptosis. c, In mRNA–lipid nanoparticle (LNP) 
delivery, LNPs deliver mRNA encoding GSDMB-NT into tumour cells. After 
endosomal uptake and mRNA release into the cytoplasm, ribosomes translate 
the mRNA into GSDMB-NT, which assembles into membrane pores and triggers 
pyroptosis. d, Conventional inflammasome-dependent activation of GSDMD. 
Toll-like receptor (TLR) signalling activates nuclear factor-κB (NF-κB), which 
induces expression of inflammasome-related genes, including genes that 
encode NACHT, LRR and PYD domains-containing protein 3 (NLRP3), NLR family 
CARD domain-containing protein 4 (NLRC4), PYD and CARD domain-containing 
protein (PYCARD), and pro-interleukin-1β (pro-IL-1β). Inflammasome activators, 

such as bacterial products or ionic changes, promote inflammasome assembly 
and caspase-1 activation. Active caspase-1 cleaves pro-IL-1β and pro-IL-18 into 
mature IL-1β and IL-18 and also cleaves GSDMD to generate GSDMD-NT. GSDMD-
NT oligomerizes at the plasma membrane to form pores that mediate cytokine 
release, inflammation and pyroptosis. e, 6,7-Dichloro-2-methylsulfonyl-3-N-
tert-butylaminoquinoxaline (DMB)-mediated GSDMD activation. The small-
molecule GSDMD agonist DMB activates full-length GSDMD without requiring 
proteolytic cleavage. DMB binding promotes conversion of inhibited GSDMD 
into an active GSDMD–DMB state that undergoes full-length pore assembly 
at the plasma membrane. These pores induce pyroptosis and can promote 
antitumour immunity and tumour suppression. f, Hypothetical feedforward 
loop linking tumour cell pyroptosis to antitumour immunity. Treatment-
induced activation of gasdermins in cancer cells causes a low initial level of 
pyroptosis. Pyroptotic tumour cells release damage-associated molecular 
patterns (DAMPs), such as ATP and high mobility group box 1 (HMGB1), and 
pro-inflammatory cytokines, including IL-1β and IL-18. These inflammatory 
signals promote immune cell activation and infiltration, including dendritic 
cell activation and cross-priming, monocyte and macrophage activation 
and CD8+ T cell priming. Increased immune infiltration can further enhance 
tumour cell pyroptosis, amplifying innate and adaptive immune responses. 
Through this feedforward process, localized gasdermin activation may help 
convert immunologically cold tumours into hot tumours, potentiate immune 
checkpoint blockade such as programmed cell death protein 1 (PD1) monoclonal 
antibody (mAb) therapy, and ultimately promote antitumour immunity and 
tumour suppression. ssDNA, single-stranded DNA.
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breast cancer mouse model to ICB84 (Fig. 3c). In mouse models of 4T1 
breast cancer and B16F10 melanoma, intratumoural injection of these 
mRNA–LNPs induced pyroptosis of tumour cells, leading to increased 
T cell infiltration and activation of antitumour T cell functions84. Nota-
bly, this approach not only inhibited primary tumour growth but also 
exerted abscopal effects, suppressing distant, untreated lesions84. 
When combined with anti-PD1 ICB, mRNA–LNP-induced pyroptosis 
further sensitized tumours to immunotherapy84.

Expanding beyond GSDM-NT delivery strategies, a small-molecule 
agonist of GSDMD was discovered from a high-throughput screen. 
Unlike inflammasome-mediated GSDMD activation by caspase-1 
cleavage (Fig. 3d), this small molecule, 6,7-dichloro-2-methylsulfonyl- 
3-N-tert-butylaminoquinoxaline (DMB), activates the pore-forming 
activity of GSDMD independently of cleavage85 (Fig. 3e). DMB was found 
to modify Cys191 of human GSDMD (or Cys192 of mouse GSDMD), the 
same residue that is sensitive to ROS-dependent palmitoylation during 
GSDMD activation27. The DMB modification partially mimics GSDMD 
palmitoylation, overcoming autoinhibitory conformation of GSDMD 
to enable full-length GSDMD to form pores and kill cells. In multi-
ple mouse models of GSDMD-expressing tumours, low-level, pulsed 
pyroptosis triggered by systemically administered DMB inhibited 
tumour growth without damaging GSDMD-expressing immune cells 
or inducing systemic inflammation or toxicity85. The antitumour effect 
was immune-dependent, as it was abolished in lymphocyte-deficient 
mice. Notably, DMB-mediated direct killing in vivo was minimal to the 
point of being undetectable in either tumour cells or GSDMD-bearing 
immune cells in the absence of lymphocytes, further underscoring the 
role of the immune system in tumour control. Moreover, vaccination 
with DMB-treated tumour cells conferred protection against second-
ary tumour challenge85, highlighting the immunogenic nature of the 
induced cell death. DMB synergized with anti-PD1 ICB, enhancing thera-
peutic efficacy in ICB-resistant tumours in vivo. Pharmacological induc-
tion of pyroptosis via a small-molecule GSDMD agonist is therefore 
possible and can elicit immune-mediated antitumour responses while 
avoiding the systemic toxicity associated with inflammatory cell death.

Overall, emerging evidence from diverse platforms supports the 
idea that GSDM activation can convert immunologically inert tumours 
into inflamed, immune-responsive microenvironments. The com-
mon immune-based mechanisms could include release of DAMPs and 
tumour-specific antigens, even from otherwise poorly immunogenic 
tumours, which enhance T cell functions that prevent tumour growth. 
The studies also point to a feedforward loop for the amplification of 
GSDM activation-induced tumour cell death (Fig. 3f): the initial low 
level of pyroptosis in tumour cells by the respective GSDM activation 
modalities leads to immune cell infiltration, with an increased level of 
tumour cell pyroptosis. This increased pyroptosis, in turn, attracts and 
activates more immune cells, thereby exerting effective antitumour 
immunity.

ICD spectra of other forms of cell death
Although much of this Review has focused on the role of pyroptosis in 
antitumour immunity, it is important to consider other forms of cell 
death in this context. Chief among these is apoptosis, the most exten-
sively characterized form of programmed cell death. Apoptosis has 
a role in tissue homeostasis, immune tolerance and developmental 
remodelling86,87. It is a tightly regulated, non-inflammatory process 
governed by a family of apoptotic caspases, in which initiator caspases 
such as caspase-8 and caspase-9 cleave and activate executioner cas-
pases such as caspase-3 and caspase-7 to orchestrate the systematic 

dismantling of organelles, chromatin and the cytoskeleton88. Through-
out the apoptotic process, membrane integrity is preserved until late 
stages, allowing apoptotic cells to be efficiently cleared by phagocytes 
without inducing inflammation89. As a result, apoptosis is generally con-
sidered immunologically suppressive or silent. A recent genetic screen 
identified voltage-dependent anion channel 2 (VDAC2) as a tumour 
immune evasion checkpoint90. VDAC2 loss sensitizes tumour cells to 
T cell-derived IFNγ by permitting unrestrained BAX activation, lead-
ing to mitochondrial damage, mitochondrial DNA release and subse-
quent activation of the cyclic guanosine monophosphate–adenosine 
monophosphate synthase (cGAS)–stimulator of interferon genes 
(STING) pathway. However, under specific conditions, such as 
chemotherapy-induced endoplasmic reticulum stress, the simulta-
neous presence of DAMPs or robust expression of GSDME, apoptotic 
caspases can induce death with immunogenic features, contributing 
to antitumour immune responses4,14,91,92. Despite these exceptions, the 
overall contribution of apoptosis to antitumour immunity remains 
limited unless paired with additional immune-stimulatory cues4.

Ferroptosis is a distinct, non-apoptotic form of regulated cell 
death characterized by the iron-dependent accumulation of lipid 
peroxides93. Unlike apoptosis, ferroptosis is not mediated by caspases 
but is instead triggered by the failure of antioxidant defence systems. 
Specifically, inactivation of glutathione peroxidase 4 (GPX4), which 
normally reduces lipid hydroperoxides to non-toxic alcohols, can 
induce ferroptotic cell death94,95. Morphologically, ferroptotic cells 
exhibit shrunken mitochondria with condensed membrane densi-
ties and lack the chromatin condensation or apoptotic bodies typi-
cal of apoptosis93,94. Ferroptosis typically does not cause substantial 
release of LDH in its early-stages or mid-stages, but LDH can leak out at 
late stages when membrane rupture becomes secondary93. However, 
ferroptosis has attracted increasing attention owing to its potential 
role in inducing antitumour immunity94,96. Specifically, CD8+ T cells 
can promote ferroptosis in tumour cells during immunotherapy by 
depleting cystine and disrupting redox balance, suggesting that fer-
roptosis can be harnessed as an immune-potentiating mechanism in 
certain contexts96. Similarly, ferroptosis inducers have shown promise 
in sensitizing treatment-resistant advanced prostate cancer, both by 
themselves and in combination with standard of care97. However, the 
immunogenicity of ferroptosis is more variable than that of pyroptosis 
and is strongly influenced by factors such as the lipid composition of 
the dying cell, the antioxidant capacity of the tumour microenviron-
ment, and the presence of immune-modulatory lipid byproducts98. In 
some settings, lipid peroxidation products generated during ferrop-
tosis may impair dendritic cell function or promote immune tolerance 
rather than activation99. A recent study further showed that GPX4 
released extracellularly by ferroptotic cancer cells may exert immu-
nosuppressive effects by binding to zona pellucida glycoprotein 3  
(ZP3) on dendritic cells to impair their maturation and activation, 
resulting in defective antitumour T cell priming100. Thus, although 
ferroptosis has clear therapeutic potential, its immune consequences 
are context-dependent and require further investigation.

Necroptosis is a programmed form of necrotic cell death that 
acts as a backup mechanism when apoptosis is inhibited, such as dur-
ing caspase-8 blockade101,102. It is typically initiated by death recep-
tors, particularly tumour necrosis factor receptor 1 (TNFR1), and 
proceeds through the sequential activation of receptor-interacting 
protein kinase 1 (RIPK1) and RIPK3. This is followed by the oligomeri-
zation and membrane translocation of the pseudokinase mixed line-
age kinase domain-like protein (MLKL), which disrupts membrane 
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integrity, leading to cellular swelling, lysis and the release of DAMPs 
and pro-inflammatory cytokines into the extracellular space101–103. As 
an inflammatory form of cell death, necroptosis has important roles 
in host defence and inflammatory diseases, particularly in contexts in 
which pathogens or tumours evade apoptosis102,103. In cancer, necrop-
tosis can promote antitumour immunity by enhancing immune cell 
infiltration and activation. For example, intratumoural induction 
of RIPK1 and RIPK3 can facilitate cytotoxic T cell recruitment and 
tumour clearance in various cancer mouse models104. By contrast, 
epigenetic silencing of RIPK3 and repression of necroptosis can con-
tribute to chemoresistance in malignant mesothelioma and other 
cancer types105,106. Moreover, the expression of RIPK1 and RIPK3 was 
suppressed by hypoxia in human colon cancer tissues, compared with 
adjacent normal colon tissues107, and significant downregulation of 
RIPK1 and RIPK3 is also frequently seen in breast cancer, colorectal 
cancer and other cancer types106–109.

On the basis of the collection of data available, it appears that 
multiple death pathways can contribute to antitumour immunity. 
Compared with apoptosis, ferroptosis and necroptosis, pyroptosis 
appears to be a particularly potent immunogenic death process, with 
multiple potential therapies in preclinical development. However, it 
should be noted that different cell death modalities are not rigid but 
instead often convert among themselves depending on the cellular 
context. Although caspase-8 suppresses necroptosis, its activation 
can also promote pyroptosis through GSDMD cleavage, resulting in 
TNF-driven lethality in mice110. In addition, in cells with robust GSDME 
expression, activation of the apoptotic caspase-3 shifts the cells from 
immunologically silent apoptosis to immunogenic pyroptosis48. For 
PANoptosis, which integrates components from pyroptosis, apop-
tosis and necroptosis, analysis of its specific molecular features in a 
context-dependent manner and in clinical samples may help clarify 
its role in antitumour immunity111. Finally, the therapeutic applica-
tion of inducing pyroptosis will probably require careful considera-
tion of context-dependent outcomes, including which cells undergo 
pyroptosis, the magnitude and duration of the resulting inflammatory 
response, and the potential for off-target toxicity or tumour-promoting 
inflammation.

Challenges and outlook
Despite the potential in leveraging pyroptosis for antitumour 
immunity, important questions and challenges remain. First, there 
is a need to investigate in greater detail the mechanisms underlying 
pyroptosis-induced antitumour immunity. For example, we need 
to know which cells need to die in the tumour microenvironment to 
achieve complete tumour regression. Which cells should not die, if 
host defence is the goal? What is the impact of pyroptosis on antigen 
presentation, what are the roles of specific DAMPs released, and what 
are the innate and adaptive pathways that are activated? These ques-
tions apply not only to studies of pyroptosis but also to studies of other 
programmed cell death modalities, as well as to approaches using 
oncolytic viruses or radiation therapy.

Second, it is crucial to understand how pyroptosis of a fraction of 
cancer cells induced in a pulsed fashion is sufficient to stimulate the 
immune system into inducing or promoting the antitumour immune 
response, as has been observed with small-molecule agonists or 
GSDMD pore formation and with GSDMA3-NT delivery82,85.

Third, developing systemic (that is, intravenous) delivery plat-
forms is essential to broaden therapeutic applicability, while retaining 
efficacy and minimizing toxicity. Small-molecule GSDM agonists that 

can be delivered broadly without inducing noticeable toxicity bypass 
the need for intratumoural injection85. By contrast, the bioorthog-
onal system utilizing systemically administered NPs conjugated 
to the GSDMA3(NT + CT) protein complex with a linker cleavable  
by the tumour-targeting Phe-BF3 increases tumour selectivity82. With 
the small-molecule GSDMD agonist DMB, the treatment of multiple 
mouse models showed no detectable changes in peripheral leuko-
cyte counts, plasma inflammatory cytokines or body weight, and 
it did not induce evident cytotoxicity to GSDMD-expressing host 
immune cells such as tumour-associated macrophages85. These 
safety data, probably owing to the low-dose and pulsed nature of 
the treatment regimen85, are encouraging, but additional studies 
are still needed. At the same time, DMB is a Cys-reactive compound, 
covalently modifies glucagon-like peptide-1 receptor (GLP-1R) in 
vitro112–114, and probably engages additional cellular targets, all of 
which warrant further investigation. Thus, the broader pharmacol-
ogy, off-target liabilities, long-term safety and therapeutic window 
of any systemic GSDM activation modalities remain important open  
questions for the field.

Last, regardless of the modality and the method of administra-
tion, it is crucial to enhance the tumour selectivity of GSDM activation 

Glossary

Enhanced permeability and 
retention effect
A phenomenon in which nanoparticles 
or macromolecules preferentially 
accumulate in tumours because of 
leaky tumour vasculature and impaired 
lymphatic drainage; the enhanced 
permeability and retention effect 
has been widely used to support 
tumour-targeted delivery, although its 
efficiency varies substantially across 
tumour types and disease settings.

Inflammasome
A cytosolic multiprotein signalling 
complex assembled by innate immune 
sensors in response to microbial 
products, cellular stress or tissue 
damage; in mammals, inflammasomes 
activate inflammatory caspases that 
promote interleukin-1β (IL-1β) and IL-18 
maturation and induce pyroptosis mainly 
through gasdermin D (GSDMD) cleavage.

NETosis
A form of neutrophil cell death or 
activation associated with the release 
of neutrophil extracellular traps 
(NETs), which are web-like structures 
composed of chromatin, histones 
and antimicrobial granule proteins; 
neutrophil proteases released into 
the cytosol during NETosis can cleave 

gasdermin D (GSDMD), linking this 
neutrophil-associated inflammatory 
process to gasdermin activation and 
pyroptotic cell death.

Palmitoylation
A reversible lipid post-translational 
modification in which palmitate is 
added to cysteine residues of proteins; 
palmitoylation can regulate protein 
localization, membrane association, 
stability and activity, including the 
membrane-targeting and pore-forming 
activity of gasdermins.

Pattern recognition receptor
An innate immune receptor that can 
detect conserved microbial molecules 
or endogenous danger signals; these 
receptors include Toll-like receptors 
(TLRs), nucleotide-binding domain and 
leucine-rich repeat containing proteins 
(NLRs), AIM2-like receptors (ALRs), 
RIG-I-like receptors (RLRs) and cGAS, 
which collectively initiate inflammatory 
and antimicrobial signalling pathways; 
in the context of cancer cell pyroptosis, 
pattern recognition receptors help 
sense damage-associated molecular 
patterns released from pyroptotic 
tumour cells and shape downstream 
antitumour immune responses.
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to prevent off-target pyroptosis and minimize collateral damage to 
healthy tissues and unwanted toxicity. Even within the tumour micro-
environment, it may be important to discriminate between tumour cells 
and immune cells. This consideration is supported by recent studies in 
which GSDMD-mediated pyroptosis in immune cells within tumours 
can impair antigen presentation, CD8+ T cell-mediated responses 
and efficacy of PD-L1 blockade115–117. However, other studies have 
suggested that inflammasome activation, GSDMD pore formation, 
and pro-IL-1β maturation and release in live dendritic cells by certain 
inflammasome inducers can promote antitumour immunity, even in 
older individuals118,119. Thus, more selective targeting strategies are 
needed to dissect the role of GSDM agonism in tumours versus essential 
immune components in the tumour microenvironment, and to better 
understand how to strategically induce pyroptosis with specificity in 
cancer therapy. Finally, we anticipate that pyroptosis inducers may be 
combined with ICB therapy or other synergistic drugs such as those 
that elevate the expression of GSDMs or other pyroptosis pathway 
proteins in cancer cells, which may expand the current realm of immune 
control in cancer.

Despite the great promise, there are potential caveats in induc-
ing pyroptosis in cancers with the goal of enhancing antitumour 
immunity. In particular, depending on the tumour type, the cell 
population undergoing pyroptosis, and the magnitude and dura-
tion of the ensuing inflammatory response, pyroptosis-associated 
cytokines and DAMPs may also sustain chronic inflammation, recruit 
immunosuppressive neutrophils, myeloid-derived suppressor cells 
or tumour-promoting myeloid cells, and thereby support tumour 
growth or metastatic colonization120,121. These context-dependent 
effects do not argue against therapeutic pyroptosis, but they under-
score that dose, timing, cell type and downstream inflammatory 
circuitry will probably influence whether pyroptosis amplifies pro-
ductive antitumour immunity or whether pyroptosis can also fuel 
tumour-promoting inflammation.

Conclusions
Cancer cell pyroptosis is emerging as a powerful ICD pathway that 
can convert tumour cell killing into productive antitumour immu-
nity. Recent studies demonstrate that GSDM activation can be trig-
gered by cytotoxic lymphocytes, engineered delivery platforms and 
small-molecule agonists, providing new opportunities to inflame 
tumours and enhance responses to immunotherapy. Future efforts 
should focus on improving tumour-selective GSDM activation, defin-
ing the optimal magnitude and timing of pyroptosis, and minimizing 
context-dependent risks of tumour-promoting inflammation.
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