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Abstract

Apoptosis, necroptosis, and pyroptosis are genetically programmed cell
death mechanisms that eliminate obsolete, damaged, infected, and self-
reactive cells. Apoptosis fragments cells in a manner that limits immune cell
activation, whereas the lytic death programs of necroptosis and pyroptosis
release proinflammatory intracellular contents. Apoptosis fine-tunes tissue
architecture during mammalian development, promotes tissue homeosta-
sis, and is crucial for averting cancer and autoimmunity. All three cell death
mechanisms are deployed to thwart the spread of pathogens. Disabling reg-
ulators of cell death signaling in mice has revealed how excessive cell death
can fuel acute or chronic inflammation. Here we review strategies for mod-
ulating cell death in the context of disease. For example, BCL-2 inhibitor
venetoclax, an inducer of apoptosis, is approved for the treatment of cer-
tain hematologic malignancies. By contrast, inhibition of RIPK1, NLRP3,
GSDMD, or NINJ1 to limit proinflammatory cell death and/or the release
of large proinflammatory molecules from dying cells may benefit patients
with inflammatory diseases.
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INTRODUCTION

Cell death is a fundamental biological process that is essential for the development, growth, and
persistence of an organism. It contributes to tissue remodeling and the removal of excess cells
during development. It then maintains homeostasis by removing cells that are constantly being
replaced (for example, intestinal enterocytes and hematopoietic cells) or that pose a danger because
they are infected, damaged, or autoreactive. There are three genetically encoded cell death pro-
grams: apoptosis, necroptosis, and pyroptosis. These cell death programs are engaged by specific
situations and stimuli, and they play distinct roles in modulating the immune response secondary
to cell death. For instance, apoptosis is associated with mechanisms that minimize the immune
response, whereas necroptosis and pyroptosis release proinflammatory molecules that help am-
plify the immune response to noxious stimuli, such as infections. Just as cell death is important
in the development and normal physiology of an organism, dysregulation of cell death pathways
is equally important in disease pathogenesis. Inadequate cell death can lead to cancer, persistent
infections, or autoimmunity, whereas excessive cell death is associated with degenerative and in-
flammatory diseases. Understanding how the cell death machinery is regulated, and when and
where it is engaged during disease, is imperative for identifying opportunities for therapeutic in-
tervention. For a discussion of ferroptosis, an alternative mode of cell death that is tightly linked to
cell metabolism and does not utilize dedicated cell death genes, we refer the reader elsewhere (1).

INTRINSIC APOPTOSIS

The intrinsic or mitochondrial apoptosis pathway is activated by various stresses, including DNA
damage, oncogene activation, and growth factor deprivation. These stresses alter the balance be-
tween the proapoptotic and prosurvival members of the BCL-2 (B cell lymphoma 2) protein
family, all of which bear one or more BCL-2 homology (BH) domains. Transcriptional or post-
translational mechanisms unleash the proapoptotic BH3-only proteins (BAD, BID, BIK, BIM,
BMF,HRK,NOXA, and PUMA),which bind to and neutralize their prosurvival relatives (BCL-2,
BCL-W, BCL-XL, BCL2-A1/BFL-1, and MCL-1). The proapoptotic effectors BAX and BAK,
left unchecked by the prosurvival proteins, form oligomers that permeabilize the mitochondrial
outer membrane (Figure 1). Some BH3-only proteins, including BIM, BID, and PUMA, neutral-
ize all of the prosurvival proteins, while others, including BAD and NOXA, selectively target a
subset. Some BH3-only proteins, including BIM, may also activate BAX and BAK directly (2).

Permeabilized mitochondria release proapoptotic factors, including cytochrome c and DIA-
BLO (also called SMAC). Cytochrome c interacts with APAF1 to form the apoptosome complex
that activates the protease caspase-9, while DIABLO antagonizes inhibitor of apoptosis proteins
(IAPs), including XIAP, an inhibitor of caspase-3, -7, and -9 (3). A proteolytic cascade ensues, with
caspase-9 cleaving and activating caspase-3 and -7. Hundreds of proteins are cleaved as the cell is
dismantled into membrane-enveloped fragments termed apoptotic bodies (4). While these pro-
teolytic cleavage events help break down cellular components, they also function to suppress the
immune response. For example, substrates of caspase-3 include inhibitor of caspase-activated de-
oxyribonuclease (ICAD), scramblase Xkr8, cytoplasmic DNA sensor cyclic GMP–AMP synthase
(cGAS), and transcription factor IRF3. Cleavage of cGAS and IRF3 prevents mitochondrial DNA
that is released into the cytoplasm by BAX and BAK from activating type I interferon production
(5).Cleavage of ICAD also limits activation of DNA sensors because it releases theDNase CAD to
degrade chromosomal DNA.Cleavage of scramblase Xkr8 promotes phosphatidylserine exposure
on the surface of apoptotic cells, facilitating their recognition, engulfment, and digestion by phago-
cytes.The rapid clearance of apoptotic cells by phagocytes prevents the release of proinflammatory
intracellular contents (6). Hence, apoptosis is often referred to as immunologically silent.
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Intrinsic apoptosis. The proapoptotic effectors BAX and BAK are bound and inhibited by prosurvival BCL-2
family members, whereas BOK is kept in check by ubiquitin ligase gp78. BH3-only proteins upregulated
through transcriptional or posttranslational mechanisms neutralize the prosurvival proteins or directly
activate the proapoptotic effectors. Activated proapoptotic effectors permeabilize the outer mitochondrial
membrane and release cytochrome c, prompting oligomerization of APAF1 and assembly of the apoptosome
complex that activates caspase-9. Permeabilized mitochondria also release DIABLO/SMAC, which binds to
XIAP and prevents it from inhibiting caspase-9 plus downstream caspase-3 and -7.

INTRINSIC APOPTOSIS AND MAMMALIAN DEVELOPMENT

Apoptotic cells have a characteristic appearance in tissue sections.They are often observed individ-
ually or as localized aggregates, exhibiting condensation of the nucleus (pyknosis) and cytoplasm
and/or cellular fragmentation into apoptotic bodies. Occurring focally in the developing embryo,
apoptosis has long been thought to shape tissues such as the digits and palate, or to eliminate
unnecessary ones such as the Müllerian duct in males (4). (The Müllerian duct gives rise to the
female reproductive tract.) Cleaved caspase-3 immunohistochemistry performed on developing
mouse embryos highlights multifocal aggregates of apoptotic cells in many tissues. Studies with
gene knockout mice lacking both BAX and BAK (Bax−/−Bak−/−) have demonstrated the role of
intrinsic apoptosis in development. Bax−/−Bak−/− mice retain interdigital webbing on their paws,
have an excess of neurons and hematopoietic cells, and display aortic arch and midline fusion de-
fects, and females have an imperforate vagina (7, 8). Most pups die within days of being born but
a significant number survive to adulthood.

Intriguingly, defects in Bax−/−Bak−/− pups are more severe and occur earlier in
Bax−/−Bak−/−Bok−/− embryos (8). Some of the expanded cell populations in Bax−/−Bak−/−Bok−/−

mice are even larger in Bax−/−Bak−/−Bok−/−Bid−/− embryos (9). Bax−/−Bak−/−Bok−/−Bid−/− em-
bryos also exhibit novel urogenital tract defects. Thus, all four of these BCL-2 family members
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may act as proapoptotic effectors during development. Although very few triple or quadruple
knockout mice survive to weaning, the individual knockouts develop normally. BOK has a similar
structure to BAK (8) but is held in check by ubiquitin-dependent proteasomal degradation insti-
gated by the E3 ubiquitin ligase gp78, rather than by prosurvival BCL-2 proteins (10). BID is a
BH3-only protein that is unleashed by proteolytic cleavage, but it also has BAX-like properties
because it can release cytochrome c and kill cells in the absence of BAX, BAK, and BOK (9, 11).

Some healthy human and mouse tissues, including the brain, heart, and kidney, are susceptible
to apoptosis induced by cytotoxic chemotherapy or ionizing radiation during development but
then become refractory with age, which is likely partially associated with their changes in pro-
liferative activity. Mechanistically, downregulation of transcription factor MYC in adult tissues
appears to contribute to reduced expression of BAX, BIM, and BID (12).

INTRINSIC APOPTOSIS AND CANCER

The intrinsic apoptosis pathway is a key mechanism for organisms to remove damaged cells,
including transformed cells with genomic alterations. As such, impaired intrinsic apoptosis con-
tributes to both cancer development and the resistance of cancer cells to cytotoxic therapies. The
oncogenic potential of BCL2 (B cell lymphoma 2) was first suggested when the t(14;18) chro-
mosomal translocation found in some human follicular lymphomas was shown to place BCL2
under the control of the immunoglobulin heavy-chain gene enhancer Eµ, resulting in BCL-2
overexpression. Enforced expression of BCL2 was subsequently shown to protect cells from
apoptosis induced by a range of stresses, including growth factor deprivation or uncontrolled ex-
pression of MYC. BCL2 was confirmed as a proto-oncogene when an Eµ-BCL2 transgene was
shown to accelerate the development of lymphoid tumors in Eµ-MYC transgenic mice (2).

Other prosurvival members of the BCL-2 family have also been implicated in tumor develop-
ment. For example, translocations involving BCL2A1 andMYC were identified in a human diffuse
large B cell lymphoma, a pairing that may functionally mimic the combined BCL2 and MYC al-
terations that are more common in lymphoma (13). Amplification of BCL2A1, encoding BFL-1,
is prevalent in human melanoma and is linked to poor responses to inhibitors of BRAF signal-
ing (14). Human tumors often overexpress MCL-1 or BCL-XL. Although many tumors exhibit
amplification of MCL1 or BCL2L1 (encoding BCL-XL) (2), posttranslational mechanisms also
regulate MCL-1 abundance. E3 ubiquitin ligases, including HUWE1, SCFFBW7, and MARCH5,
target MCL-1 for proteasomal degradation, whereas deubiquitinating enzymes, including DUB3,
USP9X, and USP13, stabilize MCL-1 (15). Therefore, alterations impacting MCL-1 protein
stability may contribute to tumor development or sensitivity to cytotoxic therapies.

BH3 MIMETICS AS ANTICANCER AGENTS

A detailed understanding of intrinsic apoptosis and the reliance of some tumors on a specific
prosurvival protein, such as BCL-2 in chronic lymphocytic leukemia (CLL), prompted the de-
velopment of BH3 mimetics as potential cancer therapeutics. These small molecules mimic
BH3-only proteins by inhibiting one or more prosurvival proteins, resulting in BAX- and BAK-
dependent cell death (16).Normal cells often expressmultiple prosurvival BCL-2 familymembers,
but complete loss of a single prosurvival protein can be deleterious in some cell types. For exam-
ple, studies of gene knockout mice have indicated that platelets depend on BCL-XL for their
survival, and diverse cell types, including hematopoietic progenitors, cardiomyocytes, and intesti-
nal epithelial cells, rely on MCL-1. Clinical trials of navitoclax, a BH3 mimetic that inhibits both
BCL-XL and BCL-2, showed that thrombocytopenia is a dose-limiting toxicity when targeting
BCL-XL (16). Efforts to avoid the on-target thrombocytopenia of navitoclax yielded venetoclax,
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a BH3 mimetic that spares platelets by selectively inhibiting BCL-2 (17). Venetoclax is currently
approved for the treatment of relapsed or refractory CLL, and acute myeloid leukemia in elderly
patients, but continues to be evaluated in the clinic in other diseases and in combination with other
standard-of-care anticancer therapies (16).

SeveralMCL-1 inhibitors have entered clinical trials (16), but it remains to be seen if anticancer
activity can be achieved without intolerable damage to the healthy tissues that require MCL-1
for their viability. Less effort has been devoted to developing inhibitors of BFL-1 or BCL-W.
Elevated expression of BFL-1 inMYC and BCL2 double-hit lymphomas treated with venetoclax
has been identified as a drug resistance mechanism (18). In a similar vein, Bcl2a1 was a top hit in a
genome-wide CRISPR activation screen for genes protecting a double-hit mouse lymphoma line
from venetoclax-induced death (19). The benefit of targeting both BFL-1 and BCL-2 in patients,
however, is uncertain because resistant tumors can be polyclonal and harbormultiple, independent
resistance mechanisms.

INTRINSIC APOPTOSIS AND HOST DEFENSE

Intrinsic apoptosis, alongside the other cell death programs, contributes to host defense by re-
moving infected cells and curtailing pathogen replication. For example, BAX/BAK-dependent
apoptosis of neutrophils facilitates elimination of the intracellular bacteriumMycobacterium tuber-
culosis (20). Intrinsic apoptosis is also an important antiviral defense. Many viruses have acquired
BCL-2 homologs or structural mimics to evade intrinsic apoptosis, including Epstein–Barr
virus, Kaposi’s sarcoma–associated herpesvirus, adenovirus, myxoma virus, cytomegalovirus, and
vaccinia virus (21). The Epstein–Barr virus BCL-2 homolog BHRF1 is expressed in some la-
tently infected Burkitt lymphomas and can enhance MYC-induced lymphomagenesis in mice,
prompting the suggestion that BHRF1 inhibitors be considered as a potential therapy for
BHRF1-expressing cancers (22).

One way that natural killer (NK) cells and cytotoxic T cells can kill infected or malignant cells
is by releasing the pore-forming protein perforin and the protease granzyme B. Perforin pores de-
liver granzyme B into the target cell, where it either cleaves and activates caspase-3 and -7 directly
or cleaves BID and activates the caspases indirectly via the intrinsic pathway.The ratio of cytotoxic
cells to their target cells, and therefore the size of the payload delivered to each target cell, may
determine whether the intrinsic pathway is required for robust caspase activation. For example,
tumor cell apoptosis induced by human NK cells was shown to require BAX and BAK only when
the tumor cells outnumbered the NK cells (23). Another recent study identified a unique role of
caspase-7 in promoting target cell apoptosis. Thought to exit target cells through perforin pores,
caspase-7 can cleave and activate extracellular acid sphingomyelinase to promote membrane re-
pair. The removal of perforin pores from the plasma membrane is proposed to prevent lytic cell
death and allow execution of the less inflammatory apoptotic program (24). Intrinsic apoptosis is
also important after target cells are cleared, serving to cull expanded T cell populations and restore
lymphoid homeostasis (25, 26).

EXTRINSIC APOPTOSIS AND NECROPTOSIS

The extrinsic apoptosis pathway is an alternative route to activation of caspase-3 and -7 that is
mediated by caspase-8 (Figure 2). It is instigated by death ligands that bind to death receptors on
the cell surface. Death ligand and death receptor pairings include FAS ligand (FASL) with FAS,
tumor necrosis factor (TNF) or lymphotoxin-α with TNF receptor 1 (TNF-R1), and TRAIL
with TRAIL-R1 or TRAIL-R2 (note that mice have only one TRAIL receptor). Despite being
named death receptors, these receptors do not exclusively signal cell death. Many cells respond
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Figure 2

Extrinsic apoptosis and necroptosis. TNF-R1 can signal apoptosis upon perturbation of TNF-R1-associated complex I, whose outputs
include MAPK and NF-κB activation (not shown). A secondary death-inducing complex activates caspase-8, which in turn cleaves and
activates caspase-3 and -7. In certain contexts, caspase-8 may cleave GSDMD, or caspase-3 may cleave GSDME, to trigger pyroptosis.
If the activity of caspase-8 is compromised, then RIPK1 can engage the related kinase RIPK3 to activate MLKL-dependent necroptosis.
TRAIL receptors (and FAS; not shown) also form two complexes but in the reverse order. The receptor-associated complex I signals cell
death, whereas the secondary FADDosome complex mediates MAPK and NF-κB activation. TLR3 (and TLR4; not shown) can signal
cell death using the adaptor protein TRIF to recruit many of the signaling components utilized by TNF-R1. The TRIF-containing
complexes are less defined biochemically, so fewer components are illustrated. Adaptors are colored light brown, ubiquitin ligases
purple, kinases red, and proteases blue. Abbreviation: Ub, ubiquitin. Figure adapted from Reference 27 with permission from AAAS.

to activation of TNF-R1 not by dying but by activating NF-κB and upregulating the expression
of proinflammatory genes. In these cells, other perturbations are required for TNF-induced cell
death (described in the section titled TNF-R1 Signaling).

Other types of receptors, besides death receptors, can engage components of the extrinsic
apoptosis pathway. Toll-like receptor 3 (TLR3), which senses double-stranded RNA within en-
dosomes, can induce apoptosis in some cells using a signaling mechanism very similar to that of
TNF-R1 (28, 29). Death receptors, TLR3, and TLR4 can also induce a caspase-independent and
lytic form of cell death called necroptosis (Figure 2). This cell death mechanism is an important
host defense strategy against pathogens that inhibit caspase-8, the apical caspase in extrinsic ap-
optosis. Indeed, necroptosis is unleashed only when caspase-8 is inhibited. Highlighting the role
that this death program plays in host defense, certain poxviruses, murine cytomegalovirus, and
herpes simplex virus express proteins that inhibit necroptosis signaling (30–32). The contribution
of necroptosis to sterile inflammation and pathology is less clear. ZBP1, an intracellular sensor of
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Z-form nucleic acids made by some viruses or endogenous retroviral elements, can also engage
components of the extrinsic apoptosis and necroptosis pathways to kill cells (33–35).

FAS AND TRAIL RECEPTOR SIGNALING

FAS, TRAIL-R1, and TRAIL-R2, like all death receptors, have a cytoplasmic homotypic
protein-protein interaction motif called the death domain (DD). Upon ligand-induced receptor
oligomerization, the DD of FAS or the TRAIL receptors recruits theDD-containing adaptor pro-
tein FADD, which in turn uses its death effector domain (DED) to recruit the zymogen form of
caspase-8. Tandem DEDs within the prodomain of caspase-8 drive the assembly of helical DED
filaments that incorporate caspase-8, caspase-10 (absent in mice), and the pseudoprotease cFLIP
(36, 37).

Caspase-8 is active either as a homodimer or as a heterodimer with the longer isoform
of cFLIP (cFLIPL) (38, 39). Autoprocessing between the large and small catalytic subunits of
caspase-8 facilitates rearrangements that stabilize the active site (40), but this cleavage is less
crucial in heterodimers (39). Therefore, heterodimers may enhance caspase-8 activation initially
by cleaving homodimers. Accordingly, TRAIL-R2-induced processing of caspase-8 is slower in
cFLIP-deficient cells (41). Active caspase-8 signals apoptosis by cleaving and activating caspase-3
and -7, but in some cells, including mouse hepatocytes, caspase-8 must also cleave BID. Activation
of the intrinsic pathway is needed to overcome XIAP-mediated inhibition of caspase-3 and -7 (3).

cFLIPS and cFLIPR are shorter isoforms of cFLIP that largely consist of the two DEDs.
cFLIPS inhibits extrinsic apoptosis by perturbing the structure of the helical DED filaments that
support caspase-8 dimerization (37). An abundance of cFLIPL also prevents apoptosis, probably
by limiting recruitment of caspase-8 to the death signaling complex (42). Caspase-10 remains
something of an enigma. The endogenous protein can activate apoptosis in some circumstances
(43) but has been described as an inhibitor of FAS-induced apoptosis (44).

Analyses of TRAIL-R2 signaling have shown that a secondary signaling complex can form
after the death signaling complex (45). This secondary complex, containing caspase-8, FADD,
RIPK1, TRAF2, and NEMO, mediates activation of mitogen-activated protein kinase (MAPK)
andNF-κB-dependent gene transcription. Subsequent studies confirmed that FADD and caspase-
8 nucleate a TRAIL receptor signaling complex, now termed the FADDosome, but clarified that
caspase-8 serves as a scaffold and does not have to be enzymatically active (46, 47). The adaptor
protein TRADD, ubiquitin ligases cIAP1 and cIAP2, kinase TAK1, and ubiquitin-binding protein
A20 also regulate the output of the FADDosome. The function of each of these proteins is best
characterized during TNF-R1 signaling, which is described in the next section. Given that FAS
can signal proinflammatory gene expression in some cells, it probably elicits a similar FADDosome
to the TRAIL receptors (48, 49).

Assembly of the FADDosome in the presence of a pan-caspase inhibitor can trigger necroptosis
if cells express RIPK3 and MLKL (50, 51). FASL- or TRAIL-induced necroptosis requires the
kinase activity of RIPK1,whichmediates RIPK1 autophosphorylation (50).No other substrates of
RIPK1 have been identified to date. RIPK1 uses its RIP homotypic interaction motif (RHIM) to
recruit the RHIM-containing RIPK3, and oligomerization of RIPK3 promotes its autophosphor-
ylation and activation (50). The pseudokinase MLKL is phosphorylated by RIPK3, prompting
MLKL oligomerization and translocation to the plasma membrane, where it causes cell lysis (51).

FASL and TRAIL contribute to the clearance of virus-infected cells, but they also play an
important role in lymphoid homeostasis (25, 26, 52). Loss-of-function mutations in FASLG
(encoding FASL) orFAS cause autoimmune lymphoproliferative syndrome (ALPS), a disease char-
acterized by the aberrant survival of rare, unconventional B and T cells (53, 54). Curiously, FADD
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or caspase-8 deficiency, which disables all extrinsic apoptosis, affects mice and humans differ-
ently. Mice lacking either FADD or catalytically active caspase-8 die during embryogenesis from
unchecked RIPK1-, RIPK3-, and MLKL-dependent necroptosis, particularly in endothelial cells
(50). Necroptosis stems from caspase-8 not cleaving and inactivating RIPK1 (55–57). In humans,
however, FADD or caspase-8 deficiency causes ALPS, recurrent infections, and very early onset
inflammatory bowel disease (58–60). Immunodeficiency may stem from caspase-8 not cleaving
and inactivating N4BP1, a protein that suppresses the expression of a subset of proinflammatory
cytokines and chemokines (61). The contribution of aberrant necroptosis to the human disease
is unclear. Caspase-8 cleavage of RIPK1 must limit inflammation in some manner, because hu-
mans that have heterozygous RIPK1 mutations that eliminate the caspase-8 cleavage site exhibit
a periodic fever syndrome (56, 57).

TNF-R1 SIGNALING

TNF-R1 also signals via two sequential complexes, but in the reverse order to FAS or the TRAIL
receptors. The receptor-associated complex I promotes gene expression, whereas secondary, cyto-
plasmic complexes signal cell death (62). Complex I assembly begins with the DD in oligomerized
TNF-R1 recruiting the DD-containing proteins TRADD and RIPK1.TRADD recruits TRAF2,
which associates with the ubiquitin ligases cIAP1 and cIAP2. RIPK1 and other components of
complex I are ubiquitinated by cIAP1 and cIAP2. K63-linked polyubiquitin chains recruit TAK1
and the linear ubiquitin chain assembly complex (LUBAC) comprisingHOIP (also called RNF31),
HOIL-1 (also called RBCK1), and SHARPIN. LUBAC modifies TNF-R1, TRADD, RIPK1,
and K63-linked polyubiquitin within complex I with M1-linked polyubiquitin, which enhances
recruitment of the canonical IκB kinase (IKK) complex comprising NEMO (also called IKKγ),
IKKα, and IKKβ. Together, TAK1 and IKK drive the NF-κB, ERK, JNK, and p38 MAPK path-
ways that induce the expression of proinflammatory genes. LUBAC and NEMO also recruit the
kinases TBK1 and IKKε to complex I (62, 63).

A secondary, death-inducing complex forms when either TRADDorRIPK1moves into the cy-
toplasm to interact with FADD and caspase-8. Interactions between RIPK1, FADD, and caspase-8
are dependent on the kinase activity of RIPK1, which is first detected in complex I in the form
of RIPK1 autophosphorylation. The DD of RIPK1 mediates dimerization of the kinase for au-
tophosphorylation in trans. Precisely howRIPK1 autophosphorylation facilitates interactions with
FADD is unclear. In contrast to its role in cell death signaling, the kinase activity of RIPK1 is
dispensable for TNF-induced MAPK and NF-κB signaling (50). If there is robust activation of
caspase-8 within the death signaling complex, then the cell typically dies by apoptosis. In some
cells, however, caspase-8 cleavage ofGSDMD (64, 65), or caspase-3 cleavage ofGSDME (66), elic-
its a proinflammatory form of cell death called pyroptosis (detailed in the section titled Pyroptosis,
below). If caspase-8 is lost or inhibited, then RIPK1 within the death signaling complex engages
RIPK3, resulting in MLKL-dependent necroptosis. Note that the RIPK3 scaffold can also con-
tribute to TNF-induced apoptosis in some settings (55, 56, 67). Hence, only MLKL deficiency
is suited to determining the contribution of necroptosis to a biological process. Curiously, some
organisms, including birds, encode MLKL but not RIPK3. Whether other kinases can activate
MLKL in these organisms is unclear.

Many cells, including primary mouse fibroblasts and macrophages, are not killed by treatment
with TNF alone. Several mechanisms appear to hold TNF-R1-induced cell death in check.
cFLIP, which can be upregulated by NF-κB signaling, limits caspase-8 activation by TRADD and
FADD, and low-level caspase-8 activation by RIPK1 and FADD is self-limiting because caspase-8
cleaves RIPK1 and disrupts the death signaling complex. Accordingly, mutations that destroy the
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caspase-8 cleavage site in RIPK1 sensitize cells to TNF-induced caspase-8-dependent cell death
(55–57). Caspase-8 can also cleave and inactivate CYLD, the enzyme that deubiquitinates RIPK1
and promotes its transition to the cytoplasmic death signaling complex (15). The ubiquitin
binding protein A20 suppresses TNF-induced cell death, at least in part, by limiting CYLD
access to M1-linked polyubiquitin. The ubiquitin binding protein ABIN1 appears to work in
concert with A20 to suppress RIPK1 activation and TNF-induced cell death (15).

Kinases activated by complex I, including IKK, TBK1, and MK2, constitute another brake on
TNF-induced cell death (50). They limit activation of RIPK1 by phosphorylating distinct sites on
RIPK1. NF-κB signaling downstream of complex I can also limit cell death by inducing prosur-
vival genes that suppress TNF-induced cell death. Xiap, Tnfaip3 (encoding A20), Birc2 and Birc3
(encoding cIAP1 and cIAP2), and Cflar (encoding cFLIP) are known NF-κB target genes (50).
Perturbations that compromise complex I disable these prosurvival mechanisms. Consequently,
cells lacking cIAP1 and cIAP2, NEMO, TAK1, TBK1, LUBAC, or OTULIN are sensitized to
TNF-induced cell death.OTULIN is a deubiquitinating enzyme that counters LUBAC autoubiq-
uitination and thereby preserves LUBAC ubiquitin ligase activity (15).Mutation of ubiquitination
site Lys376 in mouse RIPK1 also destabilizes complex I and promotes TNF-induced cell death
(68–70). Lysosomal targeting of death signaling complexes by autophagy-related 9A (ATG9A) was
recently identified as another mechanism limiting TNF-induced cell death (71).

CELL DEATH AS A DRIVER OF INFLAMMATION

Studies using gene knockout mice or blocking antibodies have shown that TNF and TNF-R1 sig-
naling is required for efficient clearance of certain pathogens (20) but also contributes to pathology
in chronic inflammatory diseases (62). Indeed,TNF inhibitors are an important part of themedical
armamentarium against a range of inflammatory disorders, including inflammatory bowel disease
and rheumatoid arthritis. Although TNF-R1 signaling upregulates the expression of proinflam-
matory genes, genetic studies in mice have illustrated how aberrant TNF-R1-induced cell death
can also elicit inflammation. For example, SharpinCpdm mutant mice develop chronic prolifera-
tive dermatitis that is dependent on TNF-R1, CYLD, FADD, caspase-8, and the kinase activity
of RIPK1 (50, 72). Mice lacking Nemo in intestinal epithelial cells develop colitis that is depen-
dent on TNF-R1, FADD, and the kinase activity of RIPK1 (73). Thus, in both the Sharpin and
Nemomutant mice, inflammation coincides with cleaved caspase-3 immunolabeling, and both fea-
tures are prevented by inhibiting the cell death arm of TNF-R1 signaling. These studies indicate
that excessive TNF-R1-induced caspase-8-dependent cell death can drive skin or intestinal in-
flammation despite impaired NF-κB signaling. Widespread cell death, even apoptosis, might be
proinflammatory in these barrier tissues because it creates points of entry for microbes.

Aberrant necroptosis is also proinflammatory. For example, necroptosis of caspase-8-deficient
mouse intestinal epithelial cells elicits colitis, but in this model, death signals emanate from either
TNF-R1 or ZBP1 (74). In other mouse models, multiple death receptors induce cell death and
inflammation. For example, HOIL-1 deficiency in mouse keratinocytes causes a lethal dermatitis
that stems from caspase-8-dependent cell death downstream of TNF-R1, FAS, and TRAIL-R,
plus a still-to-be-determined death inducer (75). TLR3 and TLR4 are both candidate death in-
ducers because they signal through TRIF, an adaptor with a RHIM that can recruit RIPK1 or
RIPK3 (50) (Figure 2). TLR3 and TLR4 agonists, like TNF, often upregulate proinflammatory
genes without inducing cell death. However, both TLRs trigger caspase-8-dependent cleavage of
N4BP1, indicating that they must activate caspase-8 to some extent (61). LUBAC deficiency, or
combined cIAP1 and cIAP2 deficiency, skews TLR3 signaling toward robust caspase-8 activation
and cell death (29, 76).
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HOIP, HOIL-1, OTULIN, and TBK1 suppress extrinsic apoptosis in both mouse and human
cells; therefore, increased cell deathmay contribute to the autoinflammatory syndromes associated
with their loss in humans (15, 77). Inflammation caused by TBK1 or OTULIN loss is ameliorated
by TNF inhibition, consistent with aberrant TNF signaling fueling these diseases.OTULIN defi-
ciency has been successfully treated with hematopoietic stem cell transplantation (78), suggesting
that immune cell dysfunction drives disease. In contrast to humans, mice lacking HOIL-1, HOIP,
OTULIN or TBK1 die from aberrant cell death during embryogenesis (50).

Although the catalytic activity of RIPK1 promotes necroptosis and some forms of extrinsic
apoptosis, genetic studies indicate that the RIPK1 scaffold plays an important role in limiting in-
flammation.Humans lacking RIPK1 exhibit lymphopenia, recurrent infections, arthritis, and very
early onset inflammatory bowel disease (79, 80). Aberrant cell death may contribute to the disease
because patient fibroblasts are abnormally sensitive toTNF- orTLR3-induced cell death (79). Im-
mune cell dysfunction is implicated because hematopoietic stem cell transplantation was beneficial
in one patient (79). Mice lacking RIPK1 die soon after birth and have more widespread inflam-
mation, owing to unchecked caspase-8-dependent cell death as well as ZBP1- or TRIF-induced
necroptosis. By contrast, mice expressing catalytically inactive RIPK1 are viable, indicating that
the kinase activity of RIPK1 is dispensable for its prosurvival function. The RIPK1 RHIM pro-
motes cell survival because mice expressing RHIM mutant RIPK1 die at birth from necroptosis
induced by ZBP1 and, to a lesser extent, TRIF (50). Precisely how the RHIM of RIPK1 inhibits
ZBP1- or TRIF-induced necroptosis is unclear, as biochemical evidence of a sequestration mech-
anism has proven elusive. It has been suggested that RIPK1 suppresses caspase-8-dependent cell
death by limiting interactions between TRADD and FADD (81).

TARGETING RIPK1 IN INFLAMMATORY DISEASES

Several companies have developed inhibitors of the kinase activity of RIPK1 with the goal of re-
ducing proinflammatory cell death in disease settings. This strategy aims to break the cycle of cell
death and inflammation that is thought to drive disease progression. Inhibiting the catalytic ac-
tivity of RIPK1 has also been shown to limit the expression of Ifnb and other genes in the unique
setting of caspase-8 inactivation and necroptosis deficiency (82, 83). Thus, although cell death is
probably the normal output of signaling complexes containing active RIPK1, it is not the only
output, and this second layer of RIPK1-mediated immune defense, namely driving proinflamma-
tory gene expression,may combat pathogens that inhibit both caspase-8 andMLKL.For example,
some poxviruses encode homologs of cFLIPS and MLKL that inhibit caspase-8-dependent cell
death and necroptosis, respectively (32). In this regard, it would be interesting to see if RIPK1
inhibition altered immune responses against viruses bearing these death inhibitory molecules.

Inhibiting RIPK1 has been shown to ameliorate disease in preclinical models of ischemia-
reperfusion injury, stroke, retinitis pigmentosa, Alzheimer’s disease, multiple sclerosis, atheroscle-
rosis, arthritis, inflammatory bowel disease, acetaminophen hepatotoxicity, and chronic obstruc-
tive pulmonary disease (50, 84, 85). Although clinical trials of the RIPK1 inhibitor GSK2982772
did not reveal a benefit in rheumatoid arthritis or ulcerative colitis (ClinicalTrials.gov studies
NCT02858492 and NCT02903966), other RIPK1 inhibitors continue to be trialed in cutaneous
lupus erythematosus (ClinicalTrials.gov study NCT04781816) and amyotrophic lateral sclerosis
(ClinicalTrials.gov study NCT05237284).

PYROPTOSIS

The term pyroptosis was coined to describe the lytic death of macrophages infected with
Salmonella bacteria, but now it refers to all cell death elicited by gasdermin pores in the plasma
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membrane (GSDMA, GSDMB, GSDMC, GSDMD, GSDME, and GSDMF in humans) (86–
88). Pyroptosis has been observed in diverse cell types, including hematopoietic, endothelial,
and epithelial cells. The dying cells often swell and then burst owing to plasma membrane
rupture (PMR). Permeabilization of the plasma membrane releases proinflammatory intracellular
molecules that are collectively referred to as damage-associated molecular patterns (DAMPs).
Neighboring cells sense theseDAMPs and trigger antipathogen innate immune responses. Studies
with Gsdmd-deficient mice have demonstrated that GSDMD-dependent pyroptosis contributes
to the clearance of intracellular bacterial pathogens, including Salmonella and Burkholderia (89,
90). However, some pathogens have evolved strategies to evade this host defense mechanism.
For example, Shigella bacteria inject the E3 ubiquitin ligase IpaH7.8 into cells to ubiquitinate
GSDMD and GSDMB, which then target the gasdermins for proteasomal degradation (91, 92).

Pyroptosis is triggered by multiple upstream mechanisms that all converge on proteolytic
cleavage of a gasdermin to liberate the N-terminal pore-forming domain (PFD) from the
C-terminal inhibitory domain (Figure 3). Cytoplasmic inflammasome complexes, which are
assembled in response to invading pathogens or sterile insults, are well-characterized induc-
ers of pyroptosis (88). Canonical inflammasomes activate caspase-1, whereas the noncanonical
inflammasome activates caspase-4 or its paralog caspase-5 (the human counterparts of mouse
caspase-11). Caspase-1, -4, -5, and -11 each cleave GSDMD to release the PFD that triggers
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Figure 3

GSDMD-dependent pyroptosis. Infections and sterile perturbations are sensed by cytoplasmic
inflammasome sensors that activate caspase-1 (canonical inflammasome) or caspase-4 and -5 (human
counterparts of mouse caspase-11). GSDMD cleavage by these caspases separates the PFD of GSDMD from
its self-inhibitory CT domain. The PFD translocates to the plasma membrane, where it undergoes dramatic
conformational changes, membrane insertion, and oligomerization into a ring-shaped pore. The pore
releases IL-1β and small DAMPs and causes nonselective ion flux that induces cell death (pyroptosis). Water
influx causes cell swelling, and NINJ1 mediates plasma membrane rupture, releasing LDH (a biomarker for
the rupture) and large DAMPs, including HMGB1. Abbreviations: CT, C-terminal; DAMP,
damage-associated molecular pattern; IL-1β, interleukin-1β; LDH, lactate dehydrogenase; NINJ1, nerve
injury–induced protein 1; PFD, pore-forming domain. Figure adapted from Reference 27 with permission
from AAAS.
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The pyroptosis landscape. Microbes and sterile insults produce unique molecular patterns or cellular
perturbations that are detected by cytoplasmic inflammasome sensors such as NLRP3. The sensors activate
caspase-1, -4, -5, or -11, which cleave GSDMD to trigger GSDMD pore formation. GSDMD pores in the
plasma membrane cause cell death and release small proinflammatory molecules, including IL-1β, IL-1α,
and ATP. GSDMD also triggers NINJ1-mediated plasma membrane rupture that releases large DAMPs,
including HMGB1. Various inducers of apoptosis and necrosis also engage NINJ1-dependent plasma
membrane rupture. Abbreviations: ATP, adenosine triphosphate; DAMP, damage-associated molecular
pattern; dsDNA, double-stranded DNA; IL, interleukin; LDH, lactate dehydrogenase; LPS,
lipopolysaccharide; NINJ1, nerve injury–induced protein 1; oxLDL, oxidized low-density lipoprotein.
Figure adapted from Reference 27 with permission from AAAS.

pyroptosis. Caspase-1 also cleaves pro-interleukin-1β (pro-IL-1β) and pro-IL-18 to yield bio-
logically active IL-1β and IL-18, respectively. IL-1β is a potent pyrogen, so its release during
pyroptosis makes this a highly proinflammatory form of cell death. Note that activation of the
noncanonical inflammasome can also elicit mature IL-1β because cellular perturbations associated
with GSDMD pore formation can trigger the NLRP3 inflammasome to activate caspase-1 (88).

Canonical inflammasome complexes are nucleated by proteins that directly or indirectly sense
pathogen-associated molecular patterns (PAMPs), DAMPs, or cytoplasmic perturbations. Differ-
ent sensors respond to different stimuli. For example, nucleotide-binding domain leucine-rich
repeat–containing protein 1b (NLRP1b) is activated by the Bacillus anthracis lethal factor pro-
tease; absent in melanoma 2 (AIM2) recognizes cytoplasmic DNA; PYRIN detects inactivation
of Rho GTPase activity by bacterial toxins; and NLRP3 responds to diverse stimuli, including
extracellular ATP, potassium ionophore nigericin, bacterial pore-forming toxin listeriolysin O,
and gout-associated urate crystals (Figure 4). Conformational changes in the canonical inflam-
masome sensors prompt the assembly of higher order complexes that incorporate the adaptor
protein ASC and caspase-1. Noncanonical caspase-4, -5, and -11 are activated by cytoplasmic
bacterial lipopolysaccharide (LPS) (88).

Once GSDMD is cleaved, the PFD binds to plasma membrane phospholipids and undergoes
a major conformational change, creating a membrane-spanning, four-stranded, antiparallel β

sheet. The membrane-bound PFD oligomerizes to form a ring-shaped pore, which in liposomes
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has 33-fold symmetry and an inner diameter of approximately 22 nm (93). In cells, GSDMD
pores cause nonselective ion flux and collapse electrochemical gradients, resulting in cellular
demise. Other proteases that can cleave GSDMD and release the pyroptosis-inducing PFD
include caspase-8, neutrophil elastase, cathepsin G, and Zika virus NS2B3 protease (87).

GSDMD pores formed after inflammasome activation release the leaderless cytokines IL-1β
and IL-18, as well as many other small DAMPs, including IL-1α and IL-33 (Figure 3). Unlike
IL-1β and IL-18, IL-1α and IL-33 do not strictly require proteolytic maturation for their cy-
tokine activities (94). Some studies have suggested that live cells can release IL-1β through sublytic
GSDMD pore formation (95, 96), but this remains controversial. Single-cell time-lapse
microscopy has suggested that IL-1β is released only from dying cells (97, 98).

NINJ1-DEPENDENT PLASMA MEMBRANE RUPTURE

Pyroptotic cells rapidly undergo secondary PMR that releases large intracellular molecules, in-
cluding lactate dehydrogenase (LDH), a commonly used marker of cell rupture, and HMGB1,
a DAMP that binds to DNA in living cells (Figure 3). For many years, PMR was considered
a passive osmolysis event. That view changed after PMR during pyroptosis was shown to be
dependent on nerve injury–induced protein 1 (NINJ1) (99). Cells lacking NINJ1 die with a dis-
tinctive ballooned morphology and fail to release many large intracellular molecules, including
LDH and HMGB1. As a genetically programmed postdeath event, NINJ1-dependent PMR may
have evolved as a host defense mechanism that alerts the immune system to infection. Consistent
with this idea,Ninj1 deficiency in mice confers susceptibility to Citrobacter rodentium and Yersinia
pseudotuberculosis bacterial infections (99, 100).

NINJ1 is a 16-kDa integral membrane protein expressed on the cell surface. It is monomeric or
dimeric in live cells but forms oligomers in pyroptotic cells (99).Cryoelectronmicroscopy revealed
that humanNINJ1 can oligomerize to form long filaments.These structures might promote PMR
by capping the edges ofmembranes (101).The precise events triggering oligomerization ofNINJ1
in cells still have to be defined. The N terminus of NINJ1 has been suggested to mediate cell-to-
cell adhesion (102), but this region of the protein is dispensable for PMR and is poorly conserved
across species. Given that Drosophila orthologs of mammalian NINJ1 can also induce PMR (99),
alternative mechanisms of NINJ1 regulation are anticipated.

NINJ1-dependent PMR is not exclusive to pyroptosis and has also been observed in cul-
tured cells dying by necrosis or apoptosis. However, PMR in cells treated with apoptosis-inducing
chemotherapeutic drugs or necrosis-inducing bacterial pore-forming toxins does not rely on gas-
dermins (99). How pyroptosis, necrosis, and apoptosis trigger activation of NINJ1 is of intense
interest.An evolutionarily conserved amphipathic helix inNINJ1may sensemembrane lipid pack-
ing defects ormembrane curvature change caused by cell swelling.Apoptotic cells could swell after
ATP depletion causes the Na+/K+-ATPase pump to malfunction. Alternatively, if apoptotic cells
express GSDME, then caspase-3 may cleave GSDME to facilitate cell swelling that leads to PMR
(66). Of note, NINJ1 is not the only mediator of PMR, because NINJ1-deficient cells undergo-
ing necroptosis still release LDH and other large molecules (99). Oligomerized MLKL may be
sufficient to disrupt the plasma membrane and release DAMPS during necroptosis.

THE GASDERMIN FAMILY

With the exception of GSDMF, members of the gasdermin family (GSDMA, GSDMB,
GSDMC, GSDMD, and GSDME) have a PFD that is kept in check by a C-terminal inhibitory
domain. The mouse genome harbors three Gsdma genes (Gsdma1, Gsdma2, and Gsdma3), four
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Gsdmc genes (Gsdmc1, Gsdmc2, Gsdmc3, and Gsdmc4), and Gsdmd, Gsdme, and Gsdmf (87). Mice
lack Gsdmb. Evolutionary selection pressures from pathogens might explain the large variety of
gasdermin genes. Caspase-3 can cleave GSDME (66) to induce pyroptosis or secondary plasma
membrane damage after apoptosis (104). The kinetics of gasdermin cleavage compared with other
caspase-3 proapoptotic substrates may vary according to cell type and/or context. The kinetics of
substrate cleavage may determine whether a cell dies by pyroptosis or apoptosis (with secondary
plasma membrane damage). Efficient efferocytosis of apoptotic cells probably limits the impact of
secondary membrane damage in vivo (6).

Gsdme deficiency in mice has been shown to limit chemotherapy-induced tissue damage (66)
but at the cost of increased susceptibility to Yersinia infection. The latter is attributed to impaired
neutrophil pyroptosis (105). GSDME, like caspase-3, can also be cleaved by granzyme B (106).
Therefore, tumor cells expressing sufficient GSDME may undergo pyroptosis rather than apo-
ptosis when targeted by NK cells and cytotoxic T cells. The proinflammatory nature of pyroptosis
may be beneficial in evoking antitumor acquired immunity, but whether pyroptosis is better than
apoptosis or necroptosis at promoting antitumor immunity is harder to assess. Apoptotic cancer
cells might promote antitumor activity by releasing proinflammatory ATP through the pannexin-1
channel (107) or by being phagocytosed by professional antigen-presenting cells (108).

Granzyme A targeted to tumor cells by cytotoxic lymphocytes is reported to cleave human
GSDMB (109), but whether GSDMB induces pyroptosis is contentious (110). GSDMB is ex-
pressed throughout the gastrointestinal tract but is often silenced in gastric and esophageal cancers
(109), which might indicate that GSDMB loss confers a survival advantage to tumor cells. Curi-
ously, there are at least six splice variants of GSDMB, and two different promoters have been
identified in the cis-regulatory elements of GSDMB exons 1a and 1b (111). The expression pat-
terns and pore-forming abilities of these different GSDMB isoforms are ill characterized, but the
use of different GSDMB isoforms in different studies might explain their discrepant results.

Human GSDMA and mouse GSDMA1 are expressed in epithelial cells and proteolytically ac-
tivated by streptococcal pyrogenic exotoxin B (SpeB) (112, 113). In this context, GSDMA acts
as an intracellular sensor of microbial proteolysis to induce pyroptosis. SpeB, like granzyme B, is
a promiscuous protease that can cleave many other proteins, including IL-1β and immunoglob-
ulin. How SpeB enters cells is unclear. Pores formed by streptolysin O, another streptococcal
pyrogenic exotoxin, may allow entry of extracellular SpeB. Alternatively, intracellular Streptococcus
pyogenes bacteria may be the source of GSDMA-activating SpeB. Consistent with GSDMA-
induced pyroptosis being an important host defense mechanism,mice lackingGsdma1 (orGsdma1,
Gsdma2, and Gsdma3) are more susceptible to infection with group A Streptococcus (112, 113).
Excessive activation of GSDMA3-dependent pyroptosis, owing to mutation of the C-terminal in-
hibitory domain in mouseGsdma3, is associated with epidermal hyperplasia and skin inflammation
(114).

Less is known about activation of GSDMC.Caspase-8 can cleave GSDMC to induce pyropto-
sis in certain tumor cells (115), but it does so by cleaving the GSDMCC terminus, rather than the
linker region between theN-terminal PFD and the C-terminal inhibitory domain (115).GSDMC
has been implicated in host defense because mice lacking Gsdmc1,Gsdmc2,Gsdmc3, and Gsdmc4 in
intestinal epithelial cells have an attenuated response to helminth infection. GSDMC pores are
proposed to release IL-33 from goblet and Paneth cells (116).

Gasdermin-like proteins have been identified in bacteria and fungi. Caspase-like proteases
cleave and activate these pore-forming proteins in response to phage or virus infection (117).
Therefore, gasdermins probably evolved from an ancient cell deathmachinery that defends against
foreign invaders.
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PYROPTOSIS IN INFLAMMATORY DISEASES

Although pyroptosis probably evolved to defend against pathogens, excessive pyroptosis can be
deleterious. This point is illustrated in mouse models of sepsis, wherein GSDMD drives lethality
in response to high-dose LPS or cecal ligation puncture, with the latter triggering polymicro-
bial sepsis (118, 119). Precisely how GSDMD contributes to sepsis pathology is ill defined and
likely complex. GSDMD pores probably release IL-1β, IL-18, and other DAMPs to cause sys-
temic inflammation, while GSDMD-dependent pyroptosis of endothelial cells may contribute
to capillary leakage, tissue edema, and organ malfunction (120). Tissue factor activation by
GSDMD pore-dependent Ca2+ influx may cause microvascular coagulation during acute sepsis
(121). Neutrophil extracellular traps (NETs), which are netlike structures consisting of DNA-
histone complexes that can be released from pyroptotic neutrophils (122, 123), may also promote
microvascular coagulation during sepsis.However, whether GSDMD is essential for NET release
is debated (124).

GSDMD has also been shown to contribute to pathology in mouse models of systemic inflam-
matory response syndrome, acute respiratory distress syndrome, autoimmune encephalomyelitis,
whole-body irradiation, and allergic airway inflammation (87, 125). In humans, the pathogenic
potential of pyroptosis is inferred from inherited autoinflammatory diseases that are caused
by germ-line gain-of-function mutations in NLRP3 [cryopyrin-associated periodic syndrome
(CAPS)] orMEFV [encoding PYRIN; familial Mediterranean fever (FMF)]. Patients typically re-
spond to anti-IL-1 therapy, and both IL-1β release and pathologic lesions in mice bearing CAPS-
or FMF-associated mutations are ameliorated by Gsdmd deficiency (126, 127). Whether pyro-
ptosis releases IL-1β in CAPS and FMF patients remains to be determined. In an NLRP3-driven
mousemodel of autoinflammation, real-time imaging of single cells rather than the standard LDH
measurement was required to detect the rare cells that died spontaneously and released IL-1β
(98). Pyroptosis is also implicated in severe coronavirus disease 2019 (COVID-19) because early
treatment with the IL-1 receptor antagonist anakinra has reduced mortality in COVID-19 pa-
tients (128).TheNLRP3 inhibitorMCC950/CRID3 has also been shown to ameliorate disease in
mice infected with severe acute respiratory syndrome coronavirus 2 (129). Human GSDMD loss-
of-function polymorphisms have been discovered, but whether they influence disease is unclear
(130).

Pyroptosis induced by caspase-3 cleavage of GSDME has been shown to contribute to in-
flammation in mice after cytotoxic chemotherapy (66), viral infection (131), or chimeric antigen
receptor T cell therapy (132). GSDME expression is epigenetically silenced by methylation in
many tumor lines, suggesting that GSDMEmay act as a tumor suppressor. In this regard, it would
be interesting to see if Gsdme deficiency enhances tumorigenesis in sporadic tumor mouse mod-
els. Genome-wide association studies link GSDMB polymorphisms to multiple chronic diseases,
including inflammatory bowel disease, asthma, and rheumatoid arthritis (87, 103), but further
mechanistic insights are needed. Skin lesions in mice infected with group A Streptococcus are
ameliorated by Gsdma1 deficiency (112), but perplexingly, these lesions are worse in mice con-
comitantly lacking Gsdma1,Gsdma2, and Gsdma3 (112). More work is needed to resolve the roles
of the different GSDMA isoforms.

TARGETING PYROPTOSIS AND PLASMA MEMBRANE RUPTURE
IN INFLAMMATORY DISEASES

NLRP3 has been seen as the most attractive drug target among the pyroptosis-inducing inflam-
masome sensors (133). It responds to diverse endogenous insults, including gout-related urate
crystals, atherosclerosis-associated cholesterol crystals and oxidized low-density lipoprotein,
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and Alzheimer’s disease–pertinent amyloid-β. Precisely how NLRP3 senses these structurally
unrelated insults is unclear. Studies with Nlrp3-deficient mice have revealed that NLRP3 is
an important driver of sterile inflammation in many disease models. Small-molecule inhibitors
of NLRP3 have been developed, including DFV890 (Novartis/IFM Therapeutics) and Sel-
noflast (Roche/Inflazome). Preclinical and clinical trials have focused on CAPS, osteoarthritis,
COVID-19, and neuroinflammation. Many of the NLRP3 inhibitors being tested in clinical
trials are analogs of MCC950/CRID3, which is widely used as a tool inhibitor but has limited
clinical potential owing to off-target hepatotoxicity. Cryoelectron microscopy has revealed that
MCC950 binds to NLRP3 at the interface of four NACHT domains and inhibits its ATPase
activity, thereby preventing oligomerization of the NLRP3 inflammasome (134).

IL-1β has been shown to contribute to atherosclerosis-related cardiovascular events, partic-
ularly in patients with clonal hematopoiesis driven by mutant TET2 (135). Given that NLRP3
deficiency or treatment with MCC950 is atheroprotective in a mouse model of this disease (136),
an inhibitor ofNLRP3may provide a similar benefit to IL-1β blockade.By sparing other pathogen
sensors, including AIM2 and NLRP1, inhibitors of NLRP3 may offer a lower risk of infection
than IL-1β blockade. Intriguingly, when clonal hematopoiesis is driven by a gain-of-function
Jak2 mutation in atherosclerosis-prone mice, it is AIM2 rather than NLRP3 that contributes to
disease severity (137). These insights illustrate the potential for personalized therapies where the
appropriate inflammasome inhibitor is selected on the basis of the somatic mutations identified.

Allosteric inhibitors ofNIMA-related kinase 7 (NEK7)may be an alternative strategy to inhibit
NLRP3. NEK7, independent of its kinase activity, promotes assembly of the NLRP3 inflamma-
some by binding to the leucine-rich repeats in NLRP3 (134). Accordingly, mouse macrophages
lacking either NLRP3 or NEK7 are unresponsive to NLRP3 inflammasome stimuli (138). Al-
though the contribution of NEK7 to NLRP3 inflammasome activity in human myeloid cells is
less certain (139), the safety of allosteric NEK7 inhibitor HT-6184 (Halia Therapeutics) is being
assessed in humans (ClinicalTrials.gov study NCT05447546).

Targeting GSDMD, with the goal of inhibiting pyroptosis and DAMP release downstream of
all the different inflammasomes, may be more effective than targeting either NLRP3 or IL-1β
alone in fulminant inflammation (Figure 4). A subset of patients with severe sepsis or septic shock
have been shown to respond to the IL-1 receptor antagonist anakinra (140); thus, biomarkers of
pyroptosis will be needed to identify the patients that might benefit fromGSDMD inhibition. Al-
though several small-molecule inhibitors of GSDMD have been reported (87), they all appear to
lack either specificity or potency. One example is disulfiram (Antabuse), which also inhibits alde-
hyde dehydrogenase and, formany years, has been used for the treatment of alcoholism.Disulfiram
modifiesGSDMDcovalently and thereby preventsGSDMDpore formation and pyroptosis (141).
Upstream caspases and the transcription factor NF-κB, which regulates the expression of Casp11,
Il1b, and Nlrp3 expression, are other targets of disulfiram. Therefore, disulfiram is not a tool to
implicate GSDMD specifically in biological processes. Other limitations of disulfiram include its
short half-life and toxicmetabolites.Whether disulfiram can inhibit GSDMDat clinically relevant
doses in vivo remains unclear.

Sublytic GSDMD pore formation in cells has been proposed (96), but its physiological and
pathological significance is still largely unknown. Cells may be able to repair the membrane dam-
age caused by a small number of pores. Transient GSDMD pore formation might explain how
anti-ASC nanobodies can enter cultured cells to limit the release of IL-1β and PMR (142). Mice
dosed with anti-ASC nanobodies are resistant to urate crystal–induced gout, but it is unclear if
the nanobodies target intracellular ASC. Extracellular ASC complexes released from pyroptotic
cells might also be targeted, because these complexes have been shown to activate inflammasome
signaling when phagocytosed by neighboring cells. Regardless, transient GSDMD pores might
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prove a convenient point of entry for other inhibitory nanobodies and cell impermeable
compounds.

NINJ1 is dispensable for genetically programmed cell death, but inhibiting NINJ1-dependent
PMR and the release of large DAMPs from dying cells may limit the inflammation that is associ-
ated with excessive cell death. Ninj1 deficiency in mice is reported to ameliorate several diseases,
including pulmonary fibrosis (143) and multiple sclerosis (144). A single-nucleotide polymor-
phism in human NINJ1 has been linked to low serum LDH (145), which is consistent with the
role of NINJ1 in PMR (99), but whether this polymorphism is related to disease is unknown.
An intriguing observation is that glycine inhibits NINJ1-mediated PMR, albeit with low efficacy
[half-maximal inhibitory concentration (IC50) ∼ 1.7mM] (146, 147). This inhibition does not re-
quire known glycine receptors.Given that glycine acts as a cryoprotectant and can limit cell injury
in certain contexts, such as ischemia, the role of NINJ1 in these settings warrants further study.

CROSS TALK BETWEEN THE DIFFERENT CELL DEATH PROGRAMS

Although apoptosis, necroptosis, and pyroptosis are often discussed as distinct cell death pathways,
there is considerable flexibility in how these pathways are deployed. This functional redundancy
ensures that cellular suicide, which is vital to pathogen elimination, is not compromised in times
of infection or injury. For example, mouse macrophages infected with Salmonella or exposed to
inflammasome stimuli can undergo apoptosis when pyroptosis is disabled (148). Biochemical
hallmarks of apoptosis, necroptosis, and pyroptosis are detected in populations of cells infected
with influenza, herpes simplex virus 1, and Francisella (149–151). Genetic experiments in mice
also illustrate how alternative death signals are unleashed when the default cell death program
is compromised. For example, expression of catalytically inactive caspase-8 in mice to impair ex-
trinsic apoptosis causes lethal necroptosis, but if necroptosis is prevented byMlkl deficiency, then
aberrant ASC- and caspase-1-dependent signaling contributes to lethality (152, 153). In another
example, mice lacking Fadd in intestinal epithelial cells develop ileitis that is driven by necropto-
sis or GSDMD-dependent pyroptosis (74). The ability of cells to pivot between cellular suicide
mechanisms provides several layers of pathogen defense.

CONCLUSIONS AND FUTURE DIRECTIONS

Programmed cell death is essential for normal development and homeostasis but must be tightly
regulated to prevent disease. A comprehensive understanding of the signaling mechanisms un-
derlying apoptosis, necroptosis, and pyroptosis has revealed strategies to redress imbalances in
cell death during disease. For example, patients with certain blood cancers have been treated
successfully with the BCL-2 inhibitor venetoclax. A growing field of investigation is whether
proinflammatory cell death can be harnessed to enhance immune responses to cancer (154). Con-
versely, strategies to limit proinflammatory lytic cell death, including inhibition of NLRP3 or
GSDMD in the pyroptosis pathway and inhibition of RIPK1 in the necroptosis pathway, are of
interest in modulating inflammatory diseases. Whether targeting NINJ1 to limit the release of
proinflammatory DAMPs from dying cells is beneficial in inflammatory diseases warrants further
investigation. As cell death plays such a critical role in biology, future studies at the bench and in
the clinic will inform both how we can modulate these pathways and the clinical impact of this
modulation.
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