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Abstract

Caspases are a family of conserved cysteine proteases that play key roles in
programmed cell death and inflammation. In multicellular organisms, cas-
pases are activated via macromolecular signaling complexes that bring in-
active procaspases together and promote their proximity-induced autoacti-
vation and proteolytic processing. Activation of caspases ultimately results
in programmed execution of cell death, and the nature of this cell death is
determined by the specific caspases involved. Pioneering new research has
unraveled distinct roles and cross talk of caspases in the regulation of pro-
grammed cell death, inflammation, and innate immune responses. In-depth
understanding of these mechanisms is essential to foster the development of
precise therapeutic targets to treat autoinflammatory disorders, infectious
diseases, and cancer. This review focuses on mechanisms governing cas-
pase activation and programmed cell death with special emphasis on the re-
cent progress in caspase cross talk and caspase-driven gasdermin D-induced
pyroptosis.
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INTRODUCTION

In physiologic settings, intrinsic genetic programs allow eukaryotic cells to undergo cell death
in a regulated manner. This regulated cell death is conventionally called programmed cell death
because of its execution through a defined set of genetically encoded mechanisms. Apoptosis is
the most studied form of programmed cell death and is essential for organismal development.
In apoptosis, death is executed by intrinsic molecular programs in the cell to ensure there is no
impact on surrounding, living cells. Necrosis, which is phenotypically different from apoptosis, is
considered a lytic form of unregulated, accidental cell death (1). However, this was contradicted
by recent findings that some types of necrosis are molecularly controlled and termed programmed
necrosis (1, 2). In programmed necrosis, cell death is executed in association with the induction
of inflammation; therefore, programmed necrosis falls into the category of processes termed in-
flammatory cell death. Programmed necrosis releases intracellular damage-associated molecular
patterns (DAMPs) to further amplify inflammation. Whereas apoptosis primarily orchestrates cel-
lular homeostasis and development and often acts to suppress inflammation, inflammatory cell
death pathways are emerging as a central component of the innate immune response in infectious
and inflammatory diseases (1-3).

Programmed cell death is facilitated by caspases, a highly conserved set of intracellular pro-
teases (4-6). Caspases are cysteine proteases that cleave their targeted proteins after aspartic acid
residues. They are expressed in both immune and nonimmune cells, and the majority of caspases
are constitutively expressed during homeostasis. The caspases are produced as enzymatically in-
active zymogens called procaspases (4, 5) that undergo dimerization or oligomerization for acti-
vation. The protease effector domain of procaspases (caspase domain) is cleaved into large and
small subunits during the activation process, further forming complexes for enzymatic activity
(7-9). Caspases were first characterized as key biological players in inflammation and apoptotic
cell death. The molecular pathways controlled by caspase-dependent substrate cleavage are evo-
lutionarily conserved in eukaryotes and have evolved to regulate fundamental cellular processes
by inducing apoptosis or triggering inflammatory cell death. Identification of new mechanisms of
caspase activation and the discovery of novel substrates provide opportunities to understand their
functional regulation in health and disease.

CLASSIFICATION OF CASPASES

Based on function, mammalian caspases are categorized into two major groups: apoptotic and
inflammatory caspases (Table 1). Apoptotic caspases function predominantly to initiate and ex-
ecute apoptosis, which is mostly immunologically silent (4). These apoptotic caspases are further
subgrouped as initiator and effector caspases based on their order of function in the execution of
apoptosis (4, 5, 9). Initiator caspases, including caspase-2, -8, -9, and -10, act as proteolytic signal
amplifiers to activate effector caspases. Effector caspases such as caspase-3, -6, and -7 proteolyt-
ically cleave several cellular proteins at their target sites to facilitate apoptosis. Caspase-1, -4, -5,
-11,and -12 belong to the inflammatory caspase family and are functionally distinct from apoptotic
caspases (5, 10). Caspase-2, -6, -12, and -14 are poorly characterized and need further investi-
gation (Table 1). Caspase-2 is activated in the PIDDosome in response to genotoxic stress and
failure of cytokinesis to inhibit cell proliferation (11, 12). Caspase-6 was shown to cleave Lamin
A to promote chromosomal condensation during apoptotic execution, and its deregulation was
observed in inflammatory neurodegenerative diseases such as Huntington disease and Alzheimer
disease; however, its role in infection-induced cell death and the specific upstream signaling path-
way responsible for the activation remain obscure (13-15). Caspase-14 is not categorized as an
apoptotic or inflammatory caspase. It is known to participate in epidermal differentiation (16, 17).

Kesavardhana o Malireddi o Kanneganti



Table 1 Classification of human and mouse caspases and their functions in eliciting cell death and inflammation

Expression IL-1p and IL-18 Gasdermin
Caspase (Hu/Ms) Domain architecture Classification processing processing
Caspase-1 | Hu, Ms Inflammatory IL-1B and IL-18 GSDMD
Caspase-2 Hu, Ms Apoptotic — —
Caspase-3 Hu, Ms Apoptotic — GSDMD™ and GSDMEA¢
Caspase-4 Hu Inflammatory — GSDMD
Caspase-5 Hu CARD Inflammatory — GSDMD
Caspase-6 Hu, Ms Apoptotic — —
Caspase-7 Hu, Ms Apoptotic — —
Caspase-8 Hu, Ms —(DED®DED)}{ L H§] ﬁ%‘;‘,’;ﬁ;ﬁéw IL-1B and IL-18 GSDMD and GSDME
Caspase-9 Hu, Ms CARD Apoptotic — —
Caspase-10 Hu —(DEDXDEDN L Apoptotic — —
Caspase-11 Ms Inflammatory — GSDMD
Caspase-12 Hu, Ms CARD Inflammatory — —
Caspase-14 Hu, Ms ND — —

Abbreviations: Ac, activation; CARD, caspase activation and recruitment domain; DED, death effector domain; GSDMD, gasdermin D;
GSDME, gasdermin E; Hu, human; In, inactivation; L, large domain; Ms, mouse; S, small domain, ND, not defined; —, unknown/no data available.

Inflammatory caspases are activated by the assembly of a macromolecular, oligomeric complex
called the inflammasome (10, 18). Inflammatory caspase activation induces a lytic form of
inflammatory cell death called pyroptosis and also triggers the secretion of DAMPs to promote
inflammation.

All caspases contain a C-terminal caspase domain that proteolytically processes the target
protein (Table 1). In addition to this caspase domain, some of the caspases contain nonenzy-
matic domains such as the death effector domain (DED) or caspase activation and recruitment
domain (CARD) at their N terminus (Table 1). Several caspases (both apoptotic and inflam-
matory) contain CARD domains, and only caspase-8 and -10 contain DED domains. The
DED and CARD domains belong to a death domain (DD) superfamily (19) and are known to
facilitate the assembly of large oligomeric signaling complexes through self-association (ho-
motypic interactions) and protein-protein interactions with DED/CARD-containing proteins.
DED/CARD-dependent oligomerization can trigger proximity-dependent activation of caspases
or activate caspase-independent functions (19, 20). Inactivation of the enzymatic activity of some
of these DED/CARD-containing caspases compromises their cell death function but preserves
their ability to engage in other biological processes, like inflammatory responses (19-23). These
additional nonenzymatic functions may be mediated via the assembly of oligomeric signaling
scaffolds, thus allowing further categorization of DED/CARD-containing caspases as scaffolding
(e.g., caspase-8) and non-scaffold-forming caspases. Scaffolding caspases act as a molecular
framework to enable the nonenzymatic assembly of a variety of signaling complexes and per-
form distinct biological functions. In some cases, caspases in scaffolding complexes still retain
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enzymatic activity to regulate inflammatory cell death pathways (21, 24-26). This suggests that
caspases have evolved to perform proteolytic processing-dependent and -independent functions
to regulate biological functions.

MECHANISMS OF APOPTOSIS

As discussed above, apoptosis is an intrinsic mechanism of silent cell death evolved to dismantle
cellular components in a programmed manner to maintain homeostasis. Caspases are central
to this process and systematically hydrolyze key cellular proteins in a complex cascade. Be-
cause caspase-mediated proteolysis is an irreversible event, caspases are synthesized as inactive
monomeric precursors. Proapoptotic stimuli prime the cells to initiate the caspase cascade, result-
ing in the proximity-induced activation of initiator caspases (27-29). This in turn proteolytically
activates effector caspases, which facilitate the systematic dismantling of cellular components,
leading to characteristic intracellular changes including DNA degradation, nuclear shrinkage
(pyknosis) and fragmentation (karyorrhexis), membrane blebbing, and release of apoptotic bodies
(7, 30, 31), ultimately resulting in apoptosis and clearance of the dead cells by phagocytosis (32).
Diverse upstream signaling events such as death receptor (DR) engagement (extrinsic) or cellular
stress (intrinsic) lead to distinct sets of death-inducing mechanisms of apoptosis (Figure 1).
Therefore, the apoptotic pathways can generally be classified as extrinsic or intrinsic based on
the mode of initiation and the specific adapters and initiator caspases involved in the process
(33, 34).

Intrinsic Apoptosis Pathway

The intrinsic apoptosis pathway is triggered when mitochondrial integrity is compromised in re-
sponse to stressors (Figure 1). These stressors include a wide range of exogenous and endogenous
triggers, such as DNA damage, endoplasmic reticulum (ER) stress, and reactive oxygen species.
The stressors induce activation of the proapoptotic BCL-2 antagonist or killer (BAK) and/or
BCL-2-associated X (BAX) protein, which results in mitochondrial outer membrane permeabi-
lization (MOMP) (35) (Figure 1). The loss of mitochondrial integrity leads to the release of its
inner membrane proteins, such as cytochrome ¢ and second mitochondria-derived activator of
caspase (SMAC; also known as DIABLO), which directly promote caspase activation and intrinsic
apoptosis (35). Cytoplasmic cytochrome ¢ binds the WD domain of apoptotic protease-activating
factor 1 (APAF1), inducing a conformational change and exposing the nucleotide-binding site of
APAF1 (Figure 1). The nucleotide-bound form of APAF1 undergoes further structural changes
resulting in the assembly of a heptameric complex with the initiator caspase-9, called the apopto-
some (36-38). During this process, caspase-9 initiates the caspase cascade, driving the activation
of caspase-3/-6/-7/-9/-10 to cause the robust execution of apoptosis. This process is further am-
plified by SMAC, which blocks the caspase-inhibitory function of inhibitor of apoptosis proteins
(IAPs) by targeting them for proteasomal degradation (39).

Extrinsic Apoptosis Pathway

The extrinsic apoptosis pathway is central to extracellular ligand-induced DR signaling
(Figure 1) (33, 34). Members of the well-characterized DR family include the tumor necrosis
factor (TNF) superfamily members TNF receptor 1 (TNFR1/CD120a), apoptosis antigen 1
(APO-1, Fas/CD95), death receptor 3 (DR3), DR4 [also called TNF-related apoptosis-inducing
ligand receptor 1 (TRAIL-R1)], and DRS5 (TRAIL-R2/APO-2). Upon binding to their cognate
ligands, Fas, TRAIL-R1, and TRAIL-R?2 induce apoptosis. TNFR1 engagement often results in
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Figure 1

Mechanism of caspase activation and execution of different modes of cell death, PANoptosis (pyroptosis, apoptosis, and necroptosis).
Caspases trigger activation of apoptosis, a noninflammatory form of cell death. In extrinsic apoptosis, death receptor activation
facilitates recruitment of FADD and caspase-8 to form the death-inducing signaling complex (DISC). Activated caspase-8 in the DISC
further processes executioner caspases (caspase-3, -7) to engage apoptosis. In intrinsic apoptosis, intracellular stress stimuli induce
mitochondrial outer membrane permeabilization (MOMP). This leads to the release of cytochrome ¢ (Cyt-C) into the cytosol. Binding
of cytochrome ¢ to APAF1 triggers assembly of the apoptosome complex, which facilitates activation of caspase-9. This in turn
promotes activation of caspase-3 and -7 to execute apoptosis. Complex-I assembly is initiated by TNF binding to TNFR on the
membrane. This promotes prosurvival signaling via receptor-interacting serine/threonine protein kinase 1 (RIPK1), TAK-TAB, and
NEMO proteins. Loss of RIPK1 ubiquitination promotes formation of the intracellular ripoptosome complex. Inactivation of the
catalytic activity of caspase-8 in the ripoptosome complex induces RIPK1-RIPK3 association and phosphorylation of mixed lineage
kinase domain-like pseudokinase (MLKL) to form pores on the membrane and engage necroptosis. ZBP1 also activates necroptosis via
RIPK3. Activation of inflammatory caspases induces pyroptosis. Inflammasome assembly activates caspase-1 enzymatic function. ASC
in the inflammasome complex recruits caspase-1. Some inflammasome-forming innate immune receptors recruit caspase-1 without the
involvement of an ASC protein. ZBP1 activates the NLRP3 inflammasome in response to influenza infection. LPS binds to caspase-11
(or human caspase-4/-5) and triggers its activation through oligomerization and cleavage. Activation of caspase-1 and -11
proteolytically processes gasdermin D (GSDMD) to release the N-terminal domain, which forms pores on the membrane to execute
pyroptosis. Caspase-1 also cleaves pro-IL-1B and pro-IL-18 into IL-1p and IL-18, which are released through GSDMD pores.
Caspase-3-mediated gasdermin E (GSDME) cleavage also drives pyroptosis.

inflammatory signaling that drives the expression of antiapoptotic molecules and inflammatory
cytokines, except when the prosurvival cellular checkpoints are blocked (40-42). Binding of
the DR to its cognate ligand leads to receptor oligomerization and recruitment of the down-
stream adaptors FAS-associated death domain (FADD) or TNFRI1-associated death domain
(TRADD). These adaptors bridge the initiator caspases, such as caspase-8 or -10, to form a
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macromolecular death-initiating signaling complex (DISC) (7). Caspase-10 is presumed to be
proapoptotic; however, it was shown to promote cell survival by altering DISC signaling to
NF-«B activation or by cleaving the BCL2-interacting protein BCLAF1 to block autophagic cell
death (43, 44). Caspase-10 contains N-terminal DED domains and is expressed in humans but
not in mice. Caspase-8 is the only other caspase that contains DED domains similar to those in
caspase-10, suggesting a possible similarity in their function. Loss-of-function genetic mutations
in human caspase-8 and caspase-10 are associated with autoimmune lymphoproliferative syn-
drome (ALPS) due to defective caspase activity and apoptosis (45, 46). DISC acts as a tailored
molecular platform to promote dimerization and proximity-induced activation of initiator
caspase-8/-10 (Figure 1). Therefore, not surprisingly, cells with a genetic deficiency for DISC
components fail to undergo apoptosis in response to DRs engaging their corresponding ligands
(47-49).

There exists an intimate connection between extrinsic and intrinsic apoptosis pathways
through the BCL-2 homology 3 (BH3)-interacting domain death agonist (BID) (50-52). Cas-
pases activated downstream of the extrinsic pathway cleave BID to produce tBID, which acts on
the proapoptotic BAX-BAK molecular switch, resulting in MOMP and intrinsic apoptosis (35)
(Figure 1). Cells are broadly categorized as type I or type I based on their critical requirement for
MOMP to undergo apoptosis. Type I cells show robust DR-mediated activation of caspase-8 and
-3, which is sufficient to drive apoptosis, whereas type II cells need MOMP-mediated antagonism
to counteract IAP- and Bcl-2-driven prosurvival mechanisms to ensure efficient execution of
apoptosis.

Activation of Apoptotic Caspases via the Ripoptosome Complex

In immune cells, the TNF-TNFR1 complex at the cell membrane facilitates the formation of a
membrane-associated signaling complex called complex-I to engage prosurvival responses (1, 53).
Upon TNF stimulation, receptor-interacting serine/threonine protein kinase 1 (RIPK1) and cel-
lular TAPs (cIAPs) are recruited to TNFR via TNFR-associated factor 2 (TRAF2) and TRADD
(1, 54, 55). Here, cIAPs modify RIPK1 by Lys63-linked ubiquitination (1, 54, 55) to promote the
scaffolding function, but not kinase activity, of RIPK1 to assemble a multiprotein signaling com-
plex that activates prosurvival NF-kB transcriptional responses. However, functional attenuation
of some of the complex-I components such as cIAP1, transforming growth factor —activated ki-
nase 1 (TAKI), or TANK-binding kinase 1 (TBK1) facilitates formation of cytosolic complex-II,
also called the ripoptosome complex (Figure 1). The ripoptosome is a large (%2 MDa) protein
complex containing RIPK1, FADD, caspase-8, and cellular FLICE-like inhibitory protein (cFLIP)
as core components associated through their conserved DD interactions (56, 57). The ripopto-
some functions to further recruit either prosurvival or cell death-inducing proteins to decide cell
fate. The ripoptosome complex promotes caspase-8-FADD-dependent apoptosis through the ac-
tivation of executioner caspase-3 and -7 (Figure 1). Recruitment of RIPK3 to the ripoptosome
complex promotes mixed lineage kinase domain-like pseudokinase (MLKL)-mediated necroptosis
(1, 53, 56, 57). However, recruitment of cFLIP to the ripoptosome complex diverts the apoptotic
activity of caspase-8 to prosurvival inflammatory signaling (1, 21, 25, 56, 57). This complex also
inhibits RIPK3-dependent necroptosis to promote cell survival.

CASPASE-8 INHIBITION, SWITCHING EXTRINSIC APOPTOSIS
TO NECROPTOSIS

Genetic and biochemical inactivation of caspases has revealed caspase-independent forms of
cell death and a more complex relationship between apoptosis and inflammation (33, 58, 59).
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Inactivation of caspases blocks apoptosis but switches the cell fate to a form of programmed
necrotic death called necroptosis. Deletion of the components of the extrinsic apoptosis pathway
such as caspase-8 or FADD results in TNF-induced necrotic cell death (60). Accordingly, deletion
of FADD, caspase-8, or its regulator cFLIP is lethal in mouse embryos (48, 61, 62). Furthermore,
cell-specific studies showed that FADD and caspase-8 play nonapoptotic roles in cell death and
inflammation (63-66). In vivo genetic evidence demonstrated that elimination of FADD and
caspase-8 or cFLIP results in spontaneous activation of RIPK3 and MLKL to execute necrop-
tosis (25, 67, 68) (Figure 1). Caspase-8 is also reported to cleave and inactivate cylindromatosis
(CYLD), a deubiquitinase known to activate RIPK1 to drive RIPK3-dependent necroptosis
(69). During viral infections, Z-DNA binding protein 1 (ZBP1), also known as DNA-dependent
activator of interferon regulatory factors (DAI) or DLM-1, engages inflammatory cell death via
caspase-8 and RIPK3 (70-72) (Figure 1). Together, these studies unequivocally establish that
extrinsic apoptosis and caspase-8-dependent suppression of necroptosis are critical for cellular
homeostasis and normal embryonic development.

INFLAMMATORY CASPASES

In sharp contrast to the apoptotic caspases, inflammatory caspases play central roles in the innate
immune response and promote pyroptosis, an immunologically active, proinflammatory form of
cell death. Myeloid cells of the immune system strategically express high levels of the inflamma-
tory caspases and their corresponding signaling platforms for programmed activation in response
to infection or injury. Inflammatory caspase activation is one of the key aspects of the innate im-
mune system and provides the first line of defense against invading pathogens. While the human
genome encodes the inflammatory caspases caspase-1, -4, -5, and -12, caspase-11 represents both
caspase-4 and -5 in mice. Although it is now well established that caspase-1 is activated in a mul-
tiprotein oligomeric complex called the inflammasome (discussed below), the inflammatory cas-
pases caspase-4, -5, and -11 do not need such molecular platforms for their activation (Figure 1).
These inflammatory caspases act as direct receptors to sense pathogen-encoded molecules such
as lipopolysaccharide (LPS) and undergo self-oligomerization and proximity-induced autoactiva-
tion. Caspase-11 was also shown to directly bind self-encoded oxidized phospholipids (oxPAPC),
although different functional consequences were reported (73, 74).

Inflammasomes and Inflammatory Caspase Activation Mechanisms

Inflammasomes are heterologous oligomeric protein complexes that are assembled after an in-
nate immune receptor senses pathogen-associated molecular patterns (PAMPs) or danger signals
(3, 10, 18) (Figure 1). The inflammasome complex acts as a scaffold to recruit caspase-1 and
promote its proximity-induced activation to induce pyroptosis (3, 5, 10, 75). Various innate im-
mune receptors assemble inflammasome complexes. The best-studied inflammasome complexes
are Nod-like receptor (NLR) family pyrin domain (PYD)-containing 1 (NLRP1), NLRP3, NLR
family CARD domain-containing 4 (NLRC4), absent in melanoma 2 (AIM2), and pyrin inflam-
masome; these inflammasomes are activated upon sensing bacterial toxins and secretion system
components, nucleic acids, pathogenic crystals, and altered cellular components (5, 10, 18, 76—
90). Many inflammasome proteins use their CARD or PYD to recruit the adapter protein ASC
(apoptosis-associated speck-like protein containing a CARD) through homotypic protein-protein
interactions (5, 10). ASC contains both a PYD and a CARD, which can promote further homo-
typic interactions with different innate immune receptors and promote ASC polymerization into
large, filamentous structures that are characteristic of cytosolic membraneless compartments. This
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exposes the CARD:s to recruit caspase-1 through CARD-CARD homotypic interactions. Some in-
flammasomes (i.e., NLRP1 and NLRC4) can directly engage caspase-1 through CARD-CARD
interactions and do not require ASC for activation (3) (Figure 1). Inflammasome assembly is a
crucial step to activate caspase-1 to induce pyroptosis and release proinflammatory cytokines.

The inflammatory cytokines IL-1p and IL-18 are expressed as inactive proforms that require
maturation into active cytokines by inflammatory caspase-mediated processing (5, 10) (Figure 1;
Table 1). More importantly, these cytokines lack signal peptides and hence do not enter into
the conventional secretion pathway. Instead, they are released via inflammatory caspase-induced
membrane pores or lytic cell death (75, 91). In response to various infections, inflammatory cas-
pases caspase-1,-4, -5, and -11 induce pyroptosis of innate immune cells, macrophages, and mono-
cytes. Caspase-1 was identified initially as an important factor for the maturation of proinflamma-
tory cytokines lacking signal peptides for secretion (IL-1p and IL-18) (3, 92, 93).

The gene encoding caspase-11 is adjacent to the gene encoding caspase-1 on the same chro-
mosome. Mice lacking Casp1 are resistant to endotoxic shock and lethality induced by the bacterial
cell wall component LPS. However, the originally generated Caspl knockout mice also do not ex-
press Caspll (3,75, 94). Deleting only Caspl1 revealed that loss of Caspll is sufficient to confer
resistance to LPS-induced septic shock (94). Caspase-11 induces macrophage pyroptotic death
during various gram-negative bacterial infections (3, 94, 95). Unlike caspase-1, which requires
assembly of inflammasome complexes for its activation, caspase-11 can be directly activated by
sensing LPS to induce pyroptosis and the indirect activation of the noncanonical NLRP3 inflam-
masome and caspase-1 to promote activation of IL-1p and IL-18 (95). Human caspase-4 and -5
behave similarly to mouse caspase-11 and induce pyroptosis upon LPS sensing (3, 94-96).

Caspase-12 is also an inflammatory caspase, but its function is poorly understood (5, 97, 98).
Caspase-12 seems to mediate ER-stress-induced apoptosis but is dispensable for apoptosis induced
by classical stimuli (97, 99, 100). Caspase-12 undergoes self-cleavage but does not cleave other
caspases. It was shown to interact with caspase-1 and -5 in macrophages and inhibit caspase-1
activity and the release of IL-1p (101). Although this study demonstrated enhanced caspase-1
activity in Caspl2-deficient mice, later studies contested these findings by revealing caspase-12
does not suppress caspase-1 activity (101-103). In humans, a truncated version of caspase-12 with
only the CARD domain is the predominant allele, while the full-length form with a functional
caspase domain is less common (5). The precise cellular and biological functions of caspase-12 are
still enigmatic.

PYROPTOSIS—AN INFLAMMATORY CASPASE-INDUCED LYTIC
CELL DEATH

During infection, death of infected cells and induction of the immune response are critical for
maintaining organismal homeostasis. Pyroptosis (pyro meaning fire and ptosis meaning falling)
emerged as a major form of programmed cell death in vertebrates that is important to fight
infections (2, 3, 104). Pyroptosis is specifically induced in infected cells to eliminate the pathogen
niches and engage inflammatory responses to potentiate protective host immunity (2, 105-108).
Pyroptosis also plays an important role in eliciting proinflammatory responses to bring innate
immune cells to the site of injury or infection. Pyroptosis is activated by various bacterial
infections, such as Franciselln, Legionella, Shigella, and Salmonella, and viral infections, such as
influenza A virus, HIV, and hepatitis C virus (2, 3, 70, 71, 105-107). Although pyroptosis has
long been considered a monocytic cell death pathway driven by caspase-1, it was later identified
that caspase-4, -5, and -11 also drive pyroptosis efficiently, but are ineffective in direct cytokine
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processing (3, 104, 107, 109, 110) (Figure 1). Recent studies suggest that the induction of pyrop-
tosis also occurs in epithelial cells (111). Caspase-1-induced pyroptotic cell death in HIV-infected
lymphoid CD4" T cells is a major cause of depletion of CD4" T cells in HIV infection (112,
113). Thus, pyroptosis plays a critical role in diverse cell types.

Gasdermin D, an Executioner of Pyroptosis

Although inflammatory caspases were known to trigger pyroptosis and cleave multiple substrates
during this process, the identity of the key effector substrate was not known until recently, when
cleavage of gasdermin D (GSDMD) by inflammatory caspases was identified as the key event
triggering pyroptosis in immune cells (114, 115). Initially, GSDMD was known to be one of the
substrates of caspase-1, but its functional significance was not determined (116). Two indepen-
dent approaches by Kayagaki et al. (114) and Shi et al. (115) identified the role of GSDMD in the
caspase-1- and caspase-11-mediated activation of pyroptosis (Figures 1 and 2). Additionally, lack
of Gsdmd inhibits the secretion of IL-1p and confers resistance to LPS-induced septic shock (114).
Mechanistically, inflammatory caspases cleave the linker region between the N- and C-terminal
domains of GSDMD, which liberates the active N terminus from the autoinhibiting C-terminal
domain to execute pyroptosis (114, 115) (Figure 2a—c). Lack of interferon regulatory transcrip-
tion factor 2 (IRF2) expression inhibits both canonical and noncanonical inflammasome-induced
pyroptosis, as IRF2 is essential for the transcriptional upregulation of Gsdmd (117) (Figure 2c).
Furthermore, gasdermin family members are predominantly expressed in the skin, gastrointesti-
nal tract, and immune cells, which suggests they are strategically located to function at physical
and mucosal barrier systems to actively eliminate infected cells through pyroptosis (75, 118).

The gasdermin protein family consists of GSDMA, GSDMB, GSDMC, GSDMD, GSDME
(DFNAS), and DFNBS59 (75, 118, 119). These proteins share similar N- and C-terminal domain
architecture in which the C-terminal domain functions as an inhibitory domain to restrict N-
terminal function. However, the caspase cleavage site residues in the linker region vary among
the gasdermin family members, and not all gasdermin proteins are cleaved by caspases. Only the
GSDMD linker region is cleaved by inflammatory caspases (114, 115) (Figure 2a,c). Although not
all gasdermins are cleaved by caspases, they contain defined C-terminal inhibitory domain and N-
terminal functional domain structures. Further studies identified that caspase-3 cleaves GSDME
(DFNAS) in the linker region to liberate an N-terminal fragment, which activates pyroptosis in
a similar mechanism to that of the GSDMD N terminus (120, 121) (Figure 25). Caspase-3 also
cleaves GSDMD; however, this cleavage occurs within the N-terminal domain, rather than at the
linker region, which inhibits its function (121).

Pore-Forming Activity of GSDMD Executes Pyroptosis

Proteolytic cleavage of GSDMD at its linker region by an inflammatory caspase separates its N-
terminal (p30) and C-terminal (p20) fragments, and the N-terminal fragment (hereafter called
GN-term) is sufficient to induce pyroptosis (114, 115). The GN-term directly binds to mem-
brane lipids, such as phosphatidylinositide, phosphatidylserine, and cardiolipin, which are pri-
marily present in the inner leaflet of the cell membrane (122-125). Binding of the GN-term
of GSDMD or GSDMA can disrupt membrane structures, causing cytotoxicity in mammalian
cells (122-124). The GN-term forms pore structures on cell membranes through oligomeriza-
tion (Figure 2¢). The pore-forming activity of the GN-term is critical for initiating pyroptosis
downstream of inflammatory caspases (122-124) (Figure 2¢). In addition, proteolytic cleavage of
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Figure 2

Caspase-mediated processing of gasdermin proteins and execution of pyroptosis. (#) Gasdermin D (GSDMD) is cleaved by several
caspases. Cleavage of GSDMD at D275 of the linker region by caspase-1, caspase-4/-5/-11, and caspase-8 or at C268 by ELANE
liberates the functionally active N terminus of GSDMD. Caspase-3 cleavage of GSDMD at D87 in the N-terminal domain inactivates
its pyroptotic function. (b) Caspase-3 cleaves gasdermin E (GSDME) (DFNAS) at D270 of the linker region to release its active
N-terminal domain. (¢) Inflammatory caspases cleave at the linker region connecting the N and C termini of GSDMD to facilitate the
induction of pyroptosis. Cleavage of GSDMD liberates the pore-forming N-terminal domain from the autoinhibitory C-terminal
domain. The N-terminal domain of GSDMD is transported to the membrane to assemble into a pore structure. The inner region of
the pore is hollow with a large diameter that is sufficient to enable passage of small ions and proteins such as mature IL-1p and IL-18.
The pore formation by GSDMD is essential for the induction of pyroptosis. IRF2 transcriptionally upregulates GSDMD expression.
Once the GSDMD pore is formed on the cell membrane, it facilitates ion and water flux from the extracellular space into the cell.
GSDMD pore formation, ion and water flux, and loss of cytoskeletal integrity facilitate plasma membrane rupture and pyroptosis of
cells. Pyroptosis releases intracellular components, which are immunostimulatory and cause inflammation. Abbreviations: N-term,
N-terminal domain; C-term, C-terminal domain.

GSDME by caspase-3 switches TNF- or chemotherapeutic-induced apoptosis to pyroptosis by
releasing the GN-term, which also exhibits pore-forming activity (120, 121).

Studies using atomic force microscopy revealed that GN-term protomers assemble arc- or
slit-shaped oligomers in the membrane, which further recruit additional protomers to build a sta-
ble ring-shaped pore (126). Formation of a stable pore structure facilitates osmotic cell swelling,
rupture of the plasma membrane, and permeability of cellular contents (114, 115, 127, 128).
Calpain enzyme-dependent cleavage of vimentin proteins leads to the loss of intermediary fil-
ament (cytoskeletal components) structures, which causes the rupture of cells by extrinsic forces
(127). Several caspases have also been shown to cleave vimentin to disrupt intermediate filaments
(129, 130). Calpain activity is associated with Ca** influx, perhaps through GSDMD pores, to
promote loss of cellular architecture. Furthermore, cell rupture contributes to the release of sev-
eral immune-stimulatory DAMPs, particularly molecules of large size, that trigger elevated im-
mune stimulation. Overall, gasdermin-associated pore formation in the cell membrane leads to
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pyroptosis and the subsequent release of intracellular contents into the extracellular environment,
which in turn exacerbates inflammatory responses.

In contrast to the cleavage mechanism in macrophages, cleavage of GSDMD is independent
of inflammatory caspases in neutrophils (131). GSDMD is cleaved by the neutrophil-specific ser-
ine protease elastase ELANE at a site distinct from the inflammatory caspase cleavage site (131)
(Figure 2a). Interestingly, this study indicated that GSDMD-induced lytic cell death in neu-
trophils is anti-inflammatory, in contrast with proinflammatory pyroptotic death in macrophages.
Although neutrophils are known to exhibit pyroptosis downstream of inflammasome activation,
they also drive NETosis-mediated antimicrobial functions at the site of infection (132, 133). Per-
haps neutrophils express low levels of inflammasome components compared to macrophages, re-
sulting in a relatively reduced frequency of pyroptosis (134-136).

Structural Insights into the Activation of Gasdermin-Induced Pores

The fundamental role of the pore-forming activity of gasdermin proteins in pyroptosis execution
is an important framework for therapeutic targeting. Structural knowledge of gasdermin-induced
pores is necessary to understand, at a molecular level, the formation of ring-like structures via
oligomerization of GN-term protomers and also the regions that facilitate membrane insertion.
Ding et al. (123) crystallized the full-length GSDMA3 protein and showed that it exists in a two-
domain (N-terminal and C-terminal) architecture, which is considered an autoinhibitory con-
formation (75). This study also visualized GSDMA3 and GSDMD pores formed by GN-term
protomers in lipid monolayers. They identified that gasdermin pores are typically made of 16
protomers, with a diameter of approximately 10-16 nm (123). A recent study by Ruan et al. (137)
solved a cryo—electron microscopy (cryo-EM) structure of the GSDMA3 pore present in lipid
bilayers with high resolution and showed that the gasdermin pore contains 27-28 protomers and
typically attains an antiparallel B-barrel structure with an inner diameter of 180 A (18 nm); this
is distinct from the structure reported by Ding et al. Furthermore, Ruan et al. suggest that the
differences observed in the pore structures are due to the lipid layers used to form the pores and
that the pore structure solved in lipid bilayers is more physiologically relevant (137). Neverthe-
less, both structures indicate that the pores formed by gasdermin proteins contain a large inner
space that is sufficient to facilitate the passage of ions and even cytokines such as IL-1p and IL-18,
whose diameter is approximately 4-8 nm. The high-resolution structure proposed by Ruan et al.
showed that the al helix of the GN-term of GSDMA3 provides a basic (i.e., positively charged)
surface to bind to the acidic face of lipids, whereas its elongated p-hairpin structures contribute to
the oligomeric interface of the pore structure. Once cleavage liberates the autoinhibitory confor-
mation of GSDMA3, its active GN-term further undergoes extensive conformation transitions to
become inserted into the membrane (137, 138). Thus, gasdermin proteins are conformationally
dynamic and undergo an inflammatory caspase-driven sequential transition from a monomeric
autoinhibitory state to an oligomeric pore structure for executing pyroptosis (75, 122-125, 137,
139, 140).

The GN-term of gasdermin proteins exhibits bacterial killing activity (123, 140). In partic-
ular, a specific region of the GN-term (residues ~70-90) exhibits antibacterial activity against
Escherichia coli and Mycobacterium smegmatis (140). On the basis of the cryo-EM structure of
the GSDMA3 pore, the residues ~70-90 of the GN-term correspond with the region that
is important for the oligomerization of gasdermin protomers in the pore structure (i.e., the
B3 strand of the elongated hairpin structure). Some regions of GSDMD (residues 120-125
and 211-216) also attain higher-order oligomers or fibril-like structures (140), suggesting that
oligomerization of the GN-term of gasdermin proteins is structurally crucial to induce pyroptosis
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and membrane-disrupting cytotoxicity. A recent study solved crystal structures of full-length
murine and human GSDMD that define specific features required for intramolecular gasdermin
domain association that restricts autoactivation (141). In addition, the new structural insights
from this study demonstrate that mutations disrupting lipid binding and oligomerization of gas-
dermins inhibit cell lysis (141). Because the lipid-binding surface and oligomerization interface
of the GN-term are essential for pore formation, these regions provide new attractive targets
for structure-based design of therapeutic molecules. While new mechanisms are emerging that
unravel the intricate regulation of gasdermin function, the full picture of the intracellular factors
that regulate the pore-forming activity of gasdermins and pyroptosis is not yet available.

Consequences of Gasdermin Pore Formation

LPS sensing by caspase-11 activates GSDMD-induced pyroptosis. It is well established that the
NLRP3 inflammasome is also activated upon caspase-11 activation as the noncanonical NLRP3
inflammasome (3, 94). However, the precise mechanism of noncanonical NLRP3 activation down-
stream of caspase-11 activation is not known. The approximately 18-nm diameter of the inner core
of the gasdermin-induced pore enables passive movement of various ions through the membrane
barrier (Figure 3). The GSDMD pore facilitates K* efflux in immune cells, which is an important
activator of the NLRP3 inflammasome. Therefore, K* efflux through GSDMD pores formed af-
ter caspase-11 activation likely engages noncanonical NLRP3 inflammasome activation to further
potentiate pyroptosis and IL-1f and IL-18 secretion (3, 142) (Figure 3). Additionally, GSDMD
pores on the cell membrane can act as channels to facilitate mature IL-1 release into the ex-
tracellular space without cell membrane rupture (i.e., before pyroptosis execution) in living cells
(91) (Figures 2 and 3). Two recent studies found that GSDMD activation is important for opti-
mal activation of the DNA-sensing AIM2 inflammasome (143, 144). In addition, GSDMD pores
formed after AIM2 inflammasome activation promote K* efflux, which in turn inhibits DNA re-
ceptor and cyclic GMP-AMP synthase (cGAS)-induced type I interferon responses (143). Because
of the relatively large inner diameter of gasdermin-induced pores in the cell membrane, they aid in
the activation of several cellular functions, including pyroptosis, by facilitating passage of various
molecules. Once inflammatory caspases are activated, pyroptosis is induced within a few minutes
of gasdermin processing. This point-of-no-return condition commits pyroptotic cells to an ir-
reversible disruption process. However, a recent study purported that mammalian cells activate
a cell-intrinsic membrane repair process via recruitment of the endosomal sorting complex re-
quired for transport IIT (ESCRT-IIT) machinery to the cell membrane to counteract pyroptosis
execution (145). This process is similar to the membrane repair mechanism that rescues cells from
MLKI-induced necroptosis to restore cell integrity (146).

Role of Pyroptosis in Disease

The discovery of GSDMD as an executioner of pyroptosis allowed the extension of research from
in vitro induction of pyroptosis to in vivo studies focused on the specific role of pyroptosis in
disease. The proinflammatory effects of gasdermin protein activation and pyroptosis can poten-
tially influence the pathophysiology of autoinflammatory and infectious diseases, but will this play
a protective or detrimental role in physiological disease settings? Mice lacking Gsdmd expres-
sion are resistant to lethality during LPS-induced septic shock (114). In vitro chemotherapeutic
treatment induces GSDME (DFNA5) cleavage and pyroptosis, and lack of Gsdme (Dfna5) expres-
sion in mice confers resistance to chemotherapeutic-induced toxicity in multiple organs, suggest-
ing a detrimental role for pyroptosis induced by chemotherapy (120). Both LPS-induced septic
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Intracellular regulation of caspase function to modulate inflammatory cell death. cIAPs inhibit caspase-8-dependent cell death
functions. Degradation of cIAPs activates caspase-8 in the ripoptosome, which promotes maturation and release of IL-1p and activation
of gasdermin D (GSDMD)-independent inflammatory cell death. TAK1 is necessary to inhibit the spontaneous induction of pyroptosis
in immune cells. The absence of TAK1 or Yersinia Yop]-mediated inhibition of TAK1 leads to the assembly of the receptor-interacting
serine/threonine protein kinase (RIPK1)-FADD-caspase-8 complex. This complex induces GSDMD activation either directly or
through the activation of NLRP3 inflammasome assembly to trigger pyroptosis. Caspase-11-induced GSDMD pore formation
facilitates KT efflux, which activates the assembly of the noncanonical NLRP3 inflammasome complex. The GSDMD pores mediate
release of matured IL-1p and IL-18. Necrosulfonamide (NSA), disulfiram, and Bay 11-7082 directly bind to GSDMD and inhibit
inflammatory cell death. N-acetyl-Phe-Leu-Thr-Asp-chloromethylketone (Ac-FLTD-CMK) is a GSDMD-derived peptide inhibitor
that inhibits cleavage of GSDMD by inflammatory caspases. Canakinumab is a human IL-1p-specific antibody that inhibits activation
of IL-1R signaling. Anakinra is an antagonist of IL-1R that counteracts IL-1 cytokine signaling. VX-740 (Pralnacasan) and VX-765
(Belnacasan) are therapeutic inhibitors of caspase-1.

shock and chemotherapy treatment are artificially induced disease models that differ from spon-
taneous autoinflammatory or pathogen-induced diseases.

A new study shows that GSDMD plays a crucial role in a mouse model of familial Mediter-
ranean fever (FMF) that recapitulates FMF in humans (147). FMF is an autoinflammatory disease
caused by mutations in the Mefv gene, which confers constitutive activation of the pyrin inflamma-
some and release of proinflammatory cytokines (147). GSDMD-induced pyroptosis is crucial for
the autoinflammatory phenotype in FMF mice. Loss of Gsdmd expression rescues FMF mice from
the systemic inflammation, neutrophilia, and tissue damage that cause lethality. Neonatal-onset
multisystem autoinflammatory disease (NOMID) is another autoinflammatory mouse model, and
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disease is induced by gain-of-function mutations in Nirp3. Loss of Gsdmd expression also rescues
NOMID mice from systemic inflammation (148).

GSDMD also plays roles in infection models. NLRP3 inflammasome-activated GSDMD
cleavage and pyroptosis cause immunopathology after gastrointestinal murine norovirus (MNV)
infection, and loss of GSDMD delays lethality in mice (149). In murine bacterial infections,
type III secretion system rod proteins and LPS engage inflammasome-induced pyroptosis in
macrophages to liberate tissue factor, which in turn initiates a coagulation cascade, massive
thrombosis, and lethality; GSDMD deficiency prevents this coagulation and lethality (150). Col-
lectively, these studies suggest that the activation of pyroptosis (and hence secretion of IL-18
and IL-18) causes exacerbated inflammatory responses, which confers lethality in mice. On the
other hand, some studies have found that loss of Gsdmd expression is detrimental to the host
during bacterial infections. Mice lacking Gsdmd expression are highly susceptible to Salmonella
infection and have elevated bacterial load during infection, suggesting a critical function for
GSDMD in host protection (151). Two additional studies found that mice lacking Gsdmd expres-
sion are highly susceptible to Francisella infection with high bacterial burden (143, 144). There-
fore, induction of pyroptosis serves as an innate immune strategy to destroy a microbial niche of
pathogens, but excessive pyroptosis is detrimental to the host.

Although the phenotypes observed reveal contrasting functions of GSDMD in disease settings,
GSDMD-induced pyroptosis plays a critical role in driving immunological/pathological conse-
quences. An intriguing question here is whether GSDMD-induced pyroptosis is self-sufficient to
drive these phenotypes without the need to release DAMPs. In cancer cells, gasdermin proteins
are known to exhibit pyroptosis-independent roles. A new study found decreased expression of
Gsdmd in gastric cancer tissue, which is associated with gastric cancer cell proliferation (152, 153).
To more fully understand the role of GSDMD in cancer, it is essential to determine the role of
gasdermin pore-forming activity in tumor-associated macrophages that influence tumorigenesis
and the tumor microenvironment (152).

EMERGING CASPASE MECHANISMS REGULATING INFLAMMATION
AND PYROPTOSIS

Tight regulation of inflammatory caspase function and pyroptosis is necessary to evade dysreg-
ulated inflammation and pathophysiologic consequences. Immune cells are equipped with ad-
ditional upstream regulatory mechanisms to interrupt spontaneous activation of inflammatory
cell death. Ripoptosomes, whose core components are RIPK1, FADD, and caspase-8, form in re-
sponse to various stimuli that perturb cellular homeostasis (56, 57). The ripoptosome acts as a
crucial cell fate decision checkpoint to enable activation of several cell survival or death-signaling
complexes. TAK1 primarily regulates activation of extracellular signal-related kinase (ERK) and
NF-«B in complex-I, which is essential for upregulating immune gene expression and conferring
cellular homeostasis. TAK1 also restricts spontaneous activation of the NLRP3 inflammasome
and the multimodal cell death pathway PANoptosis (154) (Figure 3). The absence of TAK1 leads
to ripoptosome formation and RIPK1-dependent spontaneous activation of the NLRP3 inflam-
masome and execution of programmed cell death pathways. This indicates that TAK1 plays a
central role in protecting cells from spontaneous inflammatory cell death, mainly by engaging
prosurvival signaling (154). FADD and caspase-8, the partners of RIPK1 in the ripoptosome,
are also key regulators of NLRP3 inflammasome activation and pyroptosis (23). Ripoptosome-
complex-dependent activation of pyroptosis during TAK1 inactivation implies that, under specific
conditions, the ripoptosome associates with NLRP3 to activate the inflammasome, the release of
IL-1p and IL-18, and pyroptosis. The NLRP3 inflammasome is also activated by diverse stress
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stimuli that ultimately execute pyroptosis. These stress stimuli can also activate formation of pro-
survival stress granules. How immune cells coordinate both the NLRP3 inflammasome and stress
granules, which engage contrasting cell fate decisions, is not clear. A new study suggests that stress
granules inhibit NLRP3 inflammasome activation and pyroptosis (155). The protein DEAD-box
helicase 3 X-linked (DDX3X) plays a crucial role in this stress granule-mediated inhibition of the
NLRP3 inflammasome. DDX3X is required for the assembly of both the NLRP3 inflammasome
and stress granules, and sequestration of DDX3X in stress granules inhibits NLRP3 inflamma-
some activation and pyroptosis (155).

An intriguing question based on these observations is whether ripoptosome-associated
caspase-8 directly engages inflammatory cell death and promotes disease. Indeed, caspase-8 is re-
dundant with caspase-1 and is important to drive IL-18-mediated disease in Pszpip2°™°-mediated
osteomyelitis in mice, which is comparable to chronic multifocal osteomyelitis (CRMO) in
humans (156-158). While caspase-8 is an apoptotic caspase, and apoptosis is considered im-
munologically silent, caspase-8 promotes maturation of IL-1p and inflammation, suggesting
that apoptosis can engage inflammatory cell death (5, 159-161). BAX/BAK-dependent intrinsic
apoptosis triggers activation of proinflammatory IL-1B and the NLRP3 inflammasome (162, 163).
During BAX/BAK-dependent apoptosis, degradation of cIAPs triggers activation of caspase-8 in
the ripoptosome complex. Caspase-8 then directly participates in the maturation of IL-1p and its
secretion (Figure 3). However, gasdermin proteins play no role in this caspase-8-activated IL-1p
release. Caspase-8 activation and function in the ripoptosome complex are tightly controlled
by antiapoptotic proteins, cIAPs. When caspase-1 is deleted in macrophages, inflammasome
activation engages caspase-8-dependent apoptosis through recruitment of caspase-8 and FADD
to the inflammasome complex (26). However, secretion of IL-1p and IL-18 is suppressed in this
inflammasome-dependent caspase-8 activation. Additionally, inflammasome activation in the
absence of caspase-1 engages GSDMD-independent inflammatory cell death and release of IL-1
cytokines (164). Nevertheless, these studies reveal that caspase-8 directly participates in matu-
ration and secretion of IL-1p and inflammatory cell death in macrophages. In contrast to these
findings, in mouse dendritic cells (DCs), lack of caspase-8 expression activates the RIPK1-RIPK3
complex and its downstream signaling events to promote activation of the NLRP3 inflammasome
and IL-1 release (165). This study indicates that, in DCs, the association of caspase-8 and FADD
counteracts inflammasome activation. These findings suggest cell type-specific regulation of
caspase-8, NLRP3 activation, and inflammation. Collectively, these emerging studies establish
that caspase-8 and FADD can be components of the inflammasome complex and facilitate
apoptosis or inflammatory cell death in immune cells. However, activation of caspase-1 by the
NLRP3 inflammasome during apoptosis is ambiguous. During intrinsic apoptosis, caspase-3 and
-7 are proposed to induce K* efflux and NLRP3 activation, which in turn activates caspase-1-
dependent activation of IL-1B (162, 163). In contrast to this observation, a recent study argues
that pannexin-1-mediated K* efflux promotes NLRP3 inflammasome activation during extrinsic
apoptosis (166). Interestingly, GSDMD- or GSDME-mediated lysis of the mitochondria also
releases cytochrome ¢ and promotes apoptosis, illustrating the existence of a feedback apoptotic
program, downstream of inflammasome activation (167).

Does caspase-8 in the ripoptosome (RIPK1-FADD-caspase-8) also engage gasdermin-
dependent pyroptosis? Recent studies showed that caspase-8, FADD, and RIPK1 kinase activity
promote activation of the NLRP3 inflammasome and pyroptosis in response to gram-negative
bacteria or under conditions of TAK1 inactivation (23, 154). YopJ, an effector protein of Yersinia,
inhibits TAK1 function, inducing cell death in macrophages (168, 169). YopJ induces RIPK1-
FADD-caspase-8—dependent cell death and innate immune defense mechanisms during Yersinia
infection (170, 171). TAKI inactivation by Yop] activates RIPK1- and caspase-8-dependent
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cleavage of GSDMD and GSDME to engage pyroptosis (172, 173) (Figure 3). Caspase-8, in addi-
tion to caspase-1 or caspase-4/-5/-11, directly regulates cleavage and activation of gasdermin pro-
teins to induce pyroptosis (172, 173). Although caspase-1 and -8 cleave GSDMD at the same site,
the processing capacity of GSDMD by caspase-8 is much less than that by caspase-1 (166). Another
study found that caspase-8 is dispensable for caspase-11-mediated pyroptosis, but both caspase-8
and -11 are required to drive LPS-induced lethality in mice (174). These observations indicate
that unlike cleavage by inflammatory caspase-1 and -11, apoptotic caspase-8-mediated cleavage
of gasdermin proteins is observed under specific conditions, such as TAKI inactivation or Yersinia
infection. Although caspase-8 is classified as an apoptotic caspase, these new findings discussed
above highlight that caspase-8 can also exhibit inflammatory caspase functions by proteolytically
processing GSDMD, GSDME, and IL-1p. Furthermore, the role of TNF and ripoptosome com-
ponents in NLRP3 and pyrin inflammasomes illustrates an important theme of functional con-
nectivity between PANoptosis and inflammation (23, 154, 172, 173, 175, 176). Perhaps, caspase-8
should be considered a new member of the inflammatory caspase group with dual functions in
both apoptosis and inflammation. Identification of the roles of caspase-8, FADD, and RIPK1 in
NLRP3 inflammasome activation and GSDMD-induced pyroptosis suggests that the ripopto-
some complex directly regulates inflammatory responses in association with the inflammasome.

ENDOGENOUS INHIBITORY MECHANISMS OF CASPASE ACTIVATION

Caspases are constitutively expressed in mammalian cells. Caspase activity needs to be regulated
at homeostatic conditions to prevent cellular damage and induction of unrestrained inflamma-
tory responses. There are several endogenous proteins and intracellular signaling processes that
act as regulatory switches to control the activity of caspases. IAPs (XIAP, cIAP1, and cIAP2) are
antiapoptotic proteins that are highly conserved from yeast to mammals. They are E3-ubiquitin
ligases containing baculovirus IAP repeat (BIR) domains. IAPs are endogenous inhibitors of apop-
totic caspases both in vitro and in vivo that directly bind to caspase-3, -7, -8, and -9 to inhibit their
activities (177-179). The BIR domains of IAPs are important for apoptotic caspase inhibition.
Overexpression of cIAPs in multiple cancer types confers resistance of cancer cells to apoptotic
cell death activation (179). Therapeutic inhibition of cIAPs activates apoptosis in cancer cells
(179). The role of cIAPs in controlling apoptotic caspases is a homeostatic process to maintain
cell survival. While there is no direct evidence demonstrating that cIAPs control inflammatory
caspases, a few studies indicate a complex regulation process. cIAP1 and cIAP2 mediate efficient
activation of caspase-1 by K63-linked polyubiquitination, and deletion of cIAP1 or cIAP2 inhibits
inflammasome-induced caspase-1 activation (180). This study suggests that cIAPs promote in-
flammatory caspase activation, in contrast to their inhibitory role with apoptotic caspases (180).
Whether cIAPs target the enzymatic activity of inflammatory caspases is still an open question to
be answered.

FLIP is a DD superfamily protein that contains DEDs and acts as an inhibitor of apoptosis by
interfering with DISC assembly (1, 21). FLIPs were originally identified in gammaherpesviruses
and molluscipoxviruses and termed vFLIPs. Viral genome-encoded vFLIPs directly interact with
caspase-8 or FADD to counteract assembly of the DISC (21). Mammalian cells also encode
cFLIPs that are similar to vFLIPs. The long splice variant of ¢FLIP (cFLIPy) is a homolog of
caspase-8 that has an additional caspase-like domain at its N terminus along with DEDs. cFLIPy,
forms a caspase-8-cFLIP|, heteromeric complex in the ripoptosome (complex-II) and inhibits
the apoptotic function of caspase-8 (1, 21). Caspase-8 retains low catalytic activity in this het-
eromeric complex and cleaves cFLIP;, into P43-cFLIP, leading to the recruitment of TRAF2 and
RIPK1 to the complex to activate NF-kB signaling. The proteolytically active caspase-8-cFLIPL
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heteromeric complex also inhibits RIPK3-mediated necroptosis and protects cells from cell death
activation (25). Overall, cFLIP directly regulates cell death and the inflammatory functions of
caspase-8 to maintain cellular homeostasis.

The scaffolding function of RIPK1 acts as a prosurvival checkpoint in response to several im-
mune stimuli. Ubiquitination of RIPK1 confers RIPK1 scaffolding function to assemble a cell
survival signaling complex at the cell membrane associated with TNFR. Importantly, TNF stim-
ulation in the absence of RIPK1 triggers degradation of cIAPs, cFLIPy,, and TRAF2, which are
essential to restrict the cell death activity of caspases (181, 182). Interruption of the RIPK1 scaf-
folding function leads to the recruitment of FADD and caspase-8 to RIPK1 to form the ripopto-
some complex. RIPK1 kinase activity in the ripoptosome complex facilitates caspase-8-dependent
cellular functions. Thus, the ripoptosome complex, once formed, acts as a springboard to pro-
mote cellular homeostasis or to induce inflammation or cell death. An intriguing speculation is
that RIPK1 scaffolding function also directly engages cell death, which is not well understood.
RIPK1 is one of only four mammalian proteins that contains a RIP-homotypic interaction mo-
tif (RHIM); ZBP1, RIPK3, and Toll/IL-1 receptor domain—containing adaptor protein—inducing
IFN-B (TRIF) are the others (183, 184). The RHIM domain facilitates homotypic interactions
among RHIM-containing proteins to form macromolecular signaling complexes. ZBP1 activates
multiple programmed cell death pathways via activation of caspase-8 and RIPK3 in response to
viral infections (70-72, 185). ZBP1 directly participates in the activation of caspase-1 and -8 to
induce PANoptosis and inflammation during viral infections. During embryonic development,
RIPK1 restricts the ZBP1-dependent activation of necroptosis to prevent embryonic lethality
(186, 187). This suggests that RIPK1 critically regulates ZBP1-dependent activation of inflam-
matory cell death responses to retain cellular homeostasis. In general, RIPK1-mediated regula-
tion of cell death is operated through the ripoptosome complex; however, ZBP1 regulation is an
exception, since ZBP1 and RIPK1 do not directly interact in endogenous settings (186, 187). Per-
haps RIPK1 employs a putative ripoptosome-independent molecular mechanism to control ZBP1
function, which needs in-depth investigation.

Most of the above-described mechanisms regulate primarily the enzymatic activity of caspases.
It is interesting to learn whether endogenous processes target DED/CARD-mediated oligomer-
ization of caspases to put the brakes on proximity-mediated activation of caspases. Serine protease
inhibitors are grouped into a protein superfamily called serpins (188). Serpin family members
share a similar tertiary structure and inhibit the activity of caspases through direct interaction.
Cowpox virus encodes a serpin protein, cytokine response modifier A (CrmA), that inhibits
caspase-1 activity and the maturation of IL-1p (189). CrmA also inhibits caspase-8 function and
restricts apoptosis induction (190). The human-genome-encoded serpin PI-9 shares similar amino
acid sequence with CrmA and inhibits caspase-1 activity and the processing of IL-1p and IL-18 in
human vascular smooth muscle cells (191). A recent study suggests that, in addition to their inhibi-
tion of caspase catalytic activity, serpin proteins also restrict oligomerization of caspases to further
restrict their function (192). SERPINBI is expressed mainly in monocytes and neutrophils, binds
to inflammatory caspases (caspase-1, -4, -5, -11), and inhibits CARD domain oligomerization
along with enzymatic activity (192). Deletion of SERPINBI leads to the spontaneous activation
of these inflammatory caspases, release of IL-1B, and execution of pyroptosis. Flightless-I (Fli-I),
an actin-remodeling protein, can also regulate inflammatory caspase activity through direct
association with these caspases (193). Leucine-rich repeat Fli-I-interacting protein 2 (LRRFIP2)
facilitates the interaction of Fli-I with caspase-1 during NLRP3 inflammasome activation to
inhibit caspase-1 activity and the release of IL-1p (194). A new study suggests that cAMP produc-
tion in macrophages inhibits LPS-induced activation of caspase-11 and pyroptosis (195). cAMP
activates protein kinase A, which in turn phosphorylates caspase-11 to attenuate caspase-11
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function, further exemplifying the intracellular mechanisms that restrict inflammatory caspases
(195). It appears that mammalian cells employ distinct endogenous mechanisms to regulate
apoptotic and inflammatory caspases. Further studies are required to fully understand how
inflammatory caspases (particularly caspase-1 and -11) are controlled endogenously to inhibit
their spontaneous activation.

THERAPEUTIC TARGETING OF CASPASES, CELL DEATH,
AND INFLAMMATION

Cancer cells attenuate activation of apoptosis to inhibit clearance of malignant cells and facili-
tate tumor development. This finding has led to the discovery of several therapeutic molecules
inducing proapoptotic effects in tumor cells. BCL-2 protein family members are expressed in all
cell types and are antiapoptotic effectors that promote cell survival by modulating mitochondrial
outer membrane permeabilization (196). Several clinical trials have been done to target the cell-
intrinsic caspase-inhibiting mechanisms, including both BCL-2 family members and cIAPs, to
therapeutically activate caspase function in cancer cells (54, 196). Therapeutic activation of cas-
pases in cancer is extensively reviewed elsewhere (54, 196); therefore, we focus here on targeting
inflammatory caspases and their effector molecules.

Inflammatory caspases and proteins involved in pyroptosis became primary targets for ther-
apeutic design because of their critical role in inflammatory and infectious diseases. The well-
defined molecular pathways of inflammatory caspases provide a multitude of therapeutic oppor-
tunities to target inflammatory diseases and cancer. These include direct modulation of caspase
activity (197); targeting of the upstream signaling complexes, such as inflammasomes (198-202);
and neutralization of the caspase substrates, such as IL-1p and IL-18 (152, 203). While directly tar-
geting caspases or upstream mechanisms has been challenging, blocking IL-1p/IL-1R has proved
successful, and three such therapeutic agents are approved by the US Food and Drug Administra-
tion for the treatment of inflammatory diseases including arthritis, and gain-of-function mutations
causing periodic fever syndromes and inflammasomopathies. The approved agents are anakinra, an
endogenous, natural IL-1R antagonist; rilonacept, a chimeric decoy receptor designed from the fu-
sion of the ligand-binding domains of IL-1R and IL-1RAcP to the Fc portion of human IgG1; and
canakinumab, a fully humanized, high-molecular-weight anti-IL-1p antibody with an extended
half-life of 26 days, which compares favorably to the 4-h half-life of anakinra in the blood (203,
204). Although chronic low-grade inflammation is a known and well-recognized etiologic agent
driving metabolic diseases and cancer, the therapeutic potential to target this process remained
poorly understood until recently. A recent clinical study, the Canakinumab Anti-inflammatory
Thrombosis Outcomes Study (CANTOS, clinicaltrials.gov number NCT01327846), fo-
cused on the application of canakinumab in a large cohort of over 10,000 patients with
atherosclerosis and showed that IL-1f neutralization not only provided atherosclerotic ben-
efits but also significantly protected these patients from lung cancer development (152, 203,
205).

As discussed above, activation of inflammatory caspases results in a lytic form of cell death,
releasing several DAMPs and potent inflammatory mediators with the potential to drive im-
munopathology and inflammatory disease onset. Consistent with this notion, recent studies
focused on blocking or eliminating the terminal executioners of pyroptosis have succeeded in
providing therapeutic benefits. One study designed a peptide inhibitor, N-acetyl-Phe-Leu-Thr-
Asp-chloromethylketone (Ac-FLTD-CMK), to mimic the caspase cleavage site of GSDMD (206).
This inhibitor blocks cleavage of GSDMD by inflammatory caspases and inhibits pyroptosis
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and secretion of IL-1f (206). In addition, a chemical inhibitor of necroptosis, necrosulfon-
amide (NSA), also inhibits pyroptosis by directly interacting with the Cys191 residue of human
GSDMD, further highlighting gasdermin blockade as a potential therapeutic strategy (207).
Disulfiram, a drug used to treat alcohol addiction, and Bay 11-7082, a known NF-«B inhibitor,
also inhibit inflammation and pyroptosis (208). These molecules, similar to NSA, target Cys191
of human GSDMD (Cys192 of mouse GSDMD), which is essential for its pore-forming activity.
Of note, these compounds also directly inhibit inflammatory caspases activated by both canonical
and noncanonical inflammasomes because of the critical function of the active site Cys in these
caspases. The chemical inhibitors of caspases available to date primarily target their enzymatic
activity. A potential caveat of these caspase inhibitors is their nonspecific targeting and tendency
to inhibit the function of multiple caspases. Effective inflammatory caspase-specific therapeutic
inhibitors are desired to target inflammatory and infectious diseases.

CONCLUDING REMARKS

Caspase activation is an evolutionarily conserved mechanism critical not only for organismal de-
velopment but also for immune cell death and inflammation. The decisive potential of caspases
in dismantling cells and driving potent inflammatory responses has necessitated the evolution of
intricate caspase-regulatory mechanisms, which include the production of caspases as inactive zy-
mogens and the requirement for the assembly of well-coordinated signaling platforms such as
the apoptosome, ripoptosome, and inflammasome. Although early studies broadly accepted the
paradigm of multiprotein signaling complexes being essential platforms for proximity-induced
activation of initiator caspases, the last decade has witnessed tremendous progress in the field and
revealed the existence of direct ligand binding and activation mechanisms, as seen in the case of
inflammatory caspase-4 and -5 in humans and caspase-11 in mice. Recent studies have improved
our understanding of the mechanisms of caspase-mediated inflammatory cell death and the cross
talk between apoptosis, pyroptosis, and necroptosis. Most importantly, these studies also revealed
the critical role of caspase-mediated activation and inactivation of the gasdermin family of proteins
and their essential role in lysis of cell membranes and subsequent inflammatory cell death. An-
other area of exponential progress has been the therapeutic targeting of inflammasomes and their
substrates for better human health. The vast improvement in our knowledge of caspase-mediated
cell death, immune mechanisms, and novel substrates fosters great hope for novel therapeutic
opportunities in the future.

1. Although proximity is known to induce activation of the initiator caspases, independent
of their protease function, the molecular mechanism behind this nonproteolytic activa-
tion is poorly understood, and future studies should address the precise structural and
biochemical requirements for this phenomenon.

2. Recent progress has revealed extensive cross talk between apoptotic and inflammatory
caspases, yet it is not clear how cells avoid inflammatory cell death during the conditions
of apoptosis and vice versa.

3. Future studies should delineate the nonenzymatic scaffolding functions of caspases to
regulate cellular homeostasis and inflammation.
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4. Apoptotic caspases are now increasingly recognized to engage pyroptosis; however, their

physiological relevance in response to infection and/or metabolic diseases needs further
investigation.

5. Do human/murine cells contain unknown pyroptosis executioners apart from gasdermin

proteins? Which pyroptotic executioners are employed in epithelial cells/keratinocytes?
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