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Caspases are critical regulators of cell death, development, innate immunity, host defense, and disease. Upon detection of
pathogens, damage-associated molecular patterns, cytokines, or other homeostatic disruptions, innate immune sensors, such as
NLRs, activate caspases to initiate distinct regulated cell death pathways, including non-lytic (apoptosis) and innate immune lytic
(pyroptosis and PANoptosis) pathways. These cell death pathways are driven by specific caspases and distinguished by their unique
molecular mechanisms, supramolecular complexes, and enzymatic properties. Traditionally, caspases are classified as either
apoptotic (caspase-2, -3, -6, -7, -8, -9, and -10) or inflammatory (caspase-1, -4, -5, and -11). However, extensive data from the past
decades have shown that apoptotic caspases can also drive lytic inflammatory cell death downstream of innate immune sensing
and inflammatory responses, such as in the case of caspase-3, -6, -7, and -8. Therefore, more inclusive classification systems based
on function, substrate specificity, or the presence of pro-domains have been proposed to better reflect the multifaceted roles of
caspases. In this review, we categorize caspases into CARD-, DED-, and short/no pro-domain-containing groups and examine their
critical functions in innate immunity and cell death, along with their structural and molecular mechanisms, including active site/
exosite properties and substrates. Additionally, we highlight the emerging roles of caspases in cellular homeostasis and therapeutic
targeting. Given the clinical relevance of caspases across multiple diseases, improved understanding of these proteins and their
structure—function relationships is critical for developing effective treatment strategies.

Cell Discovery; https://doi.org/10.1038/s41421-025-00791-3

INTRODUCTION

The innate immune system comprises genetically encoded
sensors of pathogen- and damage-associated molecular patterns
(PAMPs and DAMPs) and other homeostatic alterations to provide
the first line of defense and drive inflammation and cell death to
maintain homeostasis' 3. Regulated cell death pathways are
genetically defined and play central roles in innate immunity*™’.
Among the well-characterized cell death pathways are non-lytic
apoptosis, as well as innate immune lytic pathways, including
pyroptosis and PANoptosis’~'2. Apoptosis has been characterized
as a non-lytic, non-inflammatory form of cell death with key roles
in organismal development and cellular homeostasis'*'3. In
contrast, the lytic innate immune cell death pathways pyroptosis
and PANoptosis are initiated downstream of innate immune
sensor activation and result in cellular lysis and the release of
DAMPs and other inflammatory factors®'®'"'427 Among the
diverse non-lytic and lytic cell death mechanisms, caspases often
act at the core of regulation and execution in all metazoans,
including C. elegans, Drosophila, mice, and humans®®=°, to
critically regulate inflammation and innate immunity, as well as
proliferation, differentiation, and remodeling in higher-order
organisms'"?° (Table 1). While apoptosis, pyroptosis, and PANop-
tosis are driven by the activation of caspases, another lytic form of
cell death, necroptosis, is driven by the inhibition of a caspase, as
discussed in detail below.

Caspases belong to the cysteinyl protease family, which utilizes a
histidine-cysteine catalytic dyad to hydrolyze peptide bonds. These
proteases cleave aspartic acid residues with stringent specificity at
the P1 site, which has led to their designation as cysteine-
dependent aspartate-specific proteases (caspases)’®>%. Caspases
are expressed in both immune and non-immune cells, and most are
constitutively expressed during homeostasis®>**. During apoptosis,
caspase activation occurs through extrinsic and intrinsic pathways,
where the initiator caspase-8 is activated through external factors
(e.g. TRAIL and FAS ligands®*™9), or caspase-9 is activated through
internal factors (e.g., DNA damage leading to cytochrome C release
and apoptotic protease-activating factor-1 (APAF-1) oligomeriza-
tion*'~**). Upon activation, caspase-8 or -9 cleaves and activates the
executioner caspase-3 and -7 to drive cell death® 0434345 |n
contrast, the lytic necroptosis pathway is activated when caspase-8
is absent or has its enzymatic activity restricted due to mutation or
regulation®”~>°, The inhibition of caspase-8 prevents apoptosis and
allows the activation of necroptosis by enabling receptor-interacting
serine/threonine protein kinases (RIPKs) to drive the phosphoryla-
tion and activation of the pore-forming molecule mixed lineage
kinase domain-like pseudokinase (MLKL), leading to membrane
disruption and cell death*”*#05235-61 Eyrthermore, the lytic innate
immune pyroptosis pathway can be triggered through canonical
(caspase-1-mediated) and non-canonical (caspase-4/5/11-mediated)
pathways'*%2™%% In the canonical pathway, innate immune sensors,
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such as nucleotide-binding domain, leucine rich-containing family,
pyrin domain-containing (NLRP) 1 or NLRP3, are activated by PAMPs
or DAMPs, triggering the formation of a multiprotein complex called
the inflammasome'*"”. The inflammasome recruits the adaptor
molecule apoptosis-associated speck-like protein containing a
caspase activation and recruitment domain (ASC) and pro-
caspase-1. Inflammasome formation facilitates auto-proteolytic
cleavage of caspase-1, which subsequently cleaves downstream
molecules, such as the pro-inflammatory cytokines IL-13 and IL-18
and the pore-forming molecule gasdermin D (GSDMD). In the non-
canonical pathway, caspase-11 in mice, or caspase-4 or -5 in
humans, directly cleaves GSDMD to trigger activation of NLRP3
inflammasome-dependent caspase-1 maturation and cytokine
relea Se1 8720,62,64766.

Data from the past decades have identified extensive crosstalk
and conserved functions among the caspases®”®”~>, These findings
identified a major gap in our understanding of the molecular
mechanisms of cell death and led to the conceptualization of
PANoptosis, a lytic, innate immune cell death pathway initiated by
innate immune sensors and driven by caspases and RIPKs through
molecular complexes known as PANoptosomes. PANoptosis is
characterized by the activation of several caspases, including
caspase-1, -3, -7, and -82"277% though others may also be involved,
and microscopy and co-immunoprecipitation studies have provided
extensive evidence that multiple caspases, including caspase-1 and
-8, are key components of PANoptosomes®'2%7>, PANoptosis has
also been associated with a range of infectious and inflammatory
diseases and cancers®'~277071.73.7476-83

Collectively, caspases have central functions in multiple cell
death pathways, making them potential therapeutic targets for a
range of conditions, including infectious diseases, neurodegenera-
tion, inflammation, metabolic disease, and cancer’**#* 8, There-
fore, it is critical to understand the molecular functions of
caspases. In this review, we discuss the central roles of caspases
in innate immunity with a focus on their 3D structures and their
substrates to illustrate the interaction between active sites and
exosite regions of the respective substrates (Table 1). We also
discuss the limited biological validations performed to date for
various tetrapeptides that define substrate specificity, which often
limits our ability to understand their physiological functions.
Furthermore, we highlight how the integral roles of caspases in
both non-lytic and innate immune lytic cell death and inflamma-
tion have made them attractive therapeutic targets. Recent
advances in biochemical and structural studies of caspases have
provided a deeper understanding of their functions, improving
our ability to translate this knowledge toward the development of
novel therapeutics.

CASPASE CLASSIFICATION AND DOMAIN ORGANIZATION
Caspases are expressed across all kingdoms of life. However, the
number of caspases varies across species®>®’ 8. For example,
humans have 12 caspases; mice carry 10 (Fig. 1)%7°%°', These
variations in the number of caspases across species highlight the
evolutionary pressure that has shaped caspase repertoires in
various lineages. Caspases are historically categorized into distinct
sub-families based on gene duplication, structure, substrate
specificity, and functionality. Based on the substrate sequence
specificity, caspases can be divided into group | (caspase-1, -4, -14:
preference of (W/L/Y)EHD), group Il (caspase-2, -3, -7: preference of
DEXD), and group Il (caspase-6, -8, -9, -10: preference of (L/V/I)
EXD), where “X" refers to a variable position that may be fulfilled
by multiple amino acids®®. This method of caspase substrate-
based classification is discussed further in the section “Caspase
substrate recognition”.

Caspase-mediated activation cascades can promote lytic or
non-lytic cell death and cellular homeostasis, where cellular fate
depends on the molecular characteristics of the caspases involved,
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including their substrate specificity and the availability of down-
stream partner molecules®®. Additionally, supramolecular com-
plexes induced by innate immune activation, such as
inflammasomes or PANoptosomes, activate various caspases®'#2",
Given these functions, caspases were historically classified into
functional groups, including the inflammatory caspases (caspase-
1, -4, -5, and -11) and the apoptotic caspases. Apoptotic caspases
were further subdivided into apoptotic initiators (caspase-2, -8, -9,
and -10) and apoptotic executioners (caspase-3, -6, and -7)>*%’.
However, recent studies have shown extensive connections
between the roles of caspases, which have been reviewed
elsewhere®?*9¢, |n addition, groups have suggested that caspases
do not neatly fit into apoptotic vs inflammatory categories, and
that caspases can have multi-faceted roles®”. Studies from the past
decades suggest that historic functional classifications may not
fully represent the complexity of the roles of caspases in biological
processes. For example, apoptotic caspases are now known to also
regulate inflammatory cell death. Caspase-3, an apoptotic execu-
tioner, cleaves GSDME in the linker region at the DMPD
recognition site to release an N-terminal fragment, which triggers
inflammatory, lytic cell death in a similar mechanism to that of the
GSDMD N-terminus’>?%%°, Caspase-3 also cleaves GSDMD; how-
ever, this cleavage occurs within the N-terminal domain at the
DAMD recognition site rather than at the linker region, leading to
functional inhibition of GSDMD'?'°", Furthermore, caspase-8 acts
as an upstream regulator of the NLRP3 inflammasome to control
inflammatory cell death®. Additionally, caspase-8 can cleave
GSDMD to promote the formation of pores in the mem-
brane'®?7%®, and caspase-8 can cleave IL-1B at the same site as
caspase-1 to produce a mature form of the cytokine'®. The
metabolite a-ketoglutarate also induces lytic cell death through
caspase-8-mediated cleavage of GSDMC'®’. Furthermore, the
C362A mutation in caspase-8 renders it inactive, altering cell
death dynamics in MLKL-deficient cells, where necroptosis is
impaired. In these cells, GSDMD is cleaved by caspase-1, as
expected, but caspase-3 and -7 can also contribute to its
cleavage®'19%1%81% highlighting additional complex interplay
between the caspases in regulating cell death. In the case of
PANoptosis, there is activation of caspase-1, -8, -3, and -72"72774,
and a regulatory role for caspase-62°, implying additional
interconnections among these caspases. Adding further compli-
cation to the historic functional classification scheme, the
potential roles of caspase-2, -9, and -10 in inflammation remain
poorly understood''®"'"2, Additionally, caspase-12 is considered
an inflammatory caspase''>''%, and it is polymorphic in nature
due to a stop codon, resulting in the production of both active
and inactive forms''>™""”_ In humans, it is generally considered
inactive. Caspase-14 is associated with epidermal differentiation
and skin barrier formation, rather than with traditional caspase
functions''®'2'. Despite these unique functions, caspase-14 is
often classified as an apoptotic executioner caspase due to its
putative short pro-domain. However, the role of caspase-14
during apoptosis appears to be minimal, as it is not known to
cleave classical caspase substrates'??. Hence, it is not strictly
classified as inflammatory or apoptotic'?*'?* and its role in
inflammation is yet to be established.

Collectively, this growing evidence from recent decades
suggests that the classic functional categorization of caspases
can be enriched by incorporating a structural perspective that
addresses their multi-dimensional roles across cellular contexts.
Based on this understanding, multiple caspase categorization
strategies have now been introduced, including those based on
function, substrate specificity, and the length of their pro-domains,
distinguishing between long and short pro-domain-containing
caspases®. In the current review, we further emphasize the utility
of a classification system for caspases based on their domain
architecture, categorizing them into three broad groups: caspase
activation and recruitment domain (CARD)-containing caspases
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General caspase domain organization
Inter Inter
pro-domain ~ subunit
linker linker
OR !
—{CARD] DED }— Large }{Small}—
L J L J
Pro-d'omain Caspase'domain
Specific caspase domain organization
Human Mouse CARD-containing caspases
(12 caspases) (10 caspases)
Caspase-1 Caspase-1 1—{CARD}—{_Large }{ Small}—404
Caspase-2 Caspase-2 1—CARD}——{ Large }{ Small}-452
Caspase-4* B 1—CARD}—{ Large }{ Small}—377
Caspase-5 - 1—{CARD}——{ Large }{ Small}-434
Caspase-9 Caspase-9 1—{CARD}—{_Large }{ Small}-416
- Caspase-11 1—{CARD}—{_ Large }{ Small}-373
Caspase-12 Caspase-12 1—CARD}—{ Large }{ Small}—341
DED-containing caspases
Caspase-8 Caspase-8 1—{ DED } DED }—{ Large }{ Small}-479
Caspase-10 - 1— DED - DED }——{ Large } Small}-521
Short or no pro-domain caspases
Caspase-3 Caspase-3 1 277
Caspase-6 Caspase-6 1 293
Caspase-7 Caspase-7 1 303
Caspase-14 Caspase-14 1 242
Historic classification based on canonical function
Inflammatory Apoptotic initiator Apoptotic executioner

*Caspase-13 is the bovine ortholog of caspase-4 and does not exist in mouse or human

Fig. 1
domain organization. Domain boundaries were taken from human

Domain organization of caspases. General domain organization, followed by human and mouse caspase classification based on

caspase UniprotKB annotations. The historic classifications based on

canonical function are shown by the highlighting color on the caspase name. CARD caspase activation and recruitment domain, DED death

effector domain.

(caspase-1, -2, -4, -5, -9, -11, -12), death effector domain (DED)-
containing caspases (caspase-8 and -10), and the short/no pro-
domain-containing caspases (caspase-3, -6, -7, -14) (Fig. 1). This
approach aims to integrate both structural and functional insights
into the roles of caspases in cell death and other cellular
processes.

CASPASE ACTIVATION IN INNATE IMMUNITY AND CELL DEATH
Across caspase sub-families, their critical roles in innate immunity
have been identified through their involvement in cell death.
There is growing evidence that different types of cell death play
important roles in innate immunity, including regulating inflam-
matory response, modulating cytokine production and release,
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driving anti-viral defense, enabling specialized immune cells to kill
microbes, and promoting immune tolerance'**'?°, Apoptosis is
the most well-studied non-lytic cell death pathway, and it is critical
for organismal development, tissue homeostasis, and clearance of
dead or infected cells through phagocytosis'*'°. It is a
mechanism of ‘silent’ cell death, where caspases hydrolyze cellular
components, resulting in DNA degradation, nuclear shrinkage,
membrane blebbing, and release of apoptotic bodies'>'%131132,
Different signals can initiate apoptosis via either intrinsic or
extrinsic pathways, which have been extensively reviewed
previously'''3*3% These pathways depend on caspase activity
and the subsequent cleavage of specific substrates'>>'3¢, The
intrinsic pathway of apoptosis is triggered when mitochondria are
compromised in response to endogenous or exogenous stressors,
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such as intracellular pathogens. In intrinsic apoptosis, BCL-2
antagonist or killer (BAK) and/or BCL-2-associated X (BAX)
promotes mitochondrial outer membrane permeabilization
(MOMP), causing the loss of mitochondrial integrity'’. This leads
to the release of the intermembrane space protein, cytochrome c,
promoting the assembly of a multiprotein complex that includes
APAF-1 and cytochrome c. This complex is called the apoptosome,
and it was one of the earliest cell death-inducing complexes
discovered. Following release from the mitochondria, cytochrome
¢ interacts with APAF-1 in an ATP-dependent manner to form a
wheel-shaped, heptameric ring structure’'3%"3° In this case,
APAF-1 forms a scaffold to recruit caspase-9 monomers, which are
then dimerized to form the catalytically active enzyme'®'%2,
When activated, caspase-9 cleaves and activates caspase-3 and
caspase-7, initiating the apoptotic cascade and cell
death'""138140-12 \While caspase-3 and caspase-7 also act as
executioners in the extrinsic apoptosis pathway, the upstream
events that lead to their activation differ from those in the intrinsic
pathway. Extrinsic apoptosis is driven by extracellular ligand-
induced death receptor (DR) signaling. This is mediated by a
group of transmembrane DRs, which include TNF receptor 1
(TNFR1/CD120a), APO-1 (commonly called Fas or CD95), DR3, DR4,
and DR5%%'*37%> The binding of these receptors to their cognate
trimeric ligands induces apoptosis via the extrinsic pathway, which is
characterized by receptor oligomerization and recruitment of the
downstream adaptors, FAS-associated death domain (FADD) or
TNFR1-associated death domain (TRADD). These adaptors bridge the
initiator caspases, such as caspase-8 or -10, to form a macro-
molecular death-inducing signaling complex (DISC)>>'46714%
caspase-8 then activates executioner caspases, inducing cell death.
In addition, activation of caspases via the granzyme B pathway is a
key mechanism of cell death during cytotoxic T lymphocyte (CTL)/
natural killer cell (NK)-mediated cytotoxicity'3*'*. Dysregulation of
apoptosis has been linked to several pathological conditions'".

Beyond apoptosis, caspases also drive innate immune, lytic,
inflammatory cell death, including pyroptosis and PANoptosis.
Pyroptosis is a caspase-1-mediated lytic form of cell death, which
is distinct from the non-lytic apoptotic pathway. It was character-
ized as an inflammatory form of cell death because caspase-1
induces the maturation and release of the proinflammatory
cytokine IL-18'%"°°, Caspase-1 activation is regulated downstream
of innate immune pattern recognition receptors (PRRs) sensing
their cognate ligands to form the inflammasome, a molecular
platform that drives caspase-1 activation®'. Multiple PRRs,
including NLRP3, NLRP1, NLR family CARD-containing protein 4
(NLRC4), absent in melanoma 2 (AIM2), Pyrin, and others, can
induce inflammasome formation and caspase-1 activation®. NLRP3
is the most well-studied inflammasome sensor, and it is activated
by several innate immune stimuli, such as lipopolysaccharide (LPS,
a gram-negative bacterial outer membrane component), ATP,
nigericin (an antibiotic derived from Streptomyces hygroscopicus),
aluminum salts, monosodium urate crystals, and other
triggers15717'151’152.

In addition to caspase-1, it is now known that other
inflammatory caspases, including caspase-11 in mice and cas-
pase-4/-5 in humans, are also involved in inflammasome forma-
tion in response to intracellular LPS®*'>37°5, Discerning the roles
of caspase-1 and -11 in host defense against bacterial infections
was initially complicated by early efforts to generate a caspase-1-
knockout mouse, as the genetic targeting of caspase-1 in these
mice also disrupted the function of the closely linked caspase-11
gene. These doubly deficient mice were resistant to endotoxic
shock and lethality induced by LPS'*”'*®, However, when the
genetic deletion of caspase-11 alone was achieved, it was found
that these mice were also resistant to LPS-induced septic
shock®'%%, suggesting that the LPS response in the original
caspase-1/-11 doubly deficient mice was due to caspase-11. It is
now known that caspase-11 triggers lytic cell death in
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macrophages and dendritic cells during gram-negative bacterial
infections®*'%"¢", Unlike caspase-1, which requires the assembly
of the inflammasome complex for activation, caspase-11 can be
directly activated by LPS to undergo self-oligomerization and
autoactivation®'>'>> Caspases process and multimerize pore-
forming gasdermin family members, such as GSDMD, to drive lytic
cell death'8206672.100102103162163 ' Clagyage of the linker region
between the N- and C-terminal domains of GSDMD liberates the
active N-terminus from the autoinhibiting C-terminal domain'82°,
allowing the active N-terminal GSDMD fragments to translocate to
the plasma membrane and form oligomeric pores, which in turn,
leads to the extracellular release of inflammatory cytokines and
DAMPS66,162,163

In addition to their roles in apoptosis and pyroptosis, caspases
are also key regulators of PANoptosis®''?%'%% Bacterial and viral
pathogens such as influenza A virus (IAV), herpes simplex virus
type-1 (HSV1), or Francisella novicida, as well as exposure to other
PAMPs, DAMPs, cytokines, and homeostatic changes, induce the
activation of PANoptotic molecules, including caspases (eg.
caspase-1, -8, -3, and -7) and RIPKs?'~2773747683 The prototypical
example of PANoptosis activation is seen during 1AV infection. In
this case, ZBP1 acts as the innate immune sensor for IAV infection
and forms the ZBP1-PANoptosome, containing NLRP3, ASC, RIPK3,
RIPK1, caspase-8, and caspase-6, to activate the NLRP3 inflamma-
some, caspase-1, -8, -3, and -7, RIPK3, and downstream executioners
to drive inflammatory cell death?**”7>, Deletion of individual
downstream components, such as caspase-1 for pyroptosis and
MLKL for necroptosis, does not protect against IAV-induced cell
death in macrophages®””’®. This observation differentiates PANop-
tosis from other forms of lytic cell death. Indeed, deletion of the
upstream sensor ZBP1 completely protects macrophages from IAV-
induced cell death and caspase activation’’. The ZBP1-
PANoptosome has also been proposed as a therapeutic target for
cancer treatment, as it can be induced by treatment with IFN and a
nuclear export inhibitor to drive tumor regression’”. Several other
innate immune sensors have been implicated in PANoptosome
formation in response to bacteria, viruses, fungi, and sterile stimuli,
including AIM2, NLRC5, NLRP12, NLRP3, and RIPK1, and caspases
have been identified as key components of each of the
PANoptosomes characterized to date?'>'®> The collective litera-
ture highlights PANoptosis as a distinct pathway with clearly
defined genetic and biochemical features.

Together, these studies have defined the central role of a
diverse array of caspases in driving cell death as part of the innate
immune response against infections, inflammatory conditions,
and cancers.

FEATURES OF THE CASPASE CATALYTIC DOMAIN

The primary function of caspases is to cleave their substrates.
During the activation of cell death, development, and innate
immune pathways, caspases cleave several hundred substrates to
dismantle the cell'*®. To carry out these functions, most caspases
contain a proteolytic C-terminal catalytic domain with large
(17-20kDa) and small (10-12kDa) subunits connected by an
inter-subunit linker (Fig. 1)'*°. The catalytic domain must undergo
structural changes and forms a substrate-binding pocket that
enables enzymatic activity. In addition to a catalytic domain, some
caspases also contain a non-enzymatic pro-domain (i.e,, CARD or
DED) in the N-terminal region, which facilitates protein-protein
interactions'®7168,

Different caspases undergo activation in diverse ways, many
of which are driven by the structural aspects of the proteins.
Executioner caspases exist as homodimers in the inactive state,
and they are activated upon cleavage of the large and small
subunits in the C-terminus. In contrast, inactive initiator caspases
exist as monomers and become activated upon dimerization'®®,
Most effector pro-caspases undergo proteolysis to become
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Active site 1

L2/L2’

Active site 1

Active site 2

Fig. 2 Structural representation of caspase dimer. Caspase zymogen (PDB ID: 1GQF) with each protomer unit of the caspase heterodimer
colored in pink and cornflower blue, respectively. The active site loops L1-L4, intersubunit linker (L2/L2" and IL), and L1’ from the second
heterodimer are shown. Positions of p strands p1-p6 and helices H1-H5 are indicated.

active; the active caspases in their homodimer/heterodimer
configurations form a two-fold axis that is associated with the
pair of catalytic domains and forms two active sites'’®. Atomic
structures show that the matured caspase protomer is formed
by the folding of large and small subunits into a single domain
in a head-to-tail manner; one protomer provides an interface
that stabilizes the active conformation of the adjacent protomer,
which is referred to as the caspase-hemoglobinase fold®*'”"
(Fig. 2). The fold of the caspase protomer is composed of six
B-sheets (B1-p6) with five a-helices (H1-H5) on the protein
surface. The helices H2 and H3 reside on the same face of the
protein, whereas helices H1, H4, and H5 are on the opposite side
(Fig. 2). The protomer also contains three short B-sheets near the
surface of the active site that undergo significant structural
changes upon activation, while no changes occur in the core 6
B-strands®?.

Structural studies using peptide-bound caspases have found
that they share a similarly shaped active site. The binding site
contains five loops that connect a-helices and B-sheets in the
vicinity of the active site, referred to as L1-L4 and L2'. The L1 loop
constitutes one side of the groove by connecting 31 and H1, while
the L2 loop, which harbors the catalytic residue Cys, and L2’ form
the intersubunit linker (IL) connecting 34 in the large subunit to B5
in the small subunit. Additionally, the L3 loop connects 35 and H4,
and the L4 loop represents the other side of the active site by
connecting H5 and B6'7%'73 (Fig. 2). During caspase maturation,
the IL is cleaved, resulting in the L2’ loop of one protomer
interacting with the L2 and L4 loops of the second protomer and
stabilizing the active conformation'’>. Hence, a single protomer
cannot be active, because it lacks the cross-protomer interactions
in the active site loops.

Among all the loops, L1 and L3 display relatively conserved
lengths and compositions across all mammalian caspases,
whereas L2 and L4 are highly divergent'’®. These five loops
determine the sequence specificity of the caspase substrates.
Within the active site, the specificity-determining pocket accepts
specific residues, named the P4-P1 sites, on the substrate; the
convention for naming substrate residues interacting with any
protease active site is based on Schechter and Berger'’”.
Generally, S1-54, the corresponding subsites (S) on the caspase,
are the key sites that determine the specificity of the substrate
recognition. The primary specificity site (S1) is the deep and basic
pocket in the caspase that accommodates the aspartic acid
residue from the substrate, leading to the cleavage site in the
substrate (referred to as P1) (Fig. 3a)'’®.

SPRINGER NATURE

CASPASE SUBSTRATE RECOGNITION

The available protein structures of caspases in the presence of
peptide-based inhibitors have shown that most caspases share a
similar conformation in their substrate-binding groove and
interact in similar manners. Through Nov 2024, 329 experimental
3D structures of human caspases had been deposited in protein
data bank (PDB) (Table 1), along with hundreds of caspase
substrates. Most peptide-bound caspase active site structures
show similar structural organization, leading to a hypothesis that
the substrate-binding pocket of caspases is pre-formed'”°.
However, the crystal structure of apo caspase-7 (an unbound
form of the enzyme) shows that the loops forming the active site
are significantly different compared to its holo form (peptide-
bound form of the enzyme), suggesting that a conformational
change occurs upon ligand binding, enabling the enzyme to
effectively perform its catalytic function'””.

In general, the caspase active site forms a deep and basic
pocket to accommodate the aspartic acid residue of the substrate
(P1), leading to substrate cleavage (Fig. 3a). Caspases can be
distinguished by their ideal binding pocket P4-P3-P2-P1 residues,
which correspond to the S4-53-52-S1 subsites. The S1 and S3 sites
are nearly identical among all caspases, and the identities of the
S2 and S4 sites are highly conserved'’?. Numerous structures of
peptide-bound caspases have identified that all caspases require
an aspartate residue at the P1 position to recognize their
tetrapeptides. The S1 subsite renders a cavity on the surface of
the binding groove that accommodates its substrate’s aspartate
residue; hence, the prerequisite for having an aspartate residue at
the P1 position is highly conserved in caspases®'3%'74, However,
the enzyme specificity of the substrate is predominantly
determined by the amino acid preference at its P4 position. Most
structural studies have focused on identifying novel substrates
based on the P1-P4 site in substrate-bound caspase structures,
which has led to the development of substrates that only target
the P1-P4 sites in various caspases®®'>®,

A combination of global strategies, such as the use of substrates
equipped with reporter groups, potential scanning-substrate
combinatorial libraries, microarray techniques, phage display
libraries, and proteomic-based techniques, have enabled the
identification of several peptide-based substrate targets for
individual caspases®''787'82 However, the number of substrates
identified for each of the caspases varies significantly. For
example, only a few dozen targets have been reported for
caspases-4, -5, -9, and -14, while hundreds of targets for caspases-
1,-2,-3, -6, -7, and -8 have been found'®'. Additionally, proteome
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Fig.3 Substrate binding to the caspase active site and exosite. a The naming convention for substrate residues interacting with the caspase
active site'’>. The substrate residues to the N-terminal side of the cleaved peptide bond are named P1-P4, and the ones to the C-terminal side
are named P1-P4’ Several substrate residues interact with proteases with specific interacting 9pockets, which are named S (subsite) and
numbered following the same logic used as the P1-P4 and P1'-P4’ in the substrate. Adapted from®°. b Substrate binding to the caspase active
site. lllustration of three classes of caspase substrate-binding specificities on the protein active site (54-S1) to the substrate (P4-P1) positions;
the caspase structures are shown in gray, and the substrates are shown in magenta. Caspase-1 (PDB ID: 1IBC), caspase-2 (PDB ID: 1PYO), and
caspase-8 (PDB ID: 1QTN) are provided as examples. c lllustration of the human caspase-1:murine GSDMD complex structure (PDB ID: 6VIE)

showing the active site and an exosite 20 A away from the active site region.

degradation studies characterizing the kinetics of target cleavage
show that each caspase has a preferred substrate group, which
can sometimes overlap with the preferred substrate group of
other caspases'®’. However, the rate of cleavage for these
caspases varies over 500-fold within each group. Synthetic
tetrapeptides have been suggested for use in therapeutics, based
on their ability to interact with caspases. Detailed literature on
caspases and their tetrapeptide substrates has been reviewed and
characterized elsewhere®"'8'7'83 byt these peptide-based sub-
strates have limitations, as they lack selectivity, and several
potential substrates require functional validation. Together, these
issues lead to uncertainties about the therapeutic effects of
tetrapeptides.

Based on their ability to recognize specific tetrapeptide
substrate sequences, caspases are classified into three groups:
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Group | (caspase-1, -4, -5, -14), Group |l (caspase-2, -3, -7), and
Group Il (caspase-6, -8, -9, -10) (Fig. 3b)°%. Group | caspases
recognize a specific amino acid sequence called the (W/Y/L)EHD
sequence®. In this sequence, P4 may be W, Y, or L, whereas P3, P2,
and P1 must be E, H, and D, respectively. Group Il caspases
recognize the DEXD sequence, where P2 may be any amino acid
(X)°2. Caspases in Group Il recognize the (L/V/EXD sequence,
where P4 may be either L, V, or | and P2 may be variable
(Fig. 3b)®2. The sequence specificity of each caspase has been
determined based on peptide-bound experimental structures that
do not consider the full-length protein substrate scaffold. Hence,
defining the functional role of discrete proteolytic events within
the global substrate pool is a major biological objective. Future
studies will be needed to improve our knowledge of caspase
substrate recognition beyond the P4-P1 substrate sites.
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CASPASE SUBSTRATE CLEAVAGE

Several cellular and proteomic approaches have been used to
identify how specific caspases cleave their substrates after an aspartic
acid in different innate immune and cell death pathways®”'®'. For
instance, the executioner caspase-3 can specifically cleave human
GSDME at the consensus motif DMPD, allowing pore formation and
eventual cell death’>*°. Mutations in either Asp residue within the
DMPD peptide motif confer resistance to cleavage’. This under-
scores the critical role of this motif in the activation of GSDME by
caspase-3. While the other executioner, caspase-7, shares the same
recognition motif (DXXD) as caspase-3'*'%>, it cannot cleave
GSDME’>'8, This distinction suggests a unique activation mechan-
ism for GSDME by caspase-3. Moreover, although caspase-3 and -7
can cleave specific substrates such as poly (ADP ribose) polymerase-1
(PARP1), RhoGDI, and ROCK 1 with similar efficiency, these proteases
display differences in their ability to cleave many other substrates,
with caspase-3 having a much broader array of substrate specificity
than caspase-7'®’. This may be because caspase-3 has extremely
high K_4 values, allowing it to process substrates that are considered
specific for other caspases'®®'®°,

Additionally, studies using subtiligase reverse N-terminomics have
shown that caspase-1 cleaves its substrate GSDMD at the FLTD
tetrapeptide motif'®"83, In vitro experiments confirmed that the
cleavage of GSDMD by caspase-1 occurs rapidly at 1.3 x 10° M/s
(Kea/Kyp). Caspase-1-mediated cleavage of GSDMD releases its
N-terminal domain to facilitate pore formation and subsequent lytic
cell death'®2066162163  Caspase-1 was originally identified as the
processing enzyme for pro-IL-1B and IL-18"°"%°, and mature IL-18
and IL-18 are released through the GSDMD pores'®2%'9*1% stydies
have shown that caspase-4 and -5 also play a role in the maturation
of IL-18 in vitro and during bacterial infections®*'*%'¥’, and the
tetrapeptide substrate specificity for caspase-1 and -4 is the same in
recognizing IL-18'%. Furthermore, comparisons of structure and
sequence identified that caspase-5 contains the conserved residues
that mediate caspase-4 binding to IL-18'%. However, the murine
homolog of caspase-4/-5, caspase-11, is unable to cleave IL-18.
Mutations that replace caspase-11 active site and/or exosite residues
with those from caspase-4 restore the cleavage ability'®®. Together,
these structure-function relationships define the role of multiple
caspases in innate immune responses.

ROLE OF CASPASE EXOSITES IN SUBSTRATE RECOGNITION

Improved structural understanding of the caspases has shown that
the caspase active site is not the only determinant of the substrate
tetrapeptide sequence that is cleaved. A secondary binding site
(exosite) distinct from their active site has also been identified'*%'%°,
An exosite in caspase-7 was found to facilitate the binding and
cleavage of PARP1 and heat shock protein 90 (Hsp90). The lysine
residues (K(38)KKK) in the N-terminal region of caspase-7 are critical
for the proteolysis of these substrates. Although caspase-3 and
-7 share similar tetrapeptide specificity, caspase-7 is more effective in
cleaving these substrates because of its secondary binding site®®.
Structures of caspase-1, -4, and -11 in complex with the GSDMD
C-terminal domain (GSDMD-CTD) show that the GSDMD-CTD plays a
role in the recognition of these inflammatory caspases through a
small B-sheet, referred to as an exosite?®’. These findings suggest
that the tertiary structure of GSDMD s critical for its recognition by
inflammatory caspases and the subsequent activation of inflamma-
tory cell death®'. However, these structures do not explain how
inflammatory caspases can simultaneously recognize full-length
GSDMD through exosites and active sites. Recently, a crystal
structure of full-length human caspase-1 complexed with murine
GSDMD showed an exosite situated 20 A away from the caspase-1
active site (Fig. 3c)'®®. Structural and mutational analyses of the
GSDMD-CTD suggest that the GSDMD-CTD (exosite region) serves as
a caspase recruitment module, in addition to its role as an
autoinhibition domain that regulates the cytolytic function of the
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GSDMD-N-terminal domain (NTD). Caspase-1 engages with GSDMD
through dual interfaces, which is crucial for substrate selectivity and
limits the number of physiological substrates'?®?°". In addition, the
crystal structure of caspase-4 complexed with pro-IL-18 has shown a
dual site substrate recognition, and a similar dual substrate
recognition mechanism is observed in caspase-5 and caspase-1 to
process pro-IL-18"%%. In mouse caspase-11, structural divergence was
observed around the exosite region, resulting in its inability to
process pro-IL-18. The structure of pro-IL-18 takes an autoinhibitory
conformation due to the interactions between the pro-peptide and
the post-cleavage site region, which prevents recognition by IL-18Ra.
The cleavage of pro-IL-18 by caspase-1, -4, or -5 results in significant
conformational changes, creating two critical receptor-binding sites
for the matured IL-18"%522, While these findings demonstrate the
importance of the exosites in caspase-mediated proteolysis of their
substrates, quantitative analyses will be needed to demonstrate the
dominant role of an exosite in its initial enzyme-substrate
association. These findings highlight the importance of studying
full-length caspases with their respective substrates to provide novel
insights into structure-based drug design.

CASPASE PRO-DOMAINS

While caspase active sites and exosites drive substrate recognition
and cleavage, caspase pro-domains are central to their
protein—protein interactions, making them critical for caspase function
and regulation. The caspase pro-domains (i.e., CARD and DED) belong
to the death domain (DD) superfamily and facilitate the formation of
oligomeric supramolecular complexes via self-association or interac-
tion with other CARD/DED-containing proteins'®”'%8293204  The
number of amino acids in the pro-domain varies between 119 and
219, and these domains possess specialized sequences that interact
with their activation scaffolds. Caspase-8 and caspase-10 contain two
DEDs that are known to interact with similar domains on adaptor
proteins, while caspase-1, -2, -4, -5, and -9 contain CARDs that interact
with the CARDs of their respective adaptor or effector proteins.
Caspase-11 and -12 also contain CARDs, but these are less well
characterized. In contrast, caspase-3, -6, -7, and -14 have short or no
pro-domains, without CARD or DED regions (Fig. 1)*°.

The pro-domains are critical for a variety of protein—protein
interactions in cell death complex formation. For instance, inflam-
masomes recruit pro-caspase-1 through a CARD-CARD interaction,
leading to the activation of caspase-1 to drive inflammatory cell
death®'. Similarly, PANoptosomes contain multiple caspases. For
example, during AV infection, PANoptosis is associated with the
activation of multiple caspases, including caspase-1, caspase-8,
caspase-3, and caspase-7, and is further augmented by caspase-
6272774 Microscopy and co-immunoprecipitation studies have
shown that multiple caspases, including caspase-1 and -8, are key
components of PANoptosomes®>' 57>, The formation of the
PANoptosome has been hypothesized to involve CARD-CARD,
PYD-PYD, and PYD-DED interactions®®*, but their specific molecular
interactions remain understudied. Understanding the mechanisms of
DED or CARD interactions with adaptor proteins is an area of
intensive study that has been investigated and reviewed else-
where!67168203.205 " gyryctural and sequence analyses of the pro-
domains of caspases have identified a limited sequence similarity,
but high structural similarity®’, suggesting a critical role for caspase
structure in their functions.

Caspase-CARD interactions

The CARD is a well-known protein interaction module in the DD
superfamily. CARDs are key death domain folds that have evolved
to be part of innate immune sensors or death receptors and often
mediate the formation of supramolecular signaling complexes to
induce caspase activation and downstream signaling. CARDs can
be found in caspase-1, -2, -4, -5, -9, -11, -12, and common CARD-
containing proteins for interaction are ASC, APAF-1, CARMAT1,

Cell Discovery



BCL10, NOD2, NLRC4, MAVS, and RIG-I°°°. The CARDs interact in a
homotypic or heterotypic manner with their partners, and
disruption of these interactions has been considered a therapeutic
target for infectious and inflammatory diseases as well as
cancers'""'%%"%” The known structures and sequences of CARD-
containing proteins show that they have low sequence similarity
but share a similar structural fold. The hallmark of the CARD-
containing proteins is their 6 helical bundles, which is a common
structural feature of the DD superfamily'®’. Caspases containing a
CARD pro-domain at the N-terminal region are required for the
assembly of supramolecular complexes in the signaling cascade.
For example, APAF-1 CARD interacts with the caspase-9 CARD
during apoptosome formation. The binding surface of APAF-1
CARD is primarily acidic and involves interactions among the a2,
a3, and a5 helices. The a2, a3, and a5 helices interact with a1l and
a4 of the corresponding partner CARD, forming an antiparallel
four-helix bundle. It has been suggested that the a5 helical motif
undergoes a binding-induced conformational change, promoting
the complex formation®®”.

Similarly, the CARD of ASC interacts with the caspase-1 CARD
and forms the inflammasome (Fig. 4a)'*?%. Over the last two
decades, extensive research has been conducted on the molecular
components and activation mechanisms of different inflamma-
somes, which have been implicated in several infectious and
inflammatory diseases and cancers*®®. Given its critical role in
inducing cell death, as well as disease relevance, understanding
the mechanisms of inflammasome formation is a central research
focus. Cryogenic electron microscopy (cryo-EM) structures of
homodimer/heterodimer CARD filaments have provided structural
insights into the nucleation and polymerization of these higher-
order assemblies (Fig. 4b)'®®. Filamentous structures of ASC and
NLRC4 CARDs indicate that they both share similar helical
assembly patterns, with type-l & Il interfaces forming between
interstrand interactions and type-lll interfaces displaying intras-
trand interactions; together, these interfaces are composed of
strong charge-charge interactions (Fig. 4c). Based on these
observations, it is possible that the downstream caspase-1 CARD
recruitment occurs through charge complementarity'¢2,

Inflammasomes can also be integral components of larger
multiprotein, cell death-inducing complexes called PANopto-
somes to drive PANoptosis®' %74, Several studies have suggested
potential roles for CARDs in PANoptosis. For example, the
filamentous CARD-containing adapter ASC is a core component
of many PANoptosomes and could recruit caspase-1 to allow
PANoptosomes to efficiently process proinflammatory cytokines,
such as IL-1B and IL-18°"%%. However, further biochemical
analyses, as well as cryo-EM or cryogenic electron tomography
(cryo-ET), will be useful to demonstrate the involvement of
caspase-CARD interactions in the formation of PANoptosomes.

Caspase-DED and heterotypic interactions

Activation of membrane-bound death receptors following ligand
binding induces receptor multimerization followed by conforma-
tional changes of the intracellular DED to recruit adaptor proteins
via homotypic DD interactions>*>%, The DED-containing adaptor
protein may then recruit its partner caspases through similar DED/
DED interactions®'®. In addition to caspase-8 and -10, DED-
containing proteins that can interact with caspases also include
FADD, c-FLIP, PEA-15, DEDD, and DEDD22%. The importance of
DED/DED interactions in innate immunity is well documented. For
example, FADD recruits its downstream partner caspase-8/-10 in
response to its intracellular activation''. FADD and caspase-8 are
key components of the canonical CD95, TRAIL-R, TNFR complex-Il,
and RIPK1/RIPK3-containing ripoptosome complexes*®?'?, as well
as the cytosolic FADDosome complex®'®. DED-mediated interac-
tions between FADD and caspase-8 can drive cell death in these
scenarios. In addition, recent studies suggest that the lytic cell
death adaptor protein ASC recruits caspase-8 as a binding partner
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via PYD/tandem DED (tDED) interactions to regulate cell
death?'*?'®, In addition, regulation of the inflammasome can
depend on caspase-8 and FADD, and these interactions may be
critical for this regulation®®. The first structure of the caspase-8
tDED in its filament form identified three types of interactions for
asymmetric interfaces, similar to CARD filaments (Fig. 4d)*®°.
Beyond the inflammasome, the caspase-8 DED is also a critical
component for the formation of other multiprotein complexes. For
instance, in the assembly of death receptor signaling complexes,
homotypic interactions between the pro-caspase-8 tDEDs and
DED of FADD are critical’®2', Additionally, the caspase pro-
domain homotypic/heterotypic interactions between proteins
facilitate PANoptosome formation. Heterotypic interactions
between the PYD of the central PANoptosome component ASC
and the DED of caspase-82'° are likely essential to bring together
the components of the PANoptosome. In addition, caspase-6 is
critical to facilitate complex formation in the context of the ZBP1-
PANoptosome, where caspase-6 potentiates the interaction
between ZBP1 and RIPK3 to drive inflammatory cell death?; this
likely occurs through heterotypic interactions and is independent
of caspase-6's enzymatic activity. Co-immunoprecipitation studies
with full-length ZBP1, RIPK3, and inactive caspase-6 showed
enhanced binding of ZBP1 to RIPK3%°. Furthermore, in vitro
studies with truncated domains of each of these proteins suggest
that both the N-terminal and C-terminal domains of caspase-6
interact with N- and C-terminal regions of RIPK3, possibly via
intrinsically disordered regions (IDRs). Together, these findings
suggest that caspase-6 IDRs enable the assembly of the ZBP1 and
RIPK3 complex in the ZBP1-PANoptosome?®. However, to establish
the comprehensive mechanism of how these supramolecular
structures assemble and recruit their respective caspases, deter-
mination of the full-length structures of these protein complexes
will be needed. The structural information may provide precise
insights into the conformational selection mechanism of each
partner during their assembly and identify the exact heterodimer
interfaces between them to inform structure-based drug design.

CASPASES IN DISEASE AND THERAPY

Given the diverse roles of caspases, genetic mutations in
caspases can affect the onset and outcome of many diseases,
including susceptibility to infection, inflammatory diseases,
cancer, neurodegenerative diseases, and many others'"%3,
Defects in caspase activation can promote tumorigenesis or
infection, while excessive caspase activation can lead to aberrant
cell death and inflammation to promote neurodegeneration,
cancer, or inflammatory diseases. For example, emerging
evidence suggests that excessive caspase-6 activation contri-
butes to axon degeneration in Alzheimer's and Huntington’s
disease®'’72?', though this remains controversial. Mutations that
alter caspase function have been identified in several can-
cers342227224225-231  £or example, chain terminator R68* and
Q97* mutations in the N-terminal region of pro-caspase-8 abolish
TRAIL-induced dimerization and its ability to trigger apoptosis;
these mutations are associated with the development of head
and neck squamous cell carcinoma (HNSCC) tumors®?>. Other
truncation mutants that retain both DEDs, such as S375* and
S386%, have also been found. These mutants may inhibit caspase-
8 activation through the formation of non-functional dimers®??,
potentially predisposing patients to cancer development. In
addition, the L105H mutation has been identified in patients with
HNSCC. This mutation provides resistance to cell death, which
may contribute to worse outcomes in patients with HNSCC?%°22¢,
However, the details of the specific inhibitory mechanism of the
L105H missense mutation on caspase-8 activation remain
unclear. Furthermore, patients with acute myeloid leukemia with
the pro-caspase-8 mutation P10 or the Q428H variant are more
likely to resist chemotherapy®?’. A specific missense mutation
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Caspase-1 CARD filament

Caspase-8 tDED filament

Fig. 4 Structural analysis of caspase pro-domain and interactions with its partners. a lllustration of ASC:caspase-1 CARD octamer complex
structure (PDB ID: 7KEU); ASC is shown in yellow, and caspase-1 in gray. b Representation of the caspase-1 CARD filament (PDB ID: 5FNA); each
individual monomer unit of caspase-1 CARD is represented by a different color for clarity. c lllustration of the three common types of interactions
between tadem DED (tDED) or CARD monomers of the caspases. d Structural representation of caspase-8 tDED filament (PDB ID: 5L08); the
individual monomer tDED molecules are colored in pink and cornflower blue, respectively, to indicate the formation of the tDED filament.

(C70Y) has also been identified in the p23 large subunit of
caspase-7, which may result in a loss of cell death function
in vivo, and this inactivating mutation may contribute to the
pathogenesis of some human solid cancers?*®. However, because
caspase-7 can be activated downstream of BAX/BAK-dependent
mitochondrial permeabilization®®?3?, and this permeabilization
can drive caspase-independent cell death?*?, the role of this
mutation in the pathogenesis of human solid cancers remains
speculative. Additionally, the Q221R variant in caspase-9 has
been suggested to induce a conformational change that might
affect the interaction with APAF-1 and potentially contribute to
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colon cancer??>%3°, However, APAF-1 is not a tumor suppressor
gene, and APAF-1-null cells still undergo cell death in response
to cytotoxic stimuli''2 Therefore, the functional consequences of
the Q221R mutation on caspase-9 activity and its potential role in
cancer development require further experimental validation.
Moreover, caspase-5 mutations, including frameshift, missense,
and silent mutations, have been found across diverse cancer
types, with a notable incidence in gastric carcinomas®'.
Caspase-1 and caspase-4 mutations were also identified, invol-
ving a missense mutation resulting in amino acid substitution®*"
(Table 1). These findings highlight the critical roles of caspases in
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tumor development and provide insights into potential mechan-
isms of inhibition and loss of function caused by these
mutations.

Furthermore, genetic mutations in components of caspase
signaling pathways can induce dysregulated caspase activation
and are also clinically significant®®. Gain-of-function mutations
have been identified in innate immune PRR sensors that activate
caspases. For instance, gain-of-function mutations in NLRP1
increase susceptibility to skin inflammation and skin cancer®>.
Primary keratinocytes from these patients produce increased
levels of IL-1B, leading to spontaneous inflammation®3>23¢,
Moreover, NLRP1 mutations that lead to elevated activation of
caspase-1 and IL-18 have been found in patients who have skin
dyskeratosis, arthritis, and periodic fever**’. In addition, gain-of-
function mutations in NLRP3 have been identified as the cause of
cryopyrin-associated periodic fever syndromes (CAPS)?372°, CAPS
is a collective term that includes three autosomal dominant
disorders, namely familial cold autoinflammatory syndrome
(FCAS), Muckle-Wells syndrome (MWS), and neonatal-onset multi-
system inflammatory disease (NOMID). Studies conducted using
an FCAS mouse model have identified that caspase-1-mediated
cell death, as well as the release of IL-14, IL-18, and TNF, contribute
to the pathophysiology®*'~243,

In addition to their role in cell death pathways and inflamma-
tion, caspases are also involved in various other cellular processes
that are linked to disease. In mammals, caspase-3 inhibitors (CI3,
C314), in combination with caspase-9 inhibitors (C912), can prevent
axon regeneration in dorsal root sensory neurons by preventing
the formation of the growth cone?**. Calpain, a calcium-activated
protease, may activate caspase-3 during this process**>. Caspase-3
has also been identified as a regulator of spine density and
dendrite morphology, and deficiency in this enzyme is associated
with extra spines. Caspase-2 plays a role in controlling dendritic
spine density and cognitive function®*®. Moreover, caspases, such
as caspase-9 and caspase-3, are involved in axonal guidance and
synaptogenesis, which affect the proper projection of axons and
the formation of synapses. Additionally, caspase-3 is linked to
actin cytoskeletal rearrangement during both apoptotic and non-
apoptotic processes, such as macrophage polarity formation®*’.

Several caspase inhibitors, both natural and synthetic, have been
developed for potential therapeutic applications in multiple
pathologies (Table 1). A serine protease inhibitor cytokine response
modifier A (CrmA) was the first natural inhibitor discovered to act on
caspase-1, -8, and -10, and it can efficiently reduce inflammation by
preventing cell death and the production of IL-13 and interferon
v?*72%0 In addition, several synthetic caspase inhibitors have also
been developed as potential treatments for diseases associated with
aberrant cell death. Typically, these inhibitors are categorized as
peptide-based and non-peptide-based compounds®'. One of the
peptide-based inhibitors, Belnacasan, is a reversible inhibitor of
inflammatory caspases that blocks the active site of caspase-1 to
prevent inflammation in animal models®>2. Emricasan, the first FDA-
approved irreversible broad-spectrum caspase inhibitor, has anti-cell
death and anti-inflammatory effects, and it is currently undergoing
broad clinical testing. The selective nature of this pan-caspase
inhibitor has prompted research to focus on its potential applica-
tions>>>?>*,  Another irreversible pan-caspase inhibitor, VX-166,
reduces hepatocellular cell death, inflammation, and fibrosis in
models of nonalcoholic steatohepatitis (NASH) induced by a
methionine-choline diet (MCD) or high-fat diet (HFD)?>®. Similarly,
M867, a peptidomimetic caspase-3 inhibitor, reduces tumor
progression and vasculature in H460 lung cancer cells in vitro and
in vivo in response to ionizing radiation®*®. The other additional
caspase inhibitors and their clinical use have been previously
reviewed elsewhere**'**’ (Table 1).

While multiple caspase inhibitors are being developed for
therapeutic applications, only a limited number of compounds
have reached clinical trials due to a lack of specificity and efficacy,
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toxicity issues, and the development of drug resistance®®'. The
recent ability to develop nanobodies targeting other cell death
molecules, such as GSDMD or ASC**®2%%, suggests a potential to
develop new, selective caspase inhibitors through similar techni-
ques. To continue improving the design of effective caspase
inhibitors for different diseases, it remains critical to improve our
understanding of the structure and functions of multiple caspases
in disease models.

SUMMARY AND FUTURE PERSPECTIVES

Caspases are central regulators of cell death and inflammation as
part of the innate immune system; hence, their signaling pathways
are attractive targets for structure-based drug design to mitigate
pathological responses in various infectious and inflammatory
diseases and block cancer progression. The structure of caspase-1
(PDB ID: 1ICE) was the first to be solved in 1994%°°2°' and now
approximately 329 human caspase structures have been deposited
in PDB. These structures, combined with rapid progress in functional
studies, have led to the design of small molecules to target different
caspases, as well as improved understanding of their functional
impacts across in vitro and in vivo preclinical studies. Over the past
decade, tremendous progress has been made in caspase biology,
including in identifying the crosstalk among different caspases and
the identification of the role of caspases in driving inflammatory cell
death. This progress has elucidated significant molecular connec-
tions among apoptosis, pyroptosis, and necroptosis, which could not
be addressed by these established cell death models, leading to the
identification of PANoptosis®®. For instance, caspase-1, an essential
pyroptotic molecule, cleaves caspase-7 during Salmonella infection
and in response to LPS plus ATP stimulation®”*®, Caspase-1 has also
been shown to cleave the apoptotic PARP1 in response to
inflammation-activating triggers®®, and the loss of caspase-1 or
GSDMD leads to the activation of caspase-3, -7, -8, or -925272%%,
Furthermore, caspase-8 can regulate pathways that activate
caspase-1°%, and caspase-1 and -8 can have functionally redundant
roles in disease contexts’®. Additionally, caspase-8 has been well-
established as a regulator of apoptosis, and emerging evidence
establishes its critical role in PANoptosis, acting as a core component
of the PANoptosome®' 247> " Given caspase-8's multifaceted
regulatory roles in both non-lytic and lytic cell death, any
impairment in its function can lead to several human diseases and
solid tumors®/°069108265 10 10% of human HNSCC tumors, as
well as uterine, stomach, cervical, colorectal, and bladder cancers,
can be attributed to the loss of caspase-8 or mutations in caspase-
83760266267 pdditionally, advances in caspase research have led to
the identification of the non-canonical inflammasome and the role
of different GSDMs as cell death execu-
tioners'8-206672799899162163,268  Cq|lectively, these advances have
provided novel targets for therapeutic applications that are rapidly
progressing through preclinical studies. It is likely that caspases have
further impacts on cancers and diseases, which are not yet fully
understood. Therefore, it would be beneficial to improve our
understanding of the molecular mechanism and structural impacts
of caspases and their roles in supramolecular protein complexes,
such as PANoptosomes. This understanding is crucial for the
development of new therapeutics.

It will also be critical to further understand the non-enzymatic
functions of caspases to define their biological mechanisms. Caspases
can use homotypic interactions among DEDs and CARDs to form a
scaffold for oligomerization, which can induce proximity-dependent
activation of caspases or the caspase activity-independent assembly
of oligomeric signaling scaffolds. For example, caspase-8 scaffolds
play a critical role in the assembly of a caspase-8-FADD-RIPK1
complex in a protease-independent manner’'>. Additionally, the
executioner caspase-6 regulates ZBP1-mediated PANoptosome for-
mation and PANoptosis in a non-enzymatic manner?®. Much of this
knowledge has been gained through cell death phenotypes and
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genetic studies to identify functional roles of caspases. To better
understand how caspases drive innate immunity and how they can
be targeted for therapeutic purposes, it is essential to investigate the
intricacies of innate immune cell death complexes and their
interactions with caspases and other cell death executioners at the
molecular and structural levels. Advanced techniques such as cryo-ET,
combined with detailed proteomic and molecular biology
approaches, are well-positioned to address these questions and
open new avenues to use structural immunology to determine
caspase functions in health and disease and inform therapeutic
strategies.
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