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Abstract

Sections

Caspase activation platforms such as the apoptosome, inflammasome
and PIDDosome are central to cellular responses to stress, coordinating
inflammation, cell death and cell differentiation. Although each of these
complexes has been extensively studied inisolation, acomparative
understanding of their structural and functional principlesis lacking.
Here we provide anintegrated review of the architecture, activation
mechanisms and signalling outputs of these supramolecular signalling
platforms. All three of these platforms share abroadly conserved
domain architecture and promote proximity-induced caspase
activation, but they differ in their subcellular localization and upstream
triggers. Furthermore, we explore differencesin their downstream
effectors and roles inimmune signalling, cell cycle regulation and
tissue homeostasis. Germline mutations in humans affecting these
complexes are linked to cancer predisposition, immune dysregulation
and neurodevelopmental disorders, respectively. Finally, we discuss
therapeutic opportunities and unresolved questions, aiming to
stimulate cross-disciplinary research and translational applications.
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Introduction

The discovery of the apoptosome, inflammasome and PIDDosome
as caspase-activating platforms has transformed our understand-
ing of inflammation, cellular differentiation and regulated cell death
signalling. Despite having distinct upstream triggers and biological
outcomes, these supramolecular assemblies have marked similarities
in architectural and mechanistic principles. Each one functions as a
molecular platform that recruits specificinitiator caspases —enzymes
synthesized as latent monomeric zymogens with long prodomains —
into higher-order complexesin which enforced proximity drives their
dimerization and autoactivation'?. This conserved strategy couples
specificinitiator caspases to proteolytic cascades that determine cell
fate and shape intercellular communication.

The conceptual framework for caspase activation platforms
was established in 1997 with the seminal finding that mitochondrial
outer membrane permeabilization (MOMP) triggers the release of
cytochrome c, which, in the presence of dATP, binds to apoptotic
protease-activating factor 1 (APAF1) to assemble the apoptosome —
a heptameric ‘wheel-like’ complex that recruits and activates
procaspase-9° (Figs. 1and 2). This breakthrough uncovered how intra-
cellular apoptotic stimuli, such as hypoxia, DNA damage or growth
factor deprivation, engage the ‘intrinsic’ or mitochondrial apoptosis
pathway. Thisisin contrast to the contemporaneously described ‘extrin-
sic’ pathway of apoptosis, inwhich caspase-8is activated downstream of
plasmamembrane-bound death receptors of the tumour necrosis factor
receptor superfamily by the death-inducing signalling complex (DISC)*>.

The identification of the apoptosome and the DISC’ established a
unifying paradigm for initiator caspase activation. Unlike executioner cas-
pasesthatrely on proteolytic processing, initiator caspases are activated
by scaffold-induced proximity-driven dimerization within higher-order
oligomeric platforms®’ (Fig. 2). This principle directly informed the
concept of the inflammasome, first described in 2002° (Fig. 1), as a

Cloning of the
gene encoding

cytosolic supramolecular complex, the assembly of whichisinitiated by
specificinnateimmune sensor proteins torecruit and activate caspase-1
viahomotypicinteractions between caspase activation and recruitment
domains (CARDs) and pyrin domains (PYDs) (Fig. 2). This conceptual
framework linked earlier biochemical evidence that caspase-1(previously
knownasIL-1B converting enzyme (ICE)) mediates the proteolytic matu-
ration of pro-IL-13%° and pro-IL-18""*with the contemporaneous clinical
observation that rare gain-of-function mutations in the inflammasome
sensor NLRP3 drive IL-1B-mediated autoinflammatory disease .

Canonical inflammasomes, first exemplified by the NLRP1
inflammasome?®, are now recognized as multi-protein signalling platforms
nucleated by several cytosolic pattern recognitionreceptors (PRRs) of the
nucleotide-bindingdomainand leucine-rich repeat (NLR)-containing fam-
ily, aswellasabsentinmelanoma2 (AIM2), and the tripartite motif (TRIM)
family member pyrin'. Notably, NLRs resemble APAF1in their tripartite
architecture, typically comprisingan N-terminal death-fold domain (such
as a CARD or PYD), a central NACHT domain that mediates nucleotide
binding and oligomerization, and C-terminal leucine-rich repeat (LRR)
motifs that confer autoinhibition and are implicated in ligand sensing"”
(Fig.2). These sensorstypically engage the adaptor apoptosis-associated
speck-like protein containing a CARD (ASC; also known as PYCARD)
through homotypic PYD-PYD or CARD-CARD interactions and thereby
nucleate a micrometre-sized higher-order oligomeric assembly, the
ASC ‘speck’, that enables the recruitment of procaspase-1viaits CARD,
Inflammasomes primarily promote the proteolytic maturation of IL-1B
and IL-18 and cleave gasdermin D (GSDMD), releasing its pore-forming
N-terminal fragment. Oligomeric GSDMD pores assemble in the plasma
membrane, as well as the inner and outer mitochondrial membranes,
toinitiate the release of inflammatory signals (including IL-13 and IL-18)
from the cell and accelerate pyroptosis, respectively' 22,

Whereas pyroptosisis alytic and intrinsically inflammatory mode
of cell death that occurs in haematopoietic cells, epithelial barrier
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Fig.1|Selected discoveries that shaped our understanding of the apoptosome,
inflammasomes and PIDDosome as key caspase activation platforms.

The timeline highlights the early cloning of the genes encoding caspase-1"°,
caspase-2'* and caspase-9'"°'"', as well as key adaptor proteins such as RAIDD'*
and ASC'”, and the roles of upstream sensory components such as APAF1'*,
NLRP3" and PIDD1***, and the pyroptosis effector GSDMD" . The timeline

also marks the discovery of key disease-causing mutations®>>151 15215415 gnd
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of GSDMD as the of PIDDosome biallelic PIDD1 variants
central executor of activation by causing pachygyria
pyroptosis'®-?' centrosome stress?® and intellectual
disability™'12

highlights the unifying principle of proximity-induced caspase activation® as
demonstrated by assembly of the death-inducing signalling complex (DISC)® of
the extrinsic pathway of apoptosis, the apoptosome® of intrinsic apoptosis, the
inflammasome® and the PIDDosome?”. The PIDDosome was initially described as a
genotoxic stress-responsive caspase-2 activation platform? and later recognized
forrolesin centrosome surveillance, cell differentiation and cell cycle regulation®.
FCAS, familial cold autoinflammatory syndrome; MWS, Muckle-Wells syndrome.
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Fig.2| The structural and domain architectures of the apoptosome, NLRP3
inflammasome and PIDDosome. a-c, The structures of the apoptosome (a)

and NLRP3 inflammasome (b) have been resolved and reveal a 7-fold and 10-fold
stoichiometric symmetry, respectively. The structure of the PIDDosome (c) has
not yet been experimentally determined. However, biochemical analyses indicate
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a5:7:7 stoichiometry of PIDD1-CC, RAIDD and caspase-2 within the complex.
CARD, caspase recruitment domain; DD, death domain; LRR, leucine-rich repeat;
NB-ARC, NACHT-like NB-ARC ATPase domain; PIDD1-CC, C-terminal UPA-death
domain fragment of PIDD1; PYD, pyrin domain; WD, WD40 repeat.

tissuesand endothelial cells during infection or sterile inflammation*,

apoptosis typically isahomeostatic and largely immunologically silent
form of cell death in which intracellular contents remain confined
within membrane-bound apoptotic bodies”. However, apoptosis may
becomeinflammatory, for example, when efferocytosis (the ingestion
of apoptotic cells by phagocytes) fails or secondary necrosis ensues.
Excessive apoptosis through theintrinsic pathway has beenimplicated
inboth acute and chronic degenerative conditions that are associated
with exacerbated inflammation, including ischaemia-reperfusion
injury and neurodegenerative disease®.

The PIDDosome — a caspase-2-activating platform first described
in 2004% (Fig. 1) — assembles through death domain (DD)-mediated
and CARD-mediated interactions, reminiscent of the CARD-CARD
contacts between APAF1and procaspase-9 in the apoptosome, as well
as the PYD-PYD and CARD-CARD interactions in inflammasomes
(Fig. 2). Caspase-2 closely resembles both the apoptotic initiator
caspase-9 and inflammatory caspase-1in that it has an N-terminal
CARD and its activation depends on dimerization followed by auto-
processing. However, the PIDDosome expands the functional reach
of caspase-activating scaffolds beyond cell death and inflammation to
include roles in centrosome surveillance, cell differentiation and cell
cycle regulation®° while retaining the ability to kill cells via intrin-
sic apoptosis when needed®-**. This underscores how structurally
conserved signalling platforms cangenerate distinct cellular outcomes
through shared mechanistic principles.

Among these three classes of caspase-activating platforms, the
PIDDosome is the least well understood. Its core is composed of p53-
induced death domain-containing protein 1 (PIDD1; also known as
LRDD) and RAIDD (encoded by CRADD), which together recruit and

activate procaspase-2 (ref. 27). Biochemical studies have established
that the C-terminal DD of PIDD1engages the DD of RAIDD and that the
CARD of RAIDD subsequently binds the CARD of caspase-2. PIDD1was
originally identified in2000 by two groups (Fig. 1): one group searched
expressed sequencetag (EST) databases for transcripts having similar-
ity with the DD of RIPK1, which identified the LRR and DD-containing
protein (LRDD)*, and the other group screened for p53-inducible genes
inthe human myelogenous leukaemiacellline K562, discovering PIDD1,
overexpression of which promoted apoptosis, thereby linking it to
p53-dependent cell death®*. However, genetic studies in mice have chal-
lenged this concept, as deletion of individual PIDDosome components
did not impair p53-induced apoptosis following genotoxic stress®¢,
More recent work has repositioned the PIDDosome as a sensor of cen-
trosome amplification and regulator of polyploidy, whereby it stabilizes
p53and enforces cell cycle arrest®°,

Collectively, the apoptosome, inflammasome and PIDDosome
illustrate how DD-fold-mediated oligomerization of protein com-
plexes can generate supramolecular scaffolds that link sensing of
diverse cellular stresses to caspase activation. Each of these platforms
has historically been studied inisolation, but recentadvancesinstruc-
tural biology and human genetics, together with mechanisticinsights
into their signalling pathways, have revealed conserved architectural
principles, extensive crosstalk between these platforms and important
roles during development, as well as in neoplastic, inflammatory and
neurodegenerative pathologies.

Supramolecular structures
The apoptosome, inflammasome and PIDDosome respond to dis-
tinct cellular stresses. The apoptosome primarily senses intrinsic
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stress signals that converge upon MOMP to trigger apoptosis, including
severe or irreparable DNA damage from ionizing radiation, chemo-
therapy or oxidative stress, as well as hypoxia, endoplasmic reticulum
(ER) stress or growth factor deprivation. Inflammasomes are engaged
by both pathogen-derived and host-derived danger signals associ-
ated with microbial infection or sterile inflammatory cues to induce
pyroptosis and inflammatory cytokine production. The PIDDosome
functions as asurveillance platform that links genotoxic stress or cen-
trosome amplification resulting from cytokinesis failure or centriole
overduplicationto caspase-2 activation and, depending on context, to
downstream cell death, cell cycle arrest or terminal differentiation dur-
ing organogenesis® . However, despite these functional differences,
all three platforms share abroadly conserved architecture, with each
exhibiting distinct structural adaptation.

Apoptosome

Theapoptosome adopts awheel-like ‘hub-and-spoke’ architecture
Human APAF1 hasanN-terminal CARD, a central (NACHT-like) NB-ARC
ATPase domain and C-terminal WD40 repeats (Fig. 2a). In the resting
state, ADP stabilizes intramolecular contacts in APAF1 that occlude
oligomerization surfaces, keeping APAF1in a closed conformation.
During apoptosis, MOMP leads to the release of cytochrome ¢, which
binds to the WD40 repeats of APAF1 and promotes the exchange of
ADP for ATP. This process, which is facilitated by heat shock protein
70 (HSP70) to avoid cytochrome cand APAF1 overcrowding®, enables
the assembly of seven APAF1 monomers into a heptameric ring com-
plex. Cryo-electron microscopy (cryo-EM) studies have shown that the
central ‘hub’, formed by the nucleotide-binding and helical domains
of APAF], provides the oligomerization interface, whereas the WD40
repeatsradiate outward as ‘spokes™?. Procaspase-9 is recruited to this
hubvia CARD-CARD interactions, in which enforced proximity drives
its dimerization, catalytic activation and autoprocessing. As a conse-
quence, caspase-9 activity is increased several orders of magnitude
within the apoptosome. Of note, caspase-9 dimerization alone can elicit
limited activation of procaspase-3 and procaspase-7 (refs. 44,45), but
apoptosome-bound caspase-9 is the main active species that recruits
and activates these apoptotic executioner caspases. In this context, the
‘holoenzyme’ configuration of the apoptosome serves as amolecular
timer that regulates both the efficiency and duration of caspase-9 activ-
ity and thus controls the timing and extent of caspase-3 and caspase-7
activationtoinitiate intrinsic apoptosis in response to mitochondrial
stress*™*,

40-42

Inflammasomes

Inflammasomes have greater structural diversity than the apopto-
some but operate according to analogous principles. The best char-
acterized inflammasomes include those nucleated by NLRP1, NLRP3,
NAIP-NLRC4, CARDS, AIM2 and pyrin®". These inflammasomes
have evolved to detect and respond to a broad array of microbial and
stress-associated cues using both direct and indirect strategies for dan-
gerrecognition. For example, the NAIP-NLRC4 inflammasome directly
recognizes theinner rod components of bacterial type Il secretion sys-
tems, AIM2 binds cytosolic double-stranded DNA derived frominvad-
ing pathogens or from damaged host cells,and NLRP1and CARD8 are
activated following their proteolytic cleavage by microbial proteases.
By contrast, other inflammasome sensors detect infection or cellular
stressindirectly by monitoring perturbationsin cellular homeostasis.
In this context, NLRP1is activated upon its ribotoxic stress-induced
phosphorylation in human keratinocytes and lung epithelial cells.

The inflammasome sensor pyrin senses pathogen-induced inactivation
of Rho GTPasesin myeloid cells,and NLRP3 is triggered by aremarkably
diverse set of stimuli, reflecting its role as a general sensor of cellular
distress™.

Most inflammasomes have a shared architecture, comprising a
sensor protein that oligomerizes in response to a stress stimulus, the
adaptor protein ASC that amplifies the signal and the effector caspase-1
that executes downstream proteolytic responses”. Some inflammas-
omesensors, such as CARDS, bypass ASC and directly engage caspase-1
(ref. 51). With the exception of CARDS, the PYDs or CARDs of the inflam-
masome sensors nucleate ASC filaments via homotypic PYD-PYD or
CARD-CARD interactions. ASC then usesits CARD to form ASC specks,
which function as catalytic hubs that recruit and dimerize caspase-1®
(Fig.2b). Similarly to caspase-9 activationin the apoptosome, efficient
caspase-lactivationininflammasomeslikely depends on holoenzyme
organization rather than caspase-1 autoproteolysis or dimerization
alone™**, although detailed biochemical studies of the inflammasome,
ashavebeen carried out with reconstituted apoptosome components,
areneeded to clarify the underlying mechanisms. Cryo-EM studies have
shown that NLRP3 forms wheel-like oligomeric structures reminiscent
of the apoptosome (Fig. 2b). Recruitment to the inflammasome of
the centrosomal kinase NIMA-related kinase 7 (NEK7) — a cofactor
thought to coordinate inflammasome activation with the cell cycle” —
facilitates the conformational rearrangements and ADP-ATP
exchange that are required for inflammasome assembly*®, analo-
gous to cytochrome c-mediated nucleotide exchange driving APAF1
oligomerization in the apoptosome®’.

PIDDosome

The domain organization and signalling mechanisms of the PIDDo-
some sensor PIDD1 are conceptually most closely related to those of
the inflammasome sensor NLRP1 (refs. 27,58,59). Like NLRP1, PIDD1
contains LRRs and ZU5 domains (two in PIDD1 versus one in NLRP1
and CARDS) upstream of a UPA domain (Fig. 3a). At the C-terminus,
PIDD1 has a DD in a position analogous to the CARD of NLRP1, which
mediates ASC recruitment for downstream inflammasome signalling.
The ZU5-UPA module — alsoreferred to as the FIIND domainin NLRP1
and CARDS8 —is crucial for signallinginboth PIDD1and these inflamma-
some sensors, as it undergoes autoproteolysis to ‘prime’ the sensor for
subsequentsignal-induced activation®**°. NLRP1and CARDS undergo
autoproteolysis at a single conserved serine-phenylalanine-serine
(SFS) motifbetween ZU5 and UPA domains, whereas PIDD1is autopro-
teolytically cleaved at two conserved histidine-phenylalanine-serine
(HFS) motifs located respectively between its two ZU5 domains and
theZU5-UPAinterface, generating an N-terminal LRR-ZU5 fragment,
anintermediate ZU5-UPA-DD (PIDD1-C) fragment and a C-terminal
UPA-DD (PIDD1-CC) fragment® (Fig. 3b). Sequential autoprocessing
of PIDD1 s crucial for PIDDosome function, as mutation of the first
cleavagesiteinterferes with proper caspase-2 activation in vivo®, which
is consistent with only the PIDD1-CC fragment providing the scaffold
for PIDDosome assembly, analogous to the UPA-CARD fragment in
NLRP1and CARDS8 thatis necessary for caspase-1activation. The pro-
cessed PIDD1-CC fragment engages the bipartite adaptor RAIDD via
DD-DDinteractions,and RAIDD in turn recruits procaspase-2 through
CARD-CARD interactions. Early structural studies suggest a core
assembly of approximately five PIDD1-CC-RAIDD pairs, with additional
RAIDD molecules stacked atop this core, most likely resulting in an
asymmetric 5:7:7 stoichiometry of the PIDD1-CC-RAIDD-caspase-2
complex®>®* (Fig. 2c).

Nature Reviews Immunology


http://www.nature.com/nri

Review article

SFS
a ( ma)j@
LRR ;
P — S S —
NLRP1 ;PYD NACHT | KA ‘—F ZU5 * UPA 166kba ~———> * UPA
1 92 328 637 809 973 1079 1213 1364 1463 1213 1364 1463
1374 1374
(SFsm/);O
Jooo -
CARDS8 -—1 ZU5 UPA 61kDa  — } UPA
161 297 446 536 297 446 536
(HFSA% (HFSsge) (HFSsge)
‘ ; J pippi-c PIDD1-CC
PIDD1 T ALt — zus ZU5 UPA —— DD 100 kpa ———> | ZU5 UPA DD —_— UPA DD
126 285 322 455 596 716 788 873 455 596 716 788 873 596 716 788 873
b
HN/\ HN/\

e 0
H
HoN N\)EH o /\)k \)]\OH HO %OH

Fig.3| Comparison of the domain architectures and blochemlcal autocleavage
mechanisms of theinflammasome sensors NLRP1and CARDS8 and the
PIDDosome component PIDD1. a, NLRP1, CARD8 and PIDD1share a conserved
ZU5-UPA domain (also referred to as a FIIND domainin NLRP1and CARD8) and
undergo autoproteolytic cleavage between ZU5 and UPA through anintein-like
mechanism.NLRP1and CARD8 undergo autoproteolysis at asingle conserved
serine-phenylalanine-serine (SFS) motif between ZU5 and UPA domains (SFS,,;;
inNLRP1and SFS,,,in CARDS8) to generate a C-terminal UPA-CARD fragment.

By contrast, PIDD1is autoproteolytically cleaved at two conserved histidine-
phenylalanine-serine (HFS) motifs located respectively betweenits two ZUS
domains (HFS,,,) and the ZU5-UPA interface (HFSss), generating an intermediate

ZU5-UPA-DD (PIDDI1-C) fragmentand thena C-terminal UPA-DD (PIDD1-CC)
fragment. In contrast to PIDDL, the catalytic histidine required for cleavage in
NLRP1and CARDS s not positioned immediately amino-terminal to the scissile
bond but s instead brought into proximity through protein folding (Hy, for
human NLRP1and H,,, for CARD8)***°. b, The autoproteolytic cleavage of PIDD1 is
initiated by a nucleophilic attack of the histidine (His) side chain on the serine (Ser)
hydroxyl group, promoting subsequent nucleophilic attack of the activated oxygen
ontheadjacent peptide bond and formation of atransient ester intermediate.
Hydrolysis of this intermediate results in separation of the two peptide fragments.
CARD, caspase recruitment domain; DD, death domain; LRR, leucine-rich repeat;
Phe, phenylalanine; PYD, pyrin domain.

Despite these marked structural and functional parallels, a dis-
tinct feature of the PIDDosome is its adoption of a more compact
asymmetric architecture compared with the wheel-like oligomers
that characterize the apoptosome and the NLRC4 and NLRP3
inflammasomes®>®, In addition, the NLRP1 and CARD8 UPA-CARD
fragments can nucleate two-layered helical filaments that consist of an
outer ring of UPA domains surrounding aninner core of oligomerized
CARD, whichrecruits ASC or caspase-1, respectively, via CARD-CARD
interactions to drive inflammasome assembly®*®, By contrast, such
filamentous assembly has not been reported for the PIDDosome,
and more work is needed to clarify the role of the UPA domain in
PIDD1 in terms of caspase recruitment. Moreover, assembly of the
PIDDosome does not rely on nucleotide exchange but has instead
been shown to be regulated by post-translational modifications,
including phosphorylation and subsequent SUMOylation of PIDD1-CC
itself°*”, However, it remains to be established if this concept is gener-
alizable across different stimuli. Although ribosomal stress-induced
phosphorylation of NLRP1 triggers proteasomal degradation of its
N-terminal autoinhibitory region®®®, it remains unclear whether a
similar proteasome-dependent mechanism mediates removal of
the N-terminal fragment of PIDD1 to enable PIDDosome signalling.

So far, the ‘holoenzyme’ configuration of the PIDDosome has not
been established.

Activation mechanisms

Agrowingbody of evidence suggests that caspase-activating platforms
notonly are responsive to defined upstream stress cues but also assem-
ble at specific subcellular sites to ensure that both the nature and
location of the proteolytic response are matched to the initiating signal.

Apoptosome

Theapoptosomeis triggered by intrinsic stressors such as DNA damage,
ER stress and growth factor deprivation, which converge on proteins
of the BCL2 family to induce MOMP (Fig. 4a). Apoptosome assembly
occursinthecytosol, oftenin the proximity of damaged mitochondria,
when the release of cytochrome ¢ from mitochondria promotes its
binding to APAF1, driving dATP-dependent oligomerization of APAF1
into the heptameric complex. Remarkably, recent live-cell imaging
studies’ have revealed that APAF1not only forms discrete heptameric
structuresbut canalso assembleinto larger, organelle-sized foci, sug-
gesting a higher-order spatial organization of apoptotic signalling
that is reminiscent of ASC speck formation during inflammasome
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Fig. 4| Apoptosome, inflammasome and PIDDosome signalling pathways.
a,b, Under resting conditions, APAF1 (a) and NLRP3 (b) adopt autoinhibited
conformations stabilized by ADP binding and physiological levels of intracellular
potassium (K*). a, Upon mitochondrial outer membrane permeabilization
(MOMP) by BAX and BAK pores, cytochrome cis released from mitochondriainto
the cytosol, in which it binds APAF1 to relieve potassium-dependent inhibition
and promote exchange of dADP for dATP. This triggers oligomerization of
APAF1linto the heptameric apoptosome, which recruits procaspase-9 through
caspase recruitment domain (CARD)-CARD interactions. Active caspase-9

then cleaves procaspase-3 and procaspase-7; in turn, active caspase-3 and
caspase-7 execute intrinsic apoptosis through the cleavage of various substrates.
b, NLRP3 activation requires NF-kB-dependent transcriptional upregulation

of inflammasome components and its substrates during priming. Activation
involves the relief of potassium-dependent inhibition through potassium efflux
and NEK7 binding, which drive conformational changes and the exchange of
ADP for ATP. This facilitates recruitment of ASC and procaspase-1to assemble
the NLRP3 inflammasome. Active caspase-1cleaves pro-IL-1f and pro-IL-18 into
the bioactive cytokines, and cleavage of gasdermin D (GSDMD) generates the
pore-forming N-terminal fragment (GSDMD-NT). GSDMD-NT pores permeabilize
the mitochondrial and plasma membranes, promoting the release of cytokines
and intracellular damage-associated molecular patterns (DAMPs) concomitant
with pyroptotic plasma membrane rupture facilitated by NINJ1. Inflammasomes

also activate caspase-8, and both caspase-1and caspase-8 cleave BID (to form
truncated BID (tBID)) and procaspase-3 and procaspase-7, linking inflammasome
activation to mitochondrial apoptosis. NLRP1 activation involves constitutive
autoprocessing of the ZU5-UPA (FIIND) domain to yield a C-terminal UPA-CARD
fragment that remains associated with the N-terminal fragment of NLRP1 until
ribosomal stress-induced phosphorylation of NLRP1or pharmacological DPP9
inhibition triggers proteasomal degradation of the auto-inhibitory N-terminal
fragment, allowing NLRP1inflammasome assembly of the UPA-CARD fragment
with ASC and procaspase-1. ¢, Similarly, PIDD1 autoprocesses within its ZU5-
ZU5-UPA domains to produce the active PIDD1-CC fragment. Upon genotoxic
stress, p53 canincrease PIDDI expression levels and PIDD1-CC phosphorylated by
ATM and ATR kinases recruits the adaptor RAIDD to the nucleolus, which in turn
engages procaspase-2 through CARD-CARD interactions. Activated caspase-2
cleaves BID (to tBID) and MDM2 (to generate an N-terminal MDM2-NT fragment).
Generation of tBID triggers MOMP, cytochrome c release and intrinsic apoptosis.
MDM2-NT stabilizes p53, which canincrease PIDDI levels further, and induces
p21-mediated cell cycle arrest. Alternatively, cytokinesis failure or centriole
amplification induces PIDDosome assembly at mature centrioles via ANKRD26-
mediated recruitment of full-length PIDD1, which enables PIDD1-CC to recruit
RAIDD and activate caspase-2, leading to p21-mediated cell cycle arrest. PIDD1
expression levels in developing proliferative tissues, such as postnatal liver or
heart, are maintained by E2F transcription factors.
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activation. Such supramolecular architecture likely ensures that exten-
sive mitochondrial damage — a crucial point of no return for cellular
survival —is tightly coupled to the execution of apoptosis. Curiously,
asubset of cells manages to resolve these APAF1 fociand survive after
MOMP, which suggests that they may experience sublethal signalling
linked toinflammation rather than apoptosis’>. What drives the disas-
sembly of these apoptosome structures in some cells is unknown”’.
Another crucial checkpoint for the apoptosome is imposed by the
localionic milieu: physiological K* concentrations suppress nucleotide
exchange on APAF], and this inhibition is relieved only when suffi-
cient cytochrome cis released, which counteracts the effect of K" ina
concentration-dependent manner”. As a result, apoptosome assem-
bly requires rapid and extensive cytochrome c release, ensuring that
apoptosisisinitiated only once mitochondrial damage exceeds a critical
threshold.

Inflammasomes
Asimilar safeguard operatesininflaimmasomebiology.Inmacrophages,
NLRP3 activation is controlled by a three-step process: in the first
two steps, the activation of PRRs such as Toll-like receptors not only
transcriptionally upregulates (‘primes’) NLRP3 and pro-IL-1p but
also ‘licenses’ NLRP3 via post-translational modifications, such as
phosphorylation and de-ubiquitination. However, normal intracellular
K*concentrationsinhibit the third step of NLRP3 activation, and asub-
sequent activation signal is needed to induce NLRP3 oligomerization
and inflammasome assembly” (Fig. 4b). This activation signal can be
elicited by diverse triggers —including mitochondrial dysfunction, lyso-
somal rupture by ureacrystals, metabolic stress and plasmamembrane
perturbations — all of which seem to converge on K" efflux from the cell
asa common activation signal”’¢. However, this multistep control of
inflammasome activation is not universal: AIM2, pyrin, NAIP-NLRC4
and NLRP1canassemble their respective inflammasomes without prior
priming, although priming often enhances their responsiveness.
Nonetheless, these observations underscore that theintegration
of multiple checkpointsto preventinappropriate caspase activationisa
shared feature of the apoptosome and inflammasomes. Spatial organi-
zation may add another layer of regulation. Inflammasome assembly
typically occurs in the cytosol, yet its precise subcellular dynamics
remain incompletely understood. A growing body of literature sug-
gests that assembly of the NLRP3 inflammasome may take place near
specific organelles, including mitochondria, the rough ER, the Golgi
or the centrosome (reviewed in ref. 77), but the precise location and
its spatiotemporal role in NLRP3 activation remain a matter of active
debate’®.

PIDDosome
By contrast, thereis currently no evidence that PIDDosome assembly is
sensitive tointracellular K* levels or involves nucleotide binding. Simi-
lar toinflammasomes, however, cellular priming caninclude the tran-
scriptional upregulation of PIDDI mRNA, for example, by p53** or E2F”°
transcription factors, as well as licensing through post-translational
modifications. The PIDDosome likely operates near clustered cen-
trosomes (although this has not yet been directly visualized) and
upon unresolved DNA damage in the nucleolus, which are specialized
subcellular hubs that integrate signals related to genome integrity
and cell cycle homeostasis®>®' (Fig. 4¢).

Two primary modes of PIDDosome activation have been described.
Under genotoxic stress, ATM and ATR kinases phosphorylate PIDD1-CC
and promote its mono-SUMOylation, facilitating RAIDD recruitment to

thenucleolus®**?. There, anucleolar PIDDosome activates nuclear cas-
pase-2, coupling unresolved DNA lesions to the apoptotic elimination
of the damaged cell, likely via processing of the BCL2 family protein
BID, awell-established caspase-2 effector; truncated BID (tBID) induces
MOMP, cytochrome c release and apoptosis. Although activation of
the PIDDosome was initially associated with genotoxic stress, centro-
some amplification — often arising from cytokinesis failure or cen-
triole overduplication — has emerged as a dominant physiological
trigger for PIDDosome assembly. Distal appendage proteins, in par-
ticular ANKRD26, recruit full-length PIDD1 to mature centrioles***°,
priming the autocleaved PIDD1-CC fragment for RAIDD binding and
subsequent caspase-2 activation. Rather thaninducing apoptosis, this
centrosome-associated branch of caspase-2 signalling stabilizes p53
through cleavage of MDM2, inducing p21-dependent cell cycle arrest
and preventing the proliferation of cells with extra centrosomes, which
are prone to genomic instability®®. An open questionin the field is the
mechanism by which naturally polyploid cells — and even epithelial
cancer cellswithintact p53 function — preferentially undergo cell cycle
arrest®®“** whereas haematopoietic cells induce apoptosis following
centrosome amplification-driven PIDDosome activation®-*?. Theoreti-
cally, toavoid pathology, it makes sense to kill highly proliferating cells,
such as lymphocytes, that amplify centrosomes to ensure genome
integrity while sparing differentiating and non-proliferating poly-
ploid cells, such as hepatocytes or cardiomyocytes, to maintain organ
function.

ThePIDDosome thusillustrates how subcellular positioning of the
caspase-2activation complex (centrosomal versus nucleolar) ensures
that surveillance of chromosomal integrity and centrosome num-
ber is directly linked to a proteolytic decision point that determines
whether acompromised cellundergoes cell cycle arrest or elimination
by apoptosis.

Proteolytic substrates and signalling

Each caspase activation platform orchestrates highly specialized
proteolytic events that target specific substrates during the execution
phases of apoptosis, inflammation and cell cycle control. Interest-
ingly, recent work has revealed evidence of shared substrates that are
cleaved after activation of the respective caspase activation platforms,
suggesting functional crosstalk at the intersection of apoptosome,
inflammasome and PIDDosome signalling®*.

Apoptosome

FollowingMOMP, cytochrome crelease drives apoptosome assembly
and caspase-9 activation, which triggers intrinsic apoptosis by cleav-
ing and activating the executioner caspases caspase-3 and caspase-7
(Fig. 4a). These effector caspases in turn cleave hundreds of sub-
strates, including PARP1, ICAD (also known as DFFA), nuclear lamins,
lipid scramblases and cytoskeletal proteins, driving apoptotic cell
death. Inthissetting, caspase-3-mediated cleavage of BID after MOMP
likely serves to amplify apoptosis signalling by enforcing MOMP®’,
By contrast, DISC-mediated activation of caspase-8 in the extrinsic
pathway of apoptosis promotes BID cleavage directly®*®, which helps
to enforce cellular commitment to apoptosis by co-opting MOMP to
amplify cell death signalling when the direct activation of caspase-3
and caspase-7 by caspase-8 isinsufficient tokill the cell. This feedback
mechanism links intrinsic and extrinsic apoptosis, ensures rapid loss
of mitochondrial membrane integrity and effector caspase activation
to minimize inflammation and engages regulatory loops within the
BCL2 family.
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Inflammasomes

The generation of tBID also provides an opportunity for integrating
inflammatory checkpoint inputs into a MOMP-dependent cell death
pathway. A hallmark of inflammasome activation is GSDMD cleavage
and pyroptosis. However, beyond this classical output, inflammasomes
also engage in crosstalk with apoptotic pathways®*°, Althoughinflam-
masomes primarily activate caspase-1, they also recruit and engage
caspase-8inparallel, serving as asafeguard to ensure that apoptotic cell
deathisinducedin case pyroptosis inductionisimpaired’** (Fig. 4b).
Moreover, both caspase-1and caspase-8 can cleave BID to generate
tBID°*?°. Recent studies have further shown that inflammasome sig-
nalling can activate caspase-3 and caspase-7 downstream of caspase-1
and caspase-8°°”"", creating an additional interface withapoptosome
signalling. Importantly, caspase-3-mediated cleavage of gasdermin E
(GSDME) can convert apoptosis into pyroptosis’®, further underscoring
the intricate interplay between non-inflammatory and inflamma-
tory cell death®”. Furthermore, BAX-mediated and BAK-mediated
MOMP in macrophages activates the intrinsic apoptotic pathway, lead-
ing to caspase-3 and caspase-7 activation, which can subsequently act
upstream of both caspase-8 activation (extrinsic apoptotic pathway)
and NLRP3-dependent IL-1 maturation and secretion (inflammasome
pathway) in certain experimental settings'*'*’,

PIDDosome

PIDDosome assembly and caspase-2 activation seem to be regulated
mostly through post-translational modifications of PIDD1, including
by phosphorylation and SUMOylation, which control its subcellular
localization in the context of genotoxic stress®®. Well-established
caspase-2 substratesinclude BID and MDM2 (Fig. 4c). Whereas caspase-
8-mediated BID cleavage can become rate limiting for apoptosis in
certain cell types (such as hepatocytes and pancreatic 3-cells exposed
to deathreceptor stimuli), caspase-2 cleaves BID only in highly specific
contexts, most notably during drug-induced cytokinesis defects in
primary hematopoietic cells or blood cancer cell lines®. In this setting,
caspase-2-mediated cell killing proceedsindependently of p53, despite
caspase-2also cleaving MDM2 and stabilizing p53. Whereas BID cleav-
age links PIDDosome activity to intrinsic apoptosis, MDM2 cleavage
at Asp367 stabilizes p53 and enforces p21-dependent cell cycle arrest
in response to DNA damage or centrosome amplification®. This dual
functionality allows the PIDDosome to integrate apoptotic and cell
cycle checkpoint responses.

Caspase-2 substrate selectivity seems to be highly context-
dependent: golgin-160 is the only currently identified substrate that
conforms to the previously predicted canonical VDVAD motif'*?,
whereas many other reported caspase-2 targets overlap with those of
other effector caspases and require further analysis'®>. Nonetheless,
the overlapping substrate repertoires of inflammatory and apop-
totic caspases highlight the crosstalk among caspase activation
pathways and underscore the existence of a complex biochemical
network of cleavage events. This network fine-tunes cell responsesina
context-dependent manner, ranging from non-inflammatory apoptosis
to pyroptoticcell lysis associated with the release of damage-associated
molecular patterns (DAMPs), as well as p53-dependent transcriptome
changes promoting cell cycle arrest or, depending on the cell type,
p53-independent enforcement of a pro-apoptotic response.

Physiological roles
Recent advances have revealed not only specialized functions of cas-
pase activation platforms but also unexpected functional overlaps and

crosstalk, particularly at the intersection of infection, inflammation
and tissue remodelling.

Apoptosome

Theapoptosomeis crucial forembryonic development, during whichit
mediates programmed cell death for tissue sculpting, including neural
tube closure, digit formation and hematopoietic lineage selection.
Geneticablation of apoptosome function through deletion of Apaf1 or
Casp9inmiceresultsin profound developmental defects, most notably
brainovergrowth owingto afailure of developmental neuronal pruning,
whichleadsto late embryonic or perinatal lethality in most offspring,
underscoring its non-redundant role in tissue morphogenesis'®* '’
Inadult physiology, the apoptosome maintains tissue homeostasis by
eliminating damaged, senescent or potentially oncogenic cells. Activa-
tion of the apoptosome is typically immunologically silent owing to
the orderly packaging of cellular contents into apoptotic bodies and
their phagocytic clearance by efferocytosis, a process that actively
suppressesinflammation”. In host defence, the apoptotic elimination
ofinfected cells canrestrict the replication of intracellular pathogens.
However, many pathogens counteract this function by encoding
inhibitors of apoptosis, including caspase inhibitors and proteins
with structural similarity to anti-apoptotic BCL2 family members"*™",
highlighting an evolutionary arms race centred on apoptosis regu-
lation (Box 1). The anti-inflammatory nature of apoptosis positions
the apoptosome as a platform for controlled cell turnover without
immune activation during development, homeostasis and infection.
This notion is further substantiated by the fact that cell death in the
absence of APAF1 or caspase-9 coincides with hallmarks of inflamma-
tion, including NF-kB activation and type l interferon signalling™>'". Fur-
thermore, apoptotic caspases are key to the prevention of inflammation
by cleaving and neutralizing several components that regulate innate
immune signalling, including cGAS, MAVS, IRF3"* and GSDMD*',

Inflammasomes

The functions of the apoptosome contrast sharply with pyroptotic cell
death induced by inflammasomes, which eliminates infected or dam-
aged cells concomitant with the release of inflammatory cytokines and
DAMPs that recruitand activate innate and adaptiveimmune cells. Inflam-
masomes haveacentral roleineliminatinginfectedimmunecells, but their
function extendsto epithelial barriers as well. Inthe intestinal epithelium,
pyroptosis induction by the NAIP-NLRC4 inflammasome helps to
maintain barrier integrity by eliminating dysfunctional or infected cells
through shedding from the epithelial monolayer, thereby preventing
microbial translocation™. The non-canonical (caspase-4-mediated)
inflammasome pathway and the NLRP6 inflammasome seem to sense
facultative intracellular bacteria that cause endolysosomal damage in
epithelial cells"”"®, The NLRP1inflammasome has crucial roles in fighting
viralinfectionsinkeratinocytes and human airway epitheliaandalsoacts
asasensor of UV damage and subsequent defectsin protein translation
in human skin®®""2!, Notably, the expression pattern of NLRP1 differs
substantially between humans and mice, which complicates functional

analysis of NLRP1in this model organism'*.

PIDDosome

Unlike the apoptosome and inflammasomes, the PIDDosome is not
known to directly respond to pathogens. PIDD1 has been reported
to activate NF-kB in response to ionizing radiation'”® or centro-
some amplification'*, although these findings still lack robust
invivo validation, leaving open the question of whether PIDDosome
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Box 1| Manipulation of host cell death mechanisms by pathogens

Bacteria and viruses have evolved sophisticated strategies

to manipulate defined cellular hubs that integrate pathogen
sensing with the execution of host cell death pathways, reflecting
the strong selective pressure to balance their intracellular
replication with efficient dissemination. A recurring principle is the
temporal modulation of host cell death: early suppression of cell
death pathways preserves the intracellular niche and permits
intracellular replication of pathogens, whereas active induction

of cell lysis at later stages of infection facilitates pathogen
dissemination.

Because mitochondrial outer membrane permeabilization
(MOMP) beyond a certain threshold constitutes a point of no return in
the intrinsic apoptosis pathway, it is a prominent target of pathogen
interference. Underscoring the central role of intrinsic apoptosis as an
antiviral defence mechanism, several viruses encode functional BCL2
homologues to antagonize BH3-only proteins and through which
they reshape the balance between pro-apoptotic and anti-apoptotic
BCL2 family proteins of the host cell. Other pathogens have evolved
virulence factors that directly perturb fission-fusion dynamics of
mitochondrial membranes to control cytochrome c release and
apoptosis induction'®>'*,

Inflammasomes and the downstream execution of pyroptosis
are equally frequent targets of microbial subversion. Diverse
pathogens suppress inflammasome activation or gasdermin D
(GSDMD)-mediated pore formation through enzymatic inactivation or
proteasome-dependent degradation of key components. Illustrative
examples include the ubiquitin-dependent degradation of GSDMD by
Shigella flexnerilpaH7.8'’, the ADP-riboxanation-mediated inhibition
of caspase-4 by S. flexneri OspC3'®® and the Yersinia YopM-dependent
suppression of pyrin inflammasome activation'’.

signalling extends into inflammatory pathways. The best character-
ized function of the PIDDosome is to monitor centrosome number
and ploidy, particularly in organs such as the liver and heart, where
physiological polyploidization enhances functional capacity'®. In
hepatocytes, incomplete cytokinesis leads to polyploidization during
postnatal development and regeneration. The PIDDosome monitors
this process by detecting supernumerary centrosomes, triggering
caspase-2-mediated cleavage of MDM2, which stabilizes p53 and
induces cell cycle arrest. This axis prevents excessive polyploidy
and is thought to limit the proliferation of cells at risk of becoming
genomically unstable®®, Remarkably, mice with knockout of Pidd1,
Raidd and Casp2 develop hyperpolyploid livers’, yet paradoxically
show reduced tumour burden in chemical carcinogenesis models®’,
which suggests that polyploidy may be protective in early tumori-
genesis by buffering genomic instability'?. In the heart, PIDDosome
signalling contributes to the cell cycle exit and polyploidization of
postnatal cardiomyocytes, but in contrast to the liver, this seems to
proceed independently of MDM2 processing or p53 stabilization®'>",
Similarly, inmegakaryocytes — highly polyploid cells that are essential
for platelet production — downregulation of ANKRD26 likely pre-
vents PIDDosome assembly at centrosome superclusters, allowing
for polyploidization to proceed unimpeded. This concept remains
to be formally tested but is supported by evidence from individuals
withinherited thrombocytopeniawho have mutationsinthe ANKRD26

More recently, the PIDDosome has been proposed to be a
pathogen-sensitive platform. Several bacterial and viral pathogens
can induce centrosome amplification, for example, in response to cell
fusion-driven formation of syncytia. Supernumerary centrosomes
can disrupt mitosis and promote genomic instability, as documented
during infection with Chlamydia, human papilloma virus (HPV),
Epstein-Barr virus, Zika virus and HIV>°°. Although a connection
between centrosomes, viral infection and PIDDosome signalling has
long been speculated, it has now been shown that infection with the
human cytomegalovirus AD169 strain triggers PIDDosome-dependent
caspase-2 activation. However, this phenomenon was linked to the
induction of DNA damage and a connection with centrosomes was
not explored™°. Moreover, the general validity of this observation
using other fusogenic viral strains, or viruses reported to cause
centrosome amplification by different means, has not been
established, opening up potentially rewarding new lines of research.

To counter pathogen-mediated blockade of apoptosis or
pyroptosis, host cells have evolved extensive crosstalk between cell
death pathways. For example, the cowpox virus protein CrmA
inhibits both caspase-1 and caspase-8 but diverts cell death towards
RIPK3-dependent necroptosis®®'. In macrophages, infection with
Salmonella enterica Serovar Typhimurium or Legionella pneumophila
can be sensed through the non-canonical inflammasome pathway
when canonical NAIP-NLRC4 inflammasome signalling is evaded®®.
In dendritic cells, strains that escape NAIP5-dependent flagellin
detection are instead controlled through the intrinsic apoptosis
pathway, highlighting the cell type-specific deployment of cell
death platforms?®®. Whether alternative, analogous compensatory
mechanisms are engaged when PIDDosome signalling is disrupted
remains an important open question.

locus, leading to aberrant protein expressionin megakaryocytes that
reduces platelet output and an increased risk of developing myeloid
neoplasms'?'%,

These findings position the PIDDosome as a tunable regula-
tor of polyploidization, balancing functional enhancement with
genomic risk. Notably, PIDDosome-driven caspase-2 activation has
also been observed in cells infected with a fusogenic serotype of
human cytomegalovirus™°, paralleling engagement of the DNA dam-
ageresponse and activation of ATM kinase. This raises the possibility
that the PIDDosome may contribute to other infection-driven cell
fusion phenotypes such as macrophage giant cell formation in
granulomas. Although still speculative, this observation raises the
possibility that the PIDDosome might be engaged in this context,
giventhat cell fusionintrinsically leads to centrosome amplification.
Whether PIDDosome activity in response to polyploidization mainly
supports pathogen restriction or instead shapes the differentiation
of multinucleated cell types — including osteoclasts, trophoblast
and macrophage giant cells — remains an open question and an area
of active investigation.

Beyond ploidy control, PIDDosome activity is integrated with
the DNA damage response. In response to unresolved inter-strand
DNA crosslinks, the PIDDosome locally activates caspase-2 in the
nucleolus®, promoting the elimination of cells with irreparable DNA
damage and reinforcing its role in tumour suppression. Given the
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cytoplasmic function of its preferred cell death-initiating substrate,
BID, it remains to be seen where BID and the PIDDosome or caspase-2
eventually meet. Notably, some studies have suggested that BID can
translocate to the nucleus, potentially allowing for its cleavage by
nucleolar caspase-2"""*%, Of note, PIDD1, like NLRP1, has also been
implicated in UV-induced damage responses. Whereas NLRP1 medi-
ates pyroptosis following UVB exposure downstream of ribosome
stalling®*"?, PIDD1-C, the intermediate product of PIDD1 autoprocess-
ing, instead seems to facilitate DNA synthesis across UV-induced DNA
lesions by interacting with PCNA and DNA polymerase n'*?, rather than
inducing caspase-2-dependent cell death. Indeed, keratinocytes lack-
ing PIDD1 are more susceptible to UV-induced cell death', although
whether thisreflects altered crosstalk with the NLRP1 pathway remains
to be explored.

Inborn errors and germline mutations

The study of germline mutations in caspase activation platforms
has provided crucial insights into their non-redundant functions in
development,immunity, homeostasis and disease. Inherited mutations
in several genes encoding components of the apoptosome, inflam-
masomes and PIDDosome manifest in markedly different clinical syn-
dromes, ranging fromrare cancer predisposition to autoinflammatory
diseases and neurodevelopmental defects.

Apoptosome

The apoptosome has beenrarely implicated in hereditary human dis-
eases, likely reflecting itsimportance in embryonic development and
thelethality of complete loss of function. Nevertheless, rare heterozy-
gous or compound heterozygous germline mutations in APAFI and
CASP9 have been identified in patients with neural tube defects*'*
(Table 1), which align with datafrom Apaf1™ (refs.106,107) and Casp9 ™"
mice showing exencephaly and failed neural tube closure'*'®, These
findings emphasize that reductionsin apoptosome efficiency can derail
embryonic development. Germline loss of CASP9 has beenreportedin
afamily developing gliomas across three generations, characterized
by somatic IDHI and TP53 mutations®°. Conversely, hyperactivation
of apoptosis owing to BCL2 deficiency can cause immunodeficiencyin
mice””8, whereas overexpression of BCL2 owing to translocation was
initially discovered in patients with follicular B cell lymphomas™’*,
Thus, apoptosome dysfunction manifests predominantly as develop-
mental abnormalities orimmune imbalance, depending on whether
intrinsicapoptosisisimpaired or excessive. Impaired apoptosome acti-
vation contributes to oncogenesis and limits the efficacy of genotoxic
and targeted anticancer therapies, which frequently rely on caspase

engagement for tumour eradication'*.

Inflammasomes

By contrast, autosomal-dominant gain-of-function mutationsin mul-
tiple inflammasome components — among which MEFV (encoding
pyrin) and NLRP3 mutations, causing familial Mediterranean fever
and cryopyrin-associated periodic syndromes (CAPS), respectively,
remain the paradigmatic examples — are characterized by recur-
rent fevers, urticarial rashes, arthropathy and systemic inflamma-
tion (Table 1). These mutations destabilize the autoinhibited state
of inflammasome sensors, frequently resulting in constitutive IL-1$
and/or IL-18 production, which endows a remarkable responsive-
ness to IL-1 blockade'*"**, Similar pathogenic mechanisms extend
to NLRC4, whereby gain-of-function mutations lead to early-onset
enterocolitis with macrophage activation syndrome (NLRC4-MAS),

alife-threatening condition characterized by severe diarrhoea, fever
and systemic hyperinflammation owing to uncontrolled IL-18 and IL-18
production**"**, Conversely, loss-of-function mutationsin theinflam-
masome pathway can compromise immunity; for example, deficiency
of ILIRN, encoding IL-1receptor antagonist, results in unchecked IL-1
activity and severe neonatal inflammation. Consistent with its high level
of expressioninkeratinocytes, NLRPI gain-of-function mutations cause
skin-predominant inflammatory disorders such as familial keratosis
lichenoides chronica (FKLC) and, intriguingly, can predispose to epithe-
lial cancers, as seenin patients with multiple self-healing palmoplantar
carcinoma'*. NLRPI gain-of-function mutations are also reported in
individuals with HPV-negative papillomas in the lung epithelium'®.
These findings indicate that dysregulated inflammasome signalling
contributes not only to classical autoinflammatory syndromes but
also to cancer susceptibility. This suggests that inflammasome sig-
nalling can disrupt the balance between chronic inflammation and
tumour surveillance inmucosal layers, in line with datafrom the large
phase IIICANTOS trial of the IL-13-neutralizing antibody canakinumab
showing a marked reduction in lung cancer incidence and mortality
in a cardiovascular disease cohort'*.

PIDDosome

Recent genetic studies have firmly linked the PIDDosome to human
neurodevelopment. Early studies in knockout mice proposed roles
for caspase-2 in neurodevelopment'¥’, cognitive function through
dendritic spine pruning'*® and the development of tauopathies such
as Alzheimer’s disease'*"*°. However, human genetic studies have
now reframed this perspective, showing that biallelic mutations in all
three core components of the PIDDosome — PIDDI™"?, CRADD'>>™'
and CASP2"° — cause autosomal recessive neurodevelopmental defects
causing developmental delays, seizures and intellectual disabilities,
with pachygyria and characteristic thin lissencephaly (referred to as
‘smooth brain’, lacking normal folds and grooves) (Table 1). These
phenotypes strongly support anessential role for PIDDosome signalling
inthe developing human cortex and in brain function™’. The underlying
mechanismis unclear, but studiesin brain organoids harbouring PIDD1
mutations indicate that reduced activity of the mechanistic target of
rapamycin (mTOR) pathway may be a clinically relevant mechanism™®.
Furthermore, given the functions of the PIDDosome in centrosome
surveillance, the mechanism may additionally involve the dysregula-
tion of neuronal progenitor cell divisions, their migration or the dif-
ferentiation of multiciliated epithelial cells in the brain that produce
andtransport the cerebrospinal fluid. Unlike inflammasome disorders,
PIDDosome-related diseases have not beenlinked to autoinflammation.
Conversely, studies in knockout mice have shown arole for the AIM2
inflammasome in neurite pruning and synaptic plasticity”**'*°, under-
scoring the potential for overlapping roles between inflammasomes
and PIDDosome in the maintenance of normal brain function. These
genetic insights underscore the physiological importance of caspase
activation platforms and highlight their potential as therapeutic targets
across neurodevelopmental diseases, inflammation and cancer.

Therapeutic targets

Pan-caspase inhibition for therapeutic targeting of caspase activa-
tion platforms has been extensively explored in the past three dec-
adesbut has largely failed in the clinic. Loss of caspase-1, caspase-2 or
caspase-9 activity prevents the progression of metabolicliver disease
from metabolic dysfunction-associated steatotic liver disease to meta-
bolicdysfunction-associated steatohepatitis (MASH) in various animal
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Table 1| Disease-associated variants in genes encoding key components of the apoptosome, inflammasomes
and PIDDosome

Gene Variant(s) Zygosity Type Domain Disease association Refs.
Apoptosome
APAF1 M26V, E46K Het Missense CARD Neural tube defects 134
c.527-2delA Het Splice site -
P335R Het Missense NB-ARC
H843R, FO57L Het Missense WD40
L261F/C450W Comp het Missense NB-ARC/NB-ARC-WDA4O linker 135
CASP9 R65* Het Nonsense CARD, truncating Brain tumours 136
G66A Het Missense CARD Neural tube defects 134,185
P123L Het Missense CARD-p20 linker
R173C, R180C, R191G, Het Missense p20
Y251C
H237P/G309Wfs*3 Comp het Missense/frameshift p20 135
CASP3 Q217H Het Missense p10 134
Inflammasomes
NLRP3 >300 (e.g., R260W, Het, mosaic Missense Mainly NACHT CAPS (MWS, FCAS and 186
D303N, T348M, A439V) NOMID/CINCA)
MEFV >400 (e.g., M680I, Hom, comp het, Missense Mainly B30.2 FMF, PAAND
(encoding M694V/I, V726A, R761H)  het
pyrin)
NLRC4 >40 (e.g., S171F, TIT7A/S, Het Missense Mainly NACHT NLRC4-MAS, AIFEC,
T337S/N, V341A) FCAS4, enterocolitis
NLRP1 >30 (e.g., A54T, A66V,Del  Het/Hom Missense Distributed MSPC, FKLC, NAIAD, JRRP
F787-R843)
CASP1 R221C, R240Q, N263S, Het Missense p20 CASP1-AID 187
L265S, T267I
K319R, A329T Het Missense p10
R240Q Hom Missense p20
R240Q/K319R Het (in cis) Missense p20/p10
PIDDosome
PIDD1 R331* Hom Nonsense ZU5-1 LIS, pachygyria, ID, 158
WA44T*, Q522fs*44, W589*  Hom Nonsense, frameshift ZU5-2, truncating T L 152,158
G602fs*26, R637*, Hom Frameshift, nonsense UPA, truncating W
V706Hfs*30
c.2042-2 A>G Hom Splice site - 158
c.2275-1G>A Hom Splice site - 151
R815W, R862W, Q863* Hom Missense, nonsense DD 151,152
CASP2 R44*/c.876+1 G>T Comp het Nonsense/splice site CARD, truncating/- LIS, pachygyria, ID 156
M251Cfs*106 Hom Frameshift p20, truncating 188
Y386Tfs*25, Q392* Hom Frameshift, nonsense p10, truncating 156
CRADD MIR Hom Missense Start codon loss LIS, pachygyria, ID, 153
(encoding brain atrophy, skeletal
RAIDD) anomalies
A18Ifs*47 Hom Frameshift N-terminal, truncating LIS, brain malformations 155
G128R, R170H/C Hom Missense DD Thin LIS, pachygyria, 154
F164C/3.07 Mb12q22 Comp het Missense/deletion DD megalencephaly, ID,
deletion selzures

AIFEC, autoinflammation and infantile enterocolitis; CAPS, cryopyrin-associated periodic syndromes; CARD, caspase recruitment domain; CASP1-AID, caspase-1-associated autoinflammatory
disease; Comp het, compound heterozygous; DD, death domain; FCAS, familial cold autoinflammatory syndrome; FCAS4, familial cold autoinflammatory syndrome type 4; FKLC, familial
keratosis lichenoides chronica; FMF, familial Mediterranean fever; Het, heterozygous; ID, intellectual disability; Hom, homozygous; JRRP, juvenile recurrent respiratory papillomatosis; LIS,
lissencephaly; MSPC, multiple self-healing palmoplantar carcinoma; MWS, Muckle-Wells syndrome; NAIAD, NLRP1-associated autoinflammation with arthritis and dyskeratosis; NLRC4-MAS,
NLRC4-associated macrophage activation syndrome; NOMID/CINCA, neonatal-onset multisystem inflammatory disease/chronic infantile neurological cutaneous articular syndrome; PAAND,
pyrin-associated autoinflammation with neutrophilic dermatosis.
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models. However, Emricasan, a pan-caspase inhibitor, did not halt
fibrosis progression in patients with MASH and may have worsened
outcomes by diverting apoptotic cells towards pro-inflammatory sec-
ondary necrosis or necroptosis'®. This underscores a crucial lesson that
indiscriminate caspase blockade disrupts homeostatic,immunomodu-
latory and differentiation functions beyond cell death. The future,
therefore, lies in selective, transient and compartmentalized modu-
lation. Selective targeting of the caspase catalytic pocket has proven
extremely challenging, although recent strategies targeting exosites on
caspase-1, caspase-4 and caspase-5 that were identified from structural
biology studies have revealed the presence of allosteric regulatory sites
that could be targeted with next-generation therapeutics'®*'*, Another
new strategy leverages the fact that GSDMD pores that open during
pyroptosis, but notapoptosis, allow cell-impermeant caspase inhibitors
toaccess the cytosol'®. However, for the most part, translational efforts
so far have focused on targeting upstream components of caspase
activation platforms.

Apoptosome

Excessiveintrinsic apoptosisisimplicated inarange of diseases, includ-
ing ischemia-reperfusion injury and neurodegeneration, prompting
efforts to target the mitochondrial pathway for therapeutic benefit.
Strategies that transiently inhibit the APAF1-caspase-9 interaction
(for example, using ZYZ-488) have shown cardioprotective poten-
tial in mouse models of ischemia'*”'*, More recently, small molecule
inhibitors targeting BAX and/or BAK have been identified, which act
atthe point of noreturnintheintrinsic apoptosis pathway, efficiently
suppressing early apoptotic events and providing lasting protection'’.
However, the potential for on-target toxicity and the risk of promoting
autoimmunity or carcinogenesis with prolonged treatment complicate
the development of effective anti-apoptoticinterventions. Conversely,
reactivating dormant apoptosome signalling — through epigenetic
derepression of the genes encoding APAF17%" or BH3-only proteins
using drugs targeting epigenetic regulators'’?, as well as through direct
application of BH3 mimetics'*? — is a compelling potential approach
in cancer therapy.
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Inflammasomes

Inflammasome modulation through IL-18 blockade (for example, using
anakinra, canakinumab and rilonacept) has already been clinically
implemented for patients with CAPS and other autoinflammatory
diseases. In addition to these injectable biologics, more recently several
orally available direct NLRP3 inhibitors have entered clinical trials for
recurrent pericarditis, cardiometabolic disease, Parkinson’s disease
and amyotrophic lateral sclerosis, illustrating the broad therapeutic
potential ofinflammasome targeting in metabolic, neurodegenerative
and autoinflammatory diseases’.

Complementing NLRP3-directed therapies, new strategies have
focused ontargeting the serine/threonine kinase NEK7. Although NEK7-
independent modes of NLRP3 activation have beendescribed inimmor-
talized human myeloid cell lines*”’, NEK7 has recently been shown to
have akey evolutionarily conservedrolein coordinating NLRP3 inflam-
masome activation in primary human and mouse macrophages'>™”.
A small molecule NEK7 inhibitor, HT-6148, has completed phase |
clinical evaluation (ClinicalTrials.gov: NCT05447546), establishing
the feasibility of targeting NEK7 for pharmacological modulation
of NLRP3 inflammasome activation in humans. In parallel, a NEK7-
directed molecular glue degrader (MRT-8102) has shown promising
clinical activity in a randomized, double-blind, placebo-controlled

phaselstudyinindividuals withincreased cardiovascular disease risk
(ClinicalTrials.gov: NCT07119125).

Beyond the NLRP3 inflammasome, species differences have com-
plicated preclinical modelling and translational efforts for additional
inflammasome-selective therapeutics. For example, NLRP1 has dif-
ferential expression and signalling pathways in human endothelia
and epithelia compared with myeloid expression in mice, the CARD8
inflammasome lacks a rodent orthologue, and NLRC4 is expressed
in mouse intestinal epithelial cells but not in adult human intestinal
epithelial cells.

However, progress has been made towards targeting shared
downstream components of inflammasome pathways, including ASC,
caspase-1, GSDMD and ninjurin-1(NINJ1; which facilitates plasma mem-
brane rupture duringlytic cell death), thereby enabling broader sup-
pression ofinflammasome-driven pathology’®. Inthis context, preclinical
studies have shown that pharmacologicalinhibition or genetic ablation
of caspase-1 or GSDMD can redirect inflammatory pyroptosis towards
immunologically silentapoptosis’. Notably, such rewiring of cell death
pathways rescues theinflammatory phenotypes of mouse models having
gain-of-function mutationsin pyrin or NLRP3""%, A promising transla-
tional strategy involves antagonistic nanobodies that block GSDMD pore
formation, thereby rerouting pyroptosis towards caspase-1-dependent
apoptosis”’. Thisapproach has shown efficacy in preclinical models and
holds potential for mitigating pathologicalinflammationinsettings such
as sepsis and chronic inflammatory diseases™.

PIDDosome

For the PIDDosome, therapeutic exploration is nascent but holds dis-
tinct promise. Caspase-2 deficiency protects mice from diet-induced
steatosis'®° but increases osteoclast functionand osteopenia®, suggest-
ing that caspase-2 inhibitors could be beneficial in metabolic diseases
but may cause adverse side effects. Given that PIDDosome activity limits
the proliferation of polyploid hepatocytes, its transient suppression
might enhance liver regeneration after resection or transplantation
by permitting enhanced polyploidization to increase the speed of liver
massrecovery, thereby reducing complications referred to as ‘small-for-
size syndrome™. Similarly, the transition from MASH to hepatocellular
carcinomamay be ameliorated by increasing hepatocyte ploidy, as liver
cancersusually arise fromlow-ploidy hepatocytes. Assuch, manipulating
PIDDosome function could restrict chromosomalinstability. Inthe heart,
where polyploid cardiomyocytes have limited regenerative capacity,
modulating the PIDDosome to promote reduplication and proliferation
of adult cardiomyocytes — without compromising contractile integrity —
wouldbe a high-risk, high-reward strategy, particularly in post-infarction
remodelling. The recent elucidation of the ATR-PIAS1-SENP3 axis regu-
lating nucleolar PIDDosome assembly during inter-strand DNA cross-
link repair®® also opens doors for synthetic lethal strategies in Fanconi
anaemia-deficient cancers, in which pharmacological manipulation of
SUMOylation or deSUMOylation of PIDD1 could push cellsinto apopto-
sis. Finally, caspase-2 inhibition is emerging as a potential therapeutic
strategy for Alzheimer’s disease and other tauopathies — including fron-
totemporal dementia, Lewy body dementiaand Huntington’s disease —in
whichblocking tau cleavage may help to restore synaptic function and
cognition'”. The recent development of selective caspase-2 inhibitors
further supports this translational potential™2,

Future outlook
Recent advances in our knowledge of caspase activation platforms
have fundamentally reshaped the landscape of caspase biology, and
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progress in human genetics has firmly linked mutations in these plat-
forms to distinct disease phenotypes: apoptosome defects disrupt
neurodevelopment, inflammasome dysregulation causes autoinflam-
matory syndromes, and PIDDosome deficiencies result in cortical
malformations leading to intellectual disabilities. These findings not
only validate the central physiological roles of each complex but also
expose crucial knowledge gaps, particularly regarding the mecha-
nisms of PIDDosome-mediated caspase-2 activation and its role in
neurodevelopment. Whereas early models positioned caspase-2 as
amediator of ‘mitotic catastrophe’ — a term aiming to describe a dis-
tinct type of cell death following excessive DNA damage or mitotic
errors —itisnow clear that this actually reflects BCL2-regulated apop-
tosis in different cell cycle phases and that PIDDosome activation is
more accurately linked to cytokinesis failure leading to centrosome
amplification, whichis sensed as a surrogate readout of whole genome
duplication®®. In such contexts, full-length PIDD1 localizes to cen-
trosomes in an ANKRD26-dependent manner, a priming step that
nucleates PIDDosome assembly upon clustering of supernumerary
centrosomes, which is an essential process for caspase-2 activation.
Notably, this pathway operates independently of p53 in certain tis-
sues, including the heart, suggesting the existence of other substrates
and signalling pathways, in addition to MDM2 or BID, that remain to
be identified'”. The discovery of biallelic loss-of-function mutations
in PIDD1, CRADD and CASP2 in patients with lissencephaly, megalen-
cephaly or intellectual disability has redefined the PIDDosome as a
signalling axis involved in neurodevelopment, potentially regulat-
ing the asymmetric division of neural progenitors, their migration,
or the cell cycle exit of multiciliated ependymal cells. These insights
demand a reevaluation of long-standing assumptions, such as the
notion that caspase-2 primarily mediates apoptosis in response to
ERstress, heat shock or aneuploidy'®*'®*'#* Instead, its physiological
role may be more nuanced, involving quality control during tissue
morphogenesis rather than bulk cell elimination.

Similarly, misconceptions persist about the specificity of cas-
pase-2 substrates. Of these, only golgin-160 contains the canonical
VDVAD cleavage motif, and the physiological relevance of this and
many other proposed substrates remains uncertain'’>, Despite recent
reports implicating MDM2 and BID, the observation that p53-null or
MDM2 cleavage-resistant mice still exhibit caspase-2-dependent phe-
notypes in polyploid tissues® suggests that there are likely to be new
substrates of caspase-2 regulating nuclear DNA content and cell cycle
arrest. Moreover, emerging evidence points to compartment-specific
PIDDosome activation: in response to unresolved inter-strand DNA
crosslinks, ATR-dependent phosphorylation and PIAS1-mediated
SUMOylation of PIDD1 drive its recruitment to the nucleolus, where
it forms a caspase-2-activating complex scaffolded by NPM1°*%", This
nucleolar PIDDosome induces apoptosis, whereas the centrosomal
PIDDosome stabilizes p53 and enforces primarily cell cycle arrest,
with cell death seeming to be the exception, which highlights how
subcellular localization of the PIDDosome can determine functional
outcome. Future work must therefore integrate spatial proteomics,
live-cell imaging and degradome profiling to map the interactomes
and cleavage events that regulate PIDDosome assembly and signalling
inacontext-dependent manner.

Ultimately, the future of research into caspase activation plat-
forms hinges onintegrating human genetics with structural biology
and physiologically relevant models. Addressing species-specific
differences will be essential for improving translational relevance,
asimportant differences between mouse and humaninflammasome

pathways can skew mechanistic insights and complicate drug
discovery efforts. Although the apoptosome and PIDDosome path-
ways seem to be more stringently conserved across vertebrate spe-
cies, small differences in expression or regulation may still shape
context-dependent outcomes. Patient-derived organoids, human-
ized mice and large animal systems that recapitulate human-specific
features — such as NLRP1 and CARDS expression patterns — are
essential for validating targets and avoiding translational pitfalls.
Understanding the nuanced interplay between these platforms not
only deepens our appreciation of cellular decision-making but also
informs therapeutic strategies for cancer, inflammatory diseases and
infectious disorders. Targeting one pathway may inadvertently affect
others through complex proteolytic cascades and signalling crosstalk,
emphasizing the need for precisionin modulating caspase-dependent
signalling. Asresearch continues to uncover non-canonical functions
of these caspase activation platforms, it becomes evident that they
are not merely executors of cell death but dynamic regulators of life,
death and cellular identity.

Published online: 06 May 2026
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