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of key initiators, effectors and executioners in each of these three PCD pathways has historically delin-
eated them as distinct, growing evidence has highlighted extensive crosstalk among them. These obser-

vations have led to the establishment of the concept of PANoptosis, defined as an inflammatory PCD
pathway regulated by the PANoptosome complex with key features of pyroptosis, apoptosis and/or

I;Z};\I“;T;t‘fs:is necroptosis that cannot be accounted for by any of these PCD pathways alone. In this review, we provide
Cell death a brief overview of the research history of pyroptosis, apoptosis and necroptosis. We then examine the
Pyroptosis intricate crosstalk among these PCD pathways to discuss the current evidence for PANoptosis. We also
Apoptosis detail the molecular evidence for the assembly of the PANoptosome complex, a molecular scaffold for
Necroptosis contemporaneous engagement of key molecules from pyroptosis, apoptosis, and/or necroptosis.
PANoptosome PANoptosis is now known to be critically involved in many diseases, including infection, sterile inflam-
Inflammasome mation and cancer, and future discovery of novel PANoptotic components will continue to broaden our
ZBP1 understanding of the fundamental processes of cell death and inform the development of new
g;“f;j;e_s therapeutics. ‘ ' ‘

RIPK3 © 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
ASC Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
Caspase-1 commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cell death is a conserved phenomenon across prokaryotic and
eukaryotic cells. It occurs not only as a spontaneous process in
response to physical damage but also through active and geneti-
cally programmed pathways during normal development and
physiology and in response to pathogens [1]. Based on morpholog-
ical examinations and the DNA fragmentation status of dead cells,
cell death was initially classified as “programmed” apoptosis [2]
and “accidental” necrosis [3] in mammalian cells. However, dec-
ades of research in the field have conceptually advanced our
understanding of cell death as regulated processes [4].

Among all the proposed forms of programmed cell death (PCD),
pyroptosis, apoptosis and necroptosis are the most well-defined,
with intricate molecular machineries responsible for the initiation,
transduction and execution of cell death [1,4]. With the identifica-
tion of key molecules involved in these PCD pathways, the funda-
mental functions of PCD have been elucidated through genetic and
pharmacological manipulations in a variety of scenarios ranging
from normal development to infectious, inflammatory and autoim-
mune diseases and cancer [5-9]. Molecularly, apoptosis is exe-
cuted by activation of the executioner caspases, caspase-3
(CASP3) and CASP7, downstream of the initiator caspases CASPS,
CASP9 and CASP10 [10-14]. Pyroptosis is driven by plasma mem-
brane pore formation by activated gasdermin family members;
the prototype is gasdermin D (GSDMD) activation by inflammatory
caspases, CASP1 and CASP11 (mice) or CASP4/5 (humans) [15,16].
Necroptosis is executed by formation of mixed lineage kinase
domain-like pseudokinase (MLKL) pores following MLKL phospho-
rylation downstream of the receptor-interacting protein kinase 1
(RIPK1) and RIPK3 signaling axis [17-21]. Although the pathways
leading to executioner activation in these three forms of PCD have
historically been considered independent, there is mounting evi-
dence showing significant crosstalk among the three pathways.
Indeed, in a growing number of sterile insults and infectious con-
ditions (e.g., influenza A virus [IAV] infection), activation of bio-
chemical markers from all three PCD pathways is observed [22-
29], suggesting a united modality of death, conceptualized as
PANoptosis. PANoptosis is defined as an inflammatory PCD path-
way activated by specific triggers and regulated by the PANopto-
some complex that has key features of pyroptosis, apoptosis and/
or necroptosis but that cannot be accounted for by any of these
three PCD pathways alone. The PANoptosome provides a molecular
scaffold for contemporaneous engagement of key molecules from
pyroptosis, apoptosis and/or necroptosis [22-37]. Given that
PANoptosis has been observed during infections with various viral,
bacterial and fungal pathogens as well as in autoinflammatory dis-
eases, cytokine storm and cancer, it has significant pathophysiolog-
ical relevance [38]. The characterization of PANoptosis was also
central to molecularly understanding cytokine storm. Cytokine
storm is defined as a life-threatening condition caused by exces-
sive production of cytokines mediated by inflammatory cell death,
PANoptosis [39]. In addition to pathogenic and inflammatory dis-
ease triggers, cytokines themselves can also induce PANoptosis
[29].

In this review, we will provide a brief historical overview of the
discovery of the genetically defined regulatory pathways involved
in pyroptosis, apoptosis and necroptosis, and describe the intricate
crosstalk between and among these three PCD pathways that has
led to the conceptualization of PANoptosis. We will further discuss
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the current literature and experimental evidence supporting
PANoptosis and propose a general model for PANoptosome activa-
tion and assembly in various conditions based on the known mole-
cules and their sub-domains involved in protein-protein
interactions. Finally, the importance of the molecular components
in the PANoptosome in infectious, autoinflammatory and other
diseases will be reviewed, and remaining questions will be dis-
cussed to provide future directions for research in the area of cell
death.

2. Historic definitions of apoptosis, pyroptosis and necroptosis

Apoptosis was the first PCD to be described and was morpho-
logically characterized in 1972 (Fig. 1) [2]. It was not until 1986
that the first two genetic elements in the apoptosis pathway were
identified in Caenorhabditis elegans, ced-3 and ced-4 [40], the homo-
logs of human CASP3 [10,11] and APAF1 [41], respectively. Apopto-
sis is now known to proceed through both intrinsic and extrinsic
pathways. The identification of APAF1 defined the intrinsic,
mitochondria-dependent pathway of apoptosis [41]. Mitochondrial
damage or disruption leads to the permeabilization of the mito-
chondrial outer membrane, resulting in the release of a number
of molecules, including cytochrome C. Cytosolic cytochrome C is
sensed by APAF1, which then forms the apoptosome with CASP9,
the initiator caspase of the intrinsic apoptotic pathway [42]. This
complex allows the cleavage of the pro form of CASP9 into its
mature form through a mechanism coupled to the hydrolysis of
ATP. Mature CASP9 is then able to activate downstream effector
caspases (e.g., CASP3) [43]. The permeability of mitochondria to
allow the release of cytochrome C is regulated by multiple BCL-2
family proteins, the first of which was cloned in 1984 during the
study of B cell lymphoma [44]. Another group later also identified
BCL-2 family member ced-9 (BCL-XL homologue), which inhibits
apoptosis, in a C. elegans genetic screen [45]. The regulation of
apoptosis by BCL-2 family members is critical and has been exten-
sively reviewed elsewhere [46].

Shortly after the pathway of intrinsic apoptosis was described,
the extrinsic pathway was also identified. Extrinsic apoptosis is ini-
tiated through the engagement of death-inducing receptors Fas
and TNF-a receptor (TNFR). The first pro-apoptotic signaling mole-
cules downstream of these death receptors to be identified were
FADD (Fas-associated protein with death domain [DD]) [47-49]
and CASP8 [50,51]. Homotypic interactions between the DDs are
common to both Fas- and TNFR-mediated cell death events [52].
FADD interacts with the DD of the receptor and recruits CASP8
through homotypic interactions between their death effector
domains (DED) [50,51]. CASP8 is recruited in its pro form and
undergoes autoprocessing into mature CASP8 to gain its full prote-
olytic activity to cleave and activate CASP3 and CASP7. Therefore,
CASP9 and CASP8 are the initiator caspases of the intrinsic and
extrinsic apoptosis pathways, respectively, and these paths con-
verge for activation of the same executioner enzymes: CASP3 and
CASP7.

The work genetically defining the molecular mechanisms of
apoptosis laid the foundation for the characterization of other
forms of PCD. Homology was found between nematode apoptotic
ced-3 and the mammalian IL-1B converting enzyme (ICE) when
ICE was cloned in 1992 [53-55]. ICE was renamed as CASP1 based
on this homology and its ability to induce PCD when overexpressed
[56]. The physiological function of CASP1 in the induction of cell
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Fig. 1. Research timeline and features of programmed cell death. (A) Key milestones in the discovery and definition of apoptosis, pyroptosis, necroptosis and PANoptosis
overlaid on the number of publications per year in PubMed using the search term "Cell death”. (B) Morphological features of cells undergoing different forms of programmed
cell death.

death was then discovered in 1998, when Shigella-infected macro- macrophages [57]. Although CASP1-dependent cell death was
phages were found to undergo cell death in a CASP1-dependent initially referred to as apoptosis, given that it is “programmed”
manner. This cell death was inhibited in Casp1-deficient peritoneal [54,57], the inflammatory nature (IL-18 maturation) and

4643



Y. Wang and Thirumala-Devi Kanneganti

morphological features of CASP1-dependent cell death are distinct
from those of the classically defined apoptosis (Fig. 1). These differ-
ences led to the introduction of the term pyroptosis [58,59].

CASP1 is activated by the inflammasome [60], a multiprotein
complex that typically contains a sensor protein, the adaptor pro-
tein ASC and CASP1. Canonical inflammasome sensors generally
contain a caspase activation and recruitment domain (CARD)
(e.g., NLRC4, NLRP1b) or pyrin domain (PYD) (e.g., NLRP3, AIM2,
Pyrin), which are critical to initiate inflammasome assembly [61].
The inflammasome adaptor protein ASC contains both a PYD and
CARD and uses homotypic domain interactions to bridge PYD-
containing and CARD-containing inflammasome sensors and
CARD-containing CASP1, leading to CASP1 cleavage and activation
[62]. Alternatively, CARD-containing sensors such as NLRP1b and
NLRC4 can directly interact with CASP1, causing pyroptosis with-
out inducing CASP1 autoprocessing [63,64], although the physio-
logical relevance of ASC-independent interactions remains
unclear. CASP1 proteolytic cleavage and activation results in CASP1
cleaving its downstream substrates, including the inflammatory
cytokines pro-IL-18 and pro-IL-18 to produce their bioactive forms
and the pore-forming molecule GSDMD to facilitate plasma mem-
brane pore formation and pyroptosis. In addition, pyroptosis can
also be induced by murine CASP11 or human CASP4/5-mediated
non-canonical inflammasome activation in response to intracellu-
lar lipopolysaccharide (LPS) sensing [65-67]. CASP11 then cleaves
GSDMD to form membrane pores, which facilitate NLRP3 inflam-
masome and CASP1 activation in a cell-intrinsic manner to induce
IL-18 and IL-18 maturation [16]. Therefore, inflammasome-
mediated cell death is accompanied by the release of cytokines,
including IL-1B and IL-18, conferring the pro-inflammatory nature
of pyroptosis [15,16].

In addition to apoptosis and pyroptosis, necroptosis has also
been molecularly defined. The first genetic evidence of necroptosis
was reported in 2000 [19]. T cells stimulated with Fas ligand in the
presence of caspase inhibitors died through a FADD/RIPK1-
dependent manner with necrotic morphology and without the
release of cytochrome C[19]. The term “necroptosis” was proposed
a few years later in 2005 with the development of necrostatin-1
[68], an inhibitor of necroptosis which was shown to target RIPK1
[69,70]. In TNF-a—-induced necroptosis, the kinase activity of both
RIPK1 and RIPK3 is essential for cell death, and RIPK1 and RIPK3
interact to form a necrosome through their RIP homotypic interac-
tion motifs (RHIMs) [71-74]. The necrosome phosphorylates the
pseudokinase MLKL, which disrupts the plasma membrane to
cause cell death [17,18]. In addition, Toll-like receptors (TLRs)
can also initiate necroptosis via RIPK3 and MLKL phosphorylation
independent of RIPK1 kinase activity [75,76]. Further studies into
the mechanisms of plasma membrane rupture during cell death
have found that the surface molecule NINJ1 is important for rup-
ture in necroptosis as well as pyroptosis and apoptosis to mediate
the release of large proteins, such as LDH and HMGB1 [79], and
future studies will be required to fully elucidate the mechanism
of pore formation and plasma membrane rupture. Because the
onset of necroptosis is generally associated with the inhibition of
caspases, in particular CASP8, necroptosis is thought to be a “fail-
safe” mechanism to ensure cell death can still occur during infec-
tions or in the presence of oncogenic mutations that abrogate cas-
pase activation [77,78].

3. Crosstalk between pyroptosis, apoptosis and necroptosis

Although pyroptosis, apoptosis and necroptosis were histori-
cally discovered and described as distinct, independent pathways,
mounting evidence shows that extensive interactions exist among
these PCD pathways [22,29-36,80-82]. Clear connections have
now been described between each pair of pathways, and there is
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a growing body of literature mechanistically defining interactions
among all three pathways. These findings led to the establishment
of the concept of PANoptosis, which is defined as an inflammatory
PCD pathway activated by specific triggers and regulated by the
PANoptosome complex that has key features of pyroptosis, apopto-
sis and/or necroptosis but that cannot be accounted for by any of
these PCD pathways alone [22-37].

3.1. Molecular interactions between components of pyroptosis and
apoptosis

The first genetic evidence for a link between pyroptosis and
apoptosis was found in 2008, when it was shown that CASP1 can
cleave CASP7 at its canonical aspartic acid activation site in macro-
phages [30]. Furthermore, activation of CASP7 during Salmonella
enterica serovar Typhimurium (Salmonella) infection is abolished
by CASP1 deficiency [30]. Inflammasome and CASP1 activation
can also result in the cleavage of the apoptotic substrate poly
(ADP-ribose) polymerase 1 (PARP1) [31]. Subsequent studies found
that pyroptotic CASP1 can also activate the apoptotic pathway by
inducing cleavage of apoptotic CASP3 in the absence of GSDMD
[83,84]. This type of regulation is physiologically important in cells
with low or no GSDMD expression, such as neurons and mast cells,
which appear to undergo apoptosis rather than pyroptosis upon
inflammasome activation [83].

Another key connection between inflammasome activation/py-
roptosis and apoptosis has been centered on the initiator caspase
of extrinsic apoptosis, CASPS8. In response to infection with Sal-
monella or Citrobacter rodentium or in response to stimulation by
LPS + ATP, B. anthracis lethal toxin challenge, FlaTox stimulation
and likely under additional conditions that remain to be character-
ized, CASP8 is recruited into the inflammasome complex [32,85-
87]. While CASP8 is dispensable for the cell death during Sal-
monella infection, the cell death and CASP1 activation in macro-
phages after LPS + ATP, C. rodentium or Yersinia stimulation is
FADD- and CASP8-dependent, positioning FADD/CASP8 upstream
of inflammasome activation under these conditions [32,88]. Mech-
anistically, in addition to the proteolytic ability of CASP8 to process
CASP1 in a recombinant system [32], CASP8 and FADD are also
essential for the transcription of Nlrp3 and Il1b [32]. Furthermore,
TAK1 inhibition, which can be induced by the Yersinia effector
YopJ, initiates cell death characterized by pyroptosis, apoptosis
and necroptosis [35,36], and CASP8 can directly activate GSDMD
in this context [89-91]. The CASP8-mediated GSDMD cleavage also
contributes to NLRP3 inflammasome formation and IL-18 produc-
tion following TAK1 inhibition, suggesting that CASP8 can act on
both initiators and executioners of pyroptosis [91].

In addition to its role in crosstalk with the NLRP3 inflamma-
some and subsequent pyroptosis, CASP8 has been reported to be
activated through interaction with other inflammasomes. Activa-
tion of the AIM2 inflammasome by Francisella infection or DNA
electroporation in the absence of CASP1 leads to the recruitment
and activation of CASP8 through the inflammasome adaptor ASC,
resulting in CASP3 activation in macrophages [92,93]. Earlier stud-
ies also observed a switch in cell death from pyroptosis to apopto-
sis in CASP1-deficient cells during Salmonella infection [94]. Later
reports found apoptotic caspase activity in wild type cells in
response to various pyroptotic stimuli [93,95], arguing that the
previously observed switch between pyroptosis and apoptosis is
actually the result of the phenotypic characteristics of apoptosis
being masked by the more rapid execution of pyroptosis [96,97].
It is likely that the specific execution depends on the trigger or
the molecular characteristics of a pathogen [98].

In addition to the crosstalk observed during infection, there are
also connections between pyroptosis and apoptosis in response to
other stresses. For example, at the executioner level, apoptotic
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CASP3 can cleave GSDME, another member of the gasdermin fam-
ily, to induce pyroptosis in multiple cell types, which causes tissue
damage during chemotherapy [99,100]. On the other hand, apop-
totic CASP3 can also limit pyroptosis by processing GSDMD at a
cleavage site in its cytotoxic N-terminal, generating an inactive
fragment and potentially limiting GSDMD-mediated pore forma-
tion [84]. Additional crosstalk is observed during bile acid-
induced cell death. Mitochondrial permeability induced by the bile
acid activates intrinsic apoptosis through the APAF1 apoptosome,
which can also interact with the pyroptotic CASP11 to initiate
the cleavage of CASP3 and drive GSDME-dependent pyroptosis
[101]. However, the exact mechanism governing the transition
between formation of the CASP9-APAF1 apoptosome and
CASP11-APAF1 pyroptosome remains elusive.

Overall, these findings suggest that the pyroptotic and apoptotic
pathways are closely interconnected and mutually regulated on
different levels from pathway initiation to final execution.

3.2. Molecular interactions between components of apoptosis and
necroptosis

Since necroptosis was historically identified as a backup cell
death pathway that occurs in response to the inhibition of

Table 1
Importance of molecules in programmed cell death pathways during development.
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CASP8-dependent apoptosis [19], interactions between apoptosis
and necroptosis have been well documented. The central mole-
cules governing the balance between apoptosis and necroptosis
are the apoptotic initiator CASP8 and its interactor and substrate
RIPK1. Deletion of either of these molecules leads to embryonic
or postnatal lethality in mice [102,103] (Table 1). Embryonic
lethality of Casp8~/~ mice can be rescued by loss of necroptotic
pathway effectors Ripk3 or Mlkl, suggesting a predominant role of
apoptotic CASP8 in preventing necroptosis during development;
indeed, both RIPK1 and RIPK3 are substrates for CASP8 [104-
107]. Ripk1 knockout mice die postnatally due to massive necrop-
tosis in epidermal cells and apoptosis in the intestine, indicating
that RIPK1 can inhibit apoptosis and necroptosis in a cell type-
specific manner [103]. Ripk1 knockout mice can survive when both
the apoptotic and necroptotic pathways are inhibited with loss of
CASP8 and RIPK3 [108]. Although RIPK1 is involved in the inhibi-
tion of both apoptosis and necroptosis, as seen by the extensive cell
death observed in Ripkl1~/~ embryos, RIPK1 itself is paradoxically
critical for both types of cell death. Mice carrying an uncleavable
RIPK1 (D325A) also undergo embryonic lethality due to abnor-
mally abundant apoptotic and necroptotic cell death, resembling
Casp8~'~ [109] and enzymatically inactive CASP8 (C362S or
C362A) embryos [110,111]. Therefore, either the lack of RIPK1 or

Protein Murine lethality upon Potential cause of death Select genetic cross(es) attempted to rescue
deletion
RIPK1 Postnatal (immediately Massive necroptosis in Ripk3~/~Tnfr1~/~ (lethality in adulthood due to sepsis) [108]

RIPK1 (RHIM deletion)

RIPK1 (D325A, uncleavable)

RIPK3 (D161N, kinase dead)

CASP8

CASP8 (C362A or C362S,
enzymatically dead)

FADD
FLIP
CASP3/7
TBK1
CASP9

HOIL-1

HOIP

SYK

after birth)

Postnatal (E18.5,
immediately after birth)

Embryonic (E10.5)

Embryonic (E11.5)

Embryonic (E10.5-E11.5)

Embryonic (E10.5-E11.5)

Embryonic (E10.5-E11.5)

Embryonic (E10.5-E11.5)
Postnatal (immediately
after birth)

Embryonic (E14.5)
Embryonic (after E16.5)

Embryonic (E10.5)

Embryonic (E10.5)

Postnatal (E18.5,
immediately after birth)

epidermal cells and
apoptosis in intestine [103]

Inflammation in both
epidermal cells and
intestine

Massive apoptosis in yolk
sac vasculature

Massive apoptosis in yolk
sac vasculature

Hyperemia and heart defect
[102]

Hyperemia and vasculature
defect

Cardiac failure and
abdominal hemorrhage
[168]

Heart defect [171]
Defective cardiac formation
[172]

Liver degeneration

Enlarged and malformed
cerebrum [173]
Aberrant endothelial cell
death

Aberrant endothelial cell
death
Extensive hemorrhaging
[176]

Ripk3~/~Casp8~/~ (survive but develop acute lymphoproliferative
syndrome [ALPS]) [108,166]

Ripk3~/~Fadd~'~ (survive but develop ALPS) [108]

Ripk3~/~ (postnatal lethality) [108]

Ripk3*/~ (survive to adulthood) [119]

Ripk3~/~ (survive to adulthood) [119]

MIkl~'~ (survive to adulthood) [119]

Zbp1~/~ (survive to adulthood) [119]

Zbp1%7%/2* (survive to adulthood) [37,259)]

Ripk1P138N/P138N (kinase dead RIPK1, survive to birth) [109]
MIkl/~Fadd /- (survive but develop ALPS) [109]

Ripk3~/~Casp8~/~ (survive to birth) [109]

Tnfr1~/~ (survive to birth) [109]

Casp8~/~ (survive but develop ALPS) [167]

Ripk1~/~ (survive to birth) [167]

Ripk3~/~ (survive but develop ALPS) [106,107]

Ripk1P138N/D138N (kinase dead RIPK1, lethality delayed to E14) [109]
MikI~!~ (survive but develop progressive lymphadenopathy) [260]
Ripk3~/~ (survive but develop anemia and splenomegaly) [110,111]
MIkI~/~ (postnatal lethality due to intestinal inflammation) [110,111]
MIkl/~Asc™/~ (survive to adulthood) [110,111]

MikI~/~Casp1~/~ (survive to adulthood) [110,111]
MIkl~/~Casp1~/~Casp11~/~ [110]

Ripk3~/~Casp1~/~Casp11~/~ [110]

Ripk1~/~ (postnatal lethality) [169]

Ripk3~/~ (survive but develop ALPS) [170]

Ripk3~'~Fadd '~ (survive but develop ALPS) [170]
NJA

Ripk1P138N/P138N (gurvive to adulthood, fertile) [158]
Ripk3~/~ (low birth rate) [158]
N/A

Tnfr1~!~ (lethality delayed to E16.5) [174]
Casp8~/~Ripk3~!~ (lethality delayed to E14.5) [174]
Casp8~/~Ripk3~'~Ripk1~/~ (viable, runty) [174]
Casp8~/~MIkl~!~ (viable, runty) [174]

Tnfr1~/~ (lethality delayed to E17.5) [175]
Casp8~/~MIkl~!~ (viable, runty) [174]
N/A
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the presence of an uncleavable form of RIPK1 induces cell death,
indicating that the cleavage of RIPK1 by CASPS is critical to prevent
excessive apoptosis and necroptosis [109]. Mechanistically, this
could be achieved by regulating the amount of RIPK1 expressed:
one recent study suggested higher RIPK1 expression leads to
necroptosis while low or no RIPK1 expression drives cells toward
apoptosis [112].

Both genetic and biochemical data support that the CASP8-
RIPK1 platform is critical in regulating the cell death between
apoptosis and necroptosis (and pyroptosis, as discussed later).
The absence of either component or point mutation of critical sites
involved in enzymatic cleavage not only leads to lethality in mice
(Table 1) but also causes immunodeficiencies in humans [113,114].

3.3. Molecular interactions between components of pyroptosis and
necroptosis

Compared with our understanding of crosstalk between compo-
nents of the apoptotic pathway and those of the pyroptotic and
necroptotic pathways, the evidence of interplay between pyropto-
sis and necroptosis has begun to accumulate more recently. MLKL
is involved in TLR3-mediated NLRP3 inflammasome activation; the
deletion of MLKL impairs ASC oligomerization in response to the
combination of TLR3 ligand poly(I:C) and pan-caspase inhibitor
z-VAD [115]. Recent studies show that necroptosis can also trigger
NLRP3 inflammasome activation through MLKL pore-mediated
potassium efflux in a cell-intrinsic manner in macrophages. In this
context, activation of MLKL acts upstream of inflammasome activa-
tion, as the inhibition of NLRP3 or CASP1 fails to rescue necroptotic
death [116,117].

3.4. Molecular interactions between components of pyroptosis,
apoptosis and necroptosis - The emergence of PANoptosis

As described above, the complexity of crosstalk between each
duo of PCD pathways suggests the existence of a dynamic molecu-
lar interaction network instead of insulated pathways steering the
cell death event. These data led to the emergence of the concept of
PANoptosis to define a unique, physiologically relevant, inflamma-
tory PCD activated by specific triggers and with molecular charac-
teristics of pyroptosis, apoptosis and/or necroptosis that cannot be
accounted for by any of these PCD pathways alone. The most well-
established example of PANoptosis was first shown with direct
biochemical evidence in the context of viral infection in 2016 with
the identification of ZBP1 as a sensor for influenza A virus (IAV) and
a master regulator of cell death during IAV infection [22] (Table 2).
Macrophages infected with IAV undergo PANoptotic cell death
characterized by activation of CASP1, CASP8, CASP3 and phospho-
rylation of MLKL, the essential molecular events of pyroptosis,
apoptosis and necroptosis [22,27]. Deletion of ZBP1 is sufficient
to suppress PANoptosis fully, whereas loss of individual compo-
nents of the typical PCD pathways fails to rescue the cell death
[22,27]. In subsequent studies, ZBP1 was also shown to unleash
RIPK3-mediated necroptosis during development when the RHIM
domain of RIPK1 is disrupted [118,119]. Additionally, mutation of
the RIPK1 RHIM (Ripk1™RH ™M) results in lethality in mice due to loss
of its interaction with RIPK3. These mice can be rescued with fur-
ther deletion of either ZBP1 or the Zo2 domain of ZBP1, inactiva-
tion of RIPK3 kinase function, mutation of the RHIM domain of
RIPK3, or deletion of RIPK3 or MLKL to disable the necroptotic
pathway (Table 1) [37,118,119]. These observations suggest that
the PANoptotic function of ZBP1 is trigger-dependent. IAV activa-
tion of ZBP1 through its Zoo domain [120,121] may serve as the
specific upstream event that initiates the activation of the molecu-
lar machinery for PANoptosis execution [37].
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Beyond IAV infection, evidence for PANoptosis has also been
shown in sterile inflammation. Studies with mice carrying enzy-
matically inactive CASP8 (Casp8-3625/C362S or (Casp8C362/4/3624)
demonstrate that the CASP8-RIPK1 platform shared by apoptosis
and necroptosis is genetically associated with ASC, the adaptor
protein of inflammasomes. The DED domain of CASPS in cells from
mice with enzymatically inactive CASP8 interacts with ASC, trig-
gering pyroptosis and severe inflammation in the intestine
[110,111]. Unlike the inflammation observed in epidermal cells
in these mutant mice, which can be rescued by deleting
necroptotic machinery such as RIPK3 and MLKL, the intestinal
inflammation is only rescued by combined deletion of necroptosis
and the pyroptotic proteins CASP1 or ASC [110,111]. Thus,
Casp83625/C352SMikl~/~Casp1~/~ mice, which are deficient in extrinsic
apoptotic, necroptotic and pyroptotic pathways, are viable (Table 1).
This in vivo genetic evidence further indicates the molecular
crosstalk between these three PCD pathways through PANoptosis.

In addition to the examples discussed above, PANoptosis has
been observed in many different conditions, such as during both
genetic- and Yersinia YopJ-mediated inhibition of TAKI1
[25,35,36], other bacterial, viral and fungal infections [23,24,26],
cytokine storm [29] and cancer [28]. The activation of PANoptosis
under such diverse conditions suggests an intricate regulation of
this process. This regulation is achieved through the PANoptosome,
a multiprotein complex that serves as a platform for engagement
of key molecules from pyroptosis, apoptosis and/or necroptosis.

4. Assembly of the PANoptosome: Interaction network of
PANoptosome components

In addition to the experimental evidence that has supported the
conceptual development of PANoptosis, visualization of the physi-
cal interactions of known molecular components of pyroptosis,
apoptosis and necroptosis using STRING database [122] highlights
numerous connections between molecules from all three pathways
(Fig. 2). The STRING database includes reported physical interac-
tions between proteins, which are used in the network construc-
tion. These connections indicate that each pathway is unlikely to
be “independent” from the others, supporting the notion of a uni-
fied PCD network. Based on the current STRING analysis of the
molecular interactions between these proteins, CASP8 is the only
node to directly connect the three pathways (Fig. 2), but future
work may identify others. Many of the proteins involved in PCD
pathways contain domains that can participate in homotypic inter-
actions, which forms the basis for the assembly of multiprotein
complexes that are essential in regulating PCD. Several such com-
plexes have been characterized to date for individual PCD path-
ways, including recent evidence showing that there is an
additional complex termed the PANoptosome in PANoptosis.

4.1. Many “X-somes” and PANoptosome

Many different multi-protein complexes have historically been
identified and found to be critical for cell death and survival. For-
mation of these complexes is often driven by homotypic and het-
erotypic interactions between proteins within key conserved
domains, including RHIM, DD, DED, PYD and CARD. Canonical
inflammasomes are composed of sensors, such as NLRP3, NLRP1,
NLRC4, AIM2 or Pyrin, the adaptor protein ASC and CASP1; these
molecules are assembled together through PYD-PYD or CARD-
CARD interactions as aforementioned [61,62].

Multiple complexes are involved in the regulation of apoptosis.
Intrinsic apoptosis can be induced by the apoptosome, while
extrinsic apoptosis is controlled by the death-inducing signaling
complex (DISC) and complex-II or the stress-induced ripoptosome.
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Table 2
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Cell death pathway activation by selected viral, bacterial and fungal pathogens [22-27,145,150,177-245].

Pathogen

(ssRNA)

Influenza Avirus

Murine hepatitis
virus (ssRNA)

Rotavirus (dsRNA)

Rhinovirus
(ssRNA)

(ssRNA)

Murine norovirus

Sendai virus
(ssRNA)

Vesicular
stomatitis virus
(ssRNA)

Human

virus (ssRNA)

immunodeficiency

Hepatitis C virus
(ssRNA)

Herpes simplex
virus (dsDNA)

Vaccinia virus
(dsDNA)

Encephalomyo-
carditis virus
(ssRNA)

Dengue virus
(ssRNA)

Respiratory
syncytial virus
(ssRNA)

Francisella
tularensis subsp.

novicida

Listeria
monocytogenes

Streptococcus
pneumoniae

Staphylococcus
aureus

Escherichia
coli (UPEC)

Pseudomonas
aeruginosa

Shigella flexneri

Mycobacterium
tuberculosis

Pyroptosis

| Apoptosis

Necroptosis

N/A

N/A

Fibroblast (L929): RIPK1/3-
and MLKL-dependent cell
death
Epithelial (HT-29):
necroptosis inhibited [195]

Fibroblast (BHK-21): No apoptosis;
inhibited by viral protein 2A [199]
Macrophage: CASP3 activation

[184]

Epithelial cell (A549): CASP6/8/9
activation (R6x strain) [211]
Macrophage: No/low CASP3/7
activation [209]

Macrophages: Morphology and DNA
fragmentation, CASP3 activation
[219, 220]

Epithelial cell (HT29): CASP3/8
activation inhibited [145]
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Mycobacterium
bovis
Porphyromonas
gingivalis

Legionella
pneumophila

Salmonella
enterica serovar
Typhimurium

Yersinia pestis
Helicobacter pylori

Burkholderia
pseudomallei

Bacillus anthracis

Candida albicans
Aspergillus
fumigatus

Cryptococcus
neoformans

N/A

N/A

N/A

The activation of PCD pathways by pathogens are color coded as red (positive induction), cyan (no induction/inhibition), orange (cell type-specific induction/inhibition) and

white (no information).

*This table offers an overview of cell death in selected infections. We apologize to those whose studies could not be cited here due to space limitations.

Selected members in pathways:

@Pyroptosis @Apoptosis O Necroptosis

NLRC4 NAIPE SUGT1
NAIPS |
. i . .NLRPS
."ﬁ NAIP2 .
AIM
CASP1 ; MEFV
NLRP1A i AR
TNFRSF10B
c.qspsf CASPS
CASP7 '
TRAF2 ? FLAR TNFSF10
XIAP FADD™
FAS
- TRADD
TRAF1
= CASP3
RIPK1
IKBKG
MAP3KT e
ThEl »_ UsP21
RIPK3 ZBP1

Fig. 2. Interactome analysis of molecules in PCD pathways. A physical network of
experimental and database evidence with confidence > 0.7 was retrieved from the
STRING database after searching seven proteins (AIM2, PYCARD, MEFV, ZBP1,
CASP1, CASP8, RIPK3) with interactor threshold 20. The interaction network was
replotted by the igraph package, and historically central members of each PCD
pathway are colored.
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The apoptosome is formed when APAF1 senses the release of cyto-
chrome C from mitochondria and initiates interaction with CASP9
through its CARD domain [43]. DISC is assembled by death receptor
engagement, where DD-containing death receptors (e.g., Fas) and a
DD-containing adaptor protein (e.g., FADD) interact [123,124].
Cytosolic translocation of the membrane-bound complex and
recruitment and activation of pro-CASP8 through DED-DED inter-
actions between FADD and pro-CASP8 forms complex-II in the
cytosol and leads to the initiation of extrinsic apoptosis
[123,124]. The ripoptosome contains similar core members,
including CASP8, FADD and RIPK1, but this complex is formed in
response to distinct triggers such as genotoxic stress. CASP8 and
the kinase activity of RIPK1 are essential for ripoptosome-
induced apoptosis and necroptosis, respectively [125].

Necroptosis is induced by the necrosome, which can form when
RIPK3 is recruited by RIPK1 through RHIM-RHIM interactions and
CASP8 activity is inhibited. In the complex containing inactive
CASP8, along with FADD, RIPK1 and RIPK3, phosphorylation of
RIPK3 by RIPK1 occurs and leads to further phosphorylation of
MLKL to induce necroptosis [76].

The aforementioned death-inducing complexes share many
core members such as CASP8, FADD and RIPK1. In addition to the
clear overlaps in the components of the ripoptosome and the
necrosome, inflammasome activation is also dependent on the
presence of CASP8 and FADD in many cases [32]. The homotypic
interactions of DD superfamily members or RHIM domains are crit-
ical to the formation of each of the cell death complexes described
to date [126-132]; additionally, heterotypic interactions have been
observed between the DED of CASP8 and the PYD of ASC
[110,111,133] and may serve as the mechanistic basis to assemble
the PANoptosome.
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4.2. PANoptosome assembly—the prototypical ZBP1 PANoptosome

The homotypic and heterotypic domain interactions between
proteins provide the backbone for PANoptosome formation
(Fig. 3) [38]. To date, two upstream molecules, ZBP1 and RIPK1,
have been identified that can trigger PANoptosome assembly in
response to specific stimuli [22,25], but it is likely that several
others remain to be characterized. The sensor ZBP1 is critical in
mediating cell death in both IAV infection and the developmental
defect observed in Ripk1™*™ mice [22,118]. The current model
of ZBP1 PANoptosome assembly during IAV infection is centered
on known homotypic/heterotypic interactions within the con-
served domains, such as RHIM, DD, DED, PYD and CARD
[134,135] (Fig. 3). For example, the homotypic interaction between
RHIM domains [135] is critical for necroptosis initiation, while the
heterotypic interaction between PYD (ASC) and DED (CASP8) can
bring pyroptotic and apoptotic machineries together [93,133];
these molecular interactions are likely to serve as the backbone

1. Pathogen

2. Innate immune sensor

Sensor

3. PANoptosome complex
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for PANoptosome formation during IAV infection (Fig. 3). Further-
more, CASP6 potentiates the interaction between ZBP1 and RIPK3
in the ZBP1 PANoptosome [27]. The formation of this molecular
scaffold is further supported by reported immunoprecipitation
experiments using HEK293T cells expressing key PCD components,
where RIPK3 co-immunoprecipitates CASP8, ASC, RIPK1, NLRP3
and ZBP1 (Fig. 4A) [23], and in primary macrophages infected with
1AV, where RIPK3 also co-immunoprecipitates ZBP1, CASP8, NLRP3
and RIPK1 (Fig. 4B), the crucial molecules in pyroptotic, apoptotic
and necroptotic pathways. Beyond the immunoprecipitation evi-
dence, microscopy also demonstrates colocalization between key
members of multiple PCD pathways during IAV infection. The
ASC speck, which represents inflammasome activation, can colo-
calize with both apoptotic and necroptotic proteins, such as CASP8
and RIPK3, in the same cell (Fig. 4C). Therefore, in analogy to the
well-classified sensor system in inflammasome activation, ZBP1
represents the prototypical PANoptosome sensor that recognizes
IAV [136]. Given that PANoptosis has been observed under a

e.g., |IAV

-3!?8 e.g., IAV/ PAMP

e

NLRP3

LR JERGLY casps 2
4
SESR PYRIN | g
ASC 5
(7]
o
w 3
o) o
CASP1 [
B
O
v =><
l% CASPIIT l
GSDME MLKL \b/

| GSDMD

Membrane pore '

4. PANoptosis

i

[
PR D
(Inflammatory cell death) j : .@, -
= @ AL
7 o 2 <

Fig. 3. Model of ZBP1 PANoptosome assembly. 1) Specific trigger (e.g., IAV) is required to initiate PANoptosome formation; 2) specific sensor (e.g., ZBP1) is activated by the
trigger; 3) the sensor initiates the assembly of the PANoptosome, which contains molecules required to activate downstream PCD effectors including gasdermins, CASP3/7
and MLKL; 4) PANoptosis execution by engagement of pyroptotic, apoptotic and necroptotic pathway members resulting in lytic inflammatory cell death.
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HEK293T overexpression BMDMs (IAV + z-VAD)
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(from Christgen et al. Front. Cell. Infect.
Microbiol., 2020)
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Fig. 4. Experimental evidence of PANoptosome formation. (A) Immunoprecipitation of RIPK3 in HEK293T cells overexpressing PANoptosome components (published data
from Christgen, S., et al. Front. Cell. Infect. Microbiol., 2020). (B) Immunoprecipitation of RIPK3 in IAV-infected WT and Ripk3~/~ BMDMs (left) and immunoprecipitation of
CASP8 in WT cells showing the interaction among key components of the PANoptosome. (C) Immunofluorescence staining of indicated molecules in IAV-infected BMDMs
showing the colocalization of principle components of the PANoptosome. BMDMs infected with IAV (PR8) at MOI = 20 for 12 h and stained with anti-ASC (2EI-7, Millipore),
anti-CASP8 (1G12, Enzo) and anti-RIPK3 (B-2, Santa Cruz, pre-conjugated). Scale = 5 um. Asterisks indicate non-specific bands.

4650



Y. Wang and Thirumala-Devi Kanneganti

variety of conditions, how the PANoptosomes are formed under
these other conditions to regulate PANoptosis remains an area
for further investigation.

4.3. PANoptosome assembly—additional sensors and interactors

Our current knowledge of PANoptosome assembly is limited
regarding the identity of sensors that initiate complex formation.
Similar to inflammasome sensors, the sensors for PANoptosome
assembly are likely to contain domains involved in both sensing
triggers and interacting with the core members of the PANopto-
some. For example, ZBP1 uses its Za2 domain to sense RNA and
its RHIM to interact with RIPK3 (Fig. 3). Many proteins encoded
by the human genome that contain domains known to function
in pattern recognition, such as leucine-rich repeats and HIN
domains, also contain interaction domains (e.g., PYD). These pro-
teins can potentially initiate PANoptosome assembly once they
have been activated by specific triggers.

In addition to the ZBP1 PANoptosome, recent work has charac-
terized a PANoptosome that is centered on RIPK1, another RHIM-
containing protein. This RIPK1 PANoptosome is formed during Yer-
sinia infection, where the apoptotic and pyroptotic arms require
RIPK1, while the necroptotic arm is suppressed by RIPK1 [25],
implying that PANoptosomes could differentially regulate the
effectors of pyroptosis, apoptosis and necroptosis. In addition to
RIPK1, RIPK3 and ZBP1, the mammalian genome includes one other
RHIM-containing protein, TRIF. TRIF also mediates cell death
through RHIM-RHIM interactions with RIPK3 following TLR3 acti-
vation and caspase inhibition [75]. A recent study reported a cell
death complex containing FADD, RIPK1 and CASP8 which is trig-
gered by TRIF signaling (referred to as the “TRIFosome”). This com-
plex is critically involved in the cell death induced by LPS when
TAK1 is inhibited [137]. Although the physical presence of TRIF
in a complex with other death molecules has not been shown, it
is possible that TRIF can participate in PANoptosome formation
through its RHIM domain.

Another potential candidate sensor to trigger PANoptosome
assembly is RIG-I. Sendai virus (SeV) can induce pyroptosis, apop-
tosis and necroptosis (Table 2) and RIG-I is the viral sensor to trig-
ger interferon production in this context [138]. During SeV
infection, RIG-I can form a complex with CASP8 and RIPK1, core
members of the PANoptosome (Fig. 3) [139]. The CARD domain
of RIG-I is sufficient to pull down CASP8, and this interaction is
likely mediated by CARD-CARD interactions between RIG-I and
other CARD-containing members of the PANoptosome. Therefore,
it is possible that RIG-I is critically involved in SeV-induced PANop-
tosis, though this requires further study.

Beyond the sensors, additional proteins are also likely to be
included in the PANoptosome core through expected homotypic
and atypical heterotypic interactions, such as the interaction
between PYD (ASC) and DED (CASP8). Several other proteins with
CARD, PYD and DED domains exist and should be evaluated for
their ability to form homotypic and heterotypic interactions and
for their involvement in the PANoptosome. For example, there
are a total of 22 and 27 proteins containing PYD in the human
and mouse genome, respectively. The PYDs with the most struc-
tural similarity to the PYD of ASC are likely to have the highest
probability to interact with the DED of CASPS8 in a similar manner
as the ASC PYD does. Therefore, future study to examine the struc-
ture of PYDs from these proteins and their potential to interact
with DED (CASP8) and other DEDs in the complex will provide
new insight on novel PANoptosome formation. Identifying new
sensors and molecules involved in PANoptosome formation will
be important for improving treatment strategies in infection,
autoimmune diseases and cancer, where PANoptosis has been
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physiologically
abstract).

implicated [27-29,33,34,140,141] (Graphical

5. PANoptosis in disease
5.1. PANoptosis in microbial infection

Growing evidence has shown an interplay between PCD path-
ways and microbial factors, suggesting that these pathways may
have played important roles during mammalian co-evolution with
microbes [142,143]. Many pathogens carry microbial effectors that
can actively enhance cell viability by blocking PCD pathways or by
activating proliferation pathways [144,145]. It is likely that host
cells have developed complex regulation and interconnection of
cell death pathways to overcome the challenges presented by such
microbial effectors. While IAV was the first infection found to trig-
ger PANoptosis, many other viruses, as well as bacteria and fungi,
also induce the activation of multiple PCDs, providing evidence
that a number of infections could activate PANoptosis (Table 2).

For example, the mouse coronavirus murine hepatitis virus
(MHV) infects macrophages and activates PANoptosis, character-
ized by cleavage of CASP1/3/7/8 and GSDMD and phosphorylation
of MLKL [26]. Loss of proteins in the NLRP3 inflammasome path-
way paradoxically enhances the cell death during infection, leading
to increased activation of apoptotic CASP8 and phosphorylation of
MLKL. Therefore, the pyroptotic components of the PANoptosome
appear to inhibit the CASP8-RIPK3-mediated apoptosis and
necroptosis during MHV infection [26]. While the master sensor
of MHV that triggers PANoptosis is still unknown, MDA5 is a
potential candidate. MDA5 can recognize both MHV and SARS-
CoV-2 to induce interferon production [26,146,147], and it con-
tains two CARDs, which may interact with core members of the
PANoptosome through CARD-CARD interactions; this possibility
requires further study.

A prototypical bacterial pathogen that induces PANoptosis is
Yersinia, through the inhibition of TAK1 by its effector Yop]
[35,36,148]. Other bacteria, such as Salmonella Typhimurium and
Listeria monocytogenes can also induce PANoptosis [23,81]. Sal-
monella-induced cell death is fully blocked in BMDMs from
Casp8~/~Ripk3~/~Casp1/11~/~ mice, while deletion of RIPK3 alone
or CASP8 and RIPK3 together has almost no effect on the cell death,
and deletion of CASP1/11 only partially reduces the cell death
[23,81]. Since the cell death induced by Salmonella is also predom-
inantly dependent on the inflammasome sensor NLRC4 [149],
these findings suggest an NLRC4 PANoptosome may form during
Salmonella infection. As shown in Table 2, many other bacteria
can also induce activation of pyroptotic, apoptotic and necroptotic
effectors, suggesting that additional bacterial pathogens can
induce PANoptosis and further emphasizing the crosstalk among
these PCD pathways as a common feature during bacterial
infection.

Besides viral and bacterial pathogens, fungi can also activate
PANoptosis. Both Candida albicans and Aspergillus fumigatus induce
PANoptosis in macrophages [24]. ZBP1 plays a role in promoting
PANoptosis during fungal infections, and this activity is dependent
on its Zo2 domain [24]. Interactions between PCD pathways are
also observed in Cryptococcus neoformans-infected cells, where
CASP8 is activated at the inflammasome in the absence of CASP1
through interactions with ASC [150]. Given the critical role of
CASP8 in PANoptosis to interact with essential components from
multiple PCD pathways, it is likely that C. neoformans also induces
PANoptosis.

Similar to traditional PCD pathways, PANoptosis is also thought
to serve as a host defense mechanism during infection [140]. Single
ablation of Mlkl or CASP8 autoprocessing, which impair the necrop-
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totic or apoptotic pathways, respectively, fails to influence host
survival, while the combination of both decreases host fitness dur-
ing IAV infection in a viral particle dose-dependent manner
[121,151]. Similar results have been found with Yersinia; consis-
tent with the importance of the RIPK1-PANoptosome induced by
Yersinia discussed above in vitro [25], RIPK1, CASP8 and FADD, core
members of the PANoptosome, are critically involved in host
defense against in vivo infection [88,152]. Loss of CASP8 or the
kinase activity of RIPK1 severely impairs host survival during Yer-
sinia infection due to impaired cell death and inflammatory
responses [88,152]. As several pathogens are known to activate
multiple PCD pathways in vitro (Table 2), it will be important to
evaluate the role of PANoptosis during in vivo infections using
these pathogens.

5.2. PANoptosis in inflammatory diseases and cancer

The first physiological evidence of the functional molecular
crosstalk between pyroptosis, apoptosis and necroptosis was found
in the Pstpip2°™° mouse model of osteomyelitis [33]. Mice carrying
a mutation in Pstpip2 (Pstpip2<™°) develop osteomyelitic bone
inflammation that is driven by hyper-production of IL-1p and char-
acterized by inflammasome activation and cell death. However,
deletion of pyroptotic molecules alone cannot protect these mice
from disease. Only the combined deletion of pyroptotic, apoptotic
and necroptotic molecules (Pstpip2°™°NIrp3~/~Ripk3~/~Casp8~/~ or
Pstpip2°™°Casp1~/~Ripk3~/~Casp8/~) can rescue these mice, impli-
cating PANoptosis in this process [33,34] (Table 3). These observa-
tions highlighted the physiological relevance of PANoptosis in
autoinflammatory disease. In addition to the Pstpip2°™° model,
there are several other autoinflammatory models where cell
death-mediated pathology or PANoptosis have been implicated
(Table 3). However, the molecular details of how many of these
mutations lead to cell death and/or the assembly of the PANopto-
some complex is still unknown, and more work is required to fully
characterize these processes.

In addition to autoinflammation, other forms of inflammation
can also lead to cell death and PANoptosis. One key example is
cytokine storm (CS), which is defined as a life-threatening condi-
tion caused by excessive production of cytokines mediated by
inflammatory cell death, PANoptosis [257], and is associated with
a number of diseases, including the ongoing COVID-19 pandemic.
Increased circulating levels of TNF and IFN-y are associated with
poor outcomes in patients, and these two cytokines synergistically
induce PANoptosis characterized by activation of pyroptotic
(GSDME), apoptotic (CASP8/3/7) and necroptotic (pMLKL) mole-
cules [29]. Mechanistically, the combination of TNF and IFN-y
induces the JAK/STAT1/IRF1 signaling pathway and nitric oxide
(NO) production to trigger CASP8/FADD-mediated PANoptosis
[29]. Therefore, NO represents a novel PANoptosis signaling mole-
cule during CS, adding new insight into the complicated function of
NO in mediating cell death [153]. In vivo, blocking CS by treating
mice with antibodies against TNF and IFN-y prevents mortality
induced by SARS-CoV-2 infection, hemophagocytic lymphohistio-
cytosis, and LPS shock (sepsis) [29]. Overall, TNF and IFN-y-
mediated PANoptosis provides a molecular basis for CS that is con-
served during infection and inflammation.

In contrast to its generally negative role during inflammatory
conditions, PANoptosis could be beneficial in the context of cancer.
Resistance to cell death is one of the hallmarks of cancer, and
PANoptosis holds potential to kill cancer cells [258]. Therefore,
activation of this pathway could be targeted for therapeutic bene-
fit. In fact, well-known oncolytic viruses, such as vaccinia virus and
vesicular stomatitis virus (VSV), are potential inducers of PANopto-
sis (Table 2). VSV activates many of the same PANoptosis markers
observed during MHV and IAV infections [23]. However, combined
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Table 3
Cell death molecules in genetic models of inflammatory diseases.

Bone disruption in Pstpip2 “"° mice model  Bone disruption  Ref
Pstpip2 ™ Yes [246]
Reported genetic crosses

Pstpip2 ™ x Nlrp3 /- Yes [247]
Pstpip2 ™ x Casp1~/~ Yes [33]
Pstpip2 ™ x Ripk3~/~ x Casp8~'~ Yes
Pstpip2 ™ x Ripk3~/~ x Casp8/~ x Nlrp3~/~ No
Pstpip2 ™ x Ripk3~/~ x Casp8~/~ x Casp1~/~ No (33.34]
Skin inflammation in Sharpin ¥ mice gkin
model inflammation
Sharpin 4™ Yes [248]
Reported genetic crosses
Sharpin 4™ x Nlrp3~/~ Yes (delayed) [249]
Sharpin %™ x Casp1~/ Yes (delayed) [249]
Sharpin ™ x Mikl~/~ Yes (delayed)
Sharpin 9™ x Bid~/~ Yes (delayed) [250]
Sharpin P%™ x Casp8~/~Ripk3~/ Died before [250]
weaning
Sharpin P4 x Ripk1 ¥454%45A (Kinase dead) No [251]
Sharpin %™ x Ripk3~/~ Yes (delayed)
Sharpin P4™ x Ripk3~/~ x Fadd £%° No [(252]
Sharpin 4™ x Ripk3~/~ x Tradd *¥° No
Footpad inflammation in Ptpn6 P mice Footpad
model inflammation
Ptpn6 P Yes [253]
Reported genetic crosses
Ptpn6 P x Caspl~/~ Yes
Ptpn6 P x Nlrp3~/~ Yes [253]
Ptpn6 *P" x Ripk3~/~ Yes
Ptpn6 P x Casp8~/~Ripk3~/~ Yes
Ptpn6 P x Mikl~/~ Yes [254]
Ptpn6 P x Ripk3~~ x Casp8!~ x Ripk1~~  No
Arthritis in LysM-Cre A20 """ mice model Arthritis
LysM-Cre A20 /7 Yes [255]
Reported genetic crosses
LysM-Cre A20 "% x Casp1/11~/ No
LysM-Cre A20 " x Nirp3~/- No [255]
LysM-Cre A20 "1 x Mikl~~ No
LysM-Cre A20 "% x Ripk3~/ No [256]

genetic deletion of CASP8, RIPK3 and CASP1/11 decreases but does
not fully abolish cell death during VSV infection [22,23]. The resid-
ual CASP3/7 activation in Casp8~~Ripk3~~Casp1/11~/~ cells may be
a result of activation of the CASP9-mediated pathway of intrinsic
apoptosis. This raises the possibility that PANoptosis may contain
an arm of intrinsic apoptosis, or that intrinsic apoptosis may be
activated downstream of, or in concert with, PANoptosis; a
property that is likely to be preferred for the development of
therapeutics to kill cancer cells harboring defects in PCD
pathways [154].

Beyond the described roles in infection, autoinflammatory
disease, inflammation and cancer targeting, the components of
the PANoptosome are widely implicated in many other patho-
physiological settings where cell death plays critical roles. For
example, although the cause of neuronal cell loss during
ischemic and neurodegenerative disease is still mysterious
[155], the inflammasome [156], CASP8 [157] and RIPK1
[158,159], core components of the PANoptosome, are implicated
in neuronal death [155]. Similar involvement of key PANopto-
some molecules and pyroptosis, apoptosis and necroptosis are
also seen in metabolic diseases [160-163]. Therefore, the physi-
ological function of PANoptosis likely extends widely across the
disease spectrum [38,141].
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6. Future perspectives and outstanding questions

Decades of research have elucidated key molecular pathways
involved in PCD, revolutionizing our understanding of cell death
to show that it is genetically programmed rather than a passive,
stochastic event. Although distinct genetic elements were initially
implicated to delineate three major, separate PCD pathways -
pyroptosis, apoptosis and necroptosis, recent advances have found
unanticipated and extensive crosstalk among them. These observa-
tions suggest that a universal core complex exists to contain and
regulate the cell death machinery in a trigger-dependent manner.
Here we have reviewed the current evidence for PCD pathway
crosstalk that defines PANoptosis as a unique, physiologically rele-
vant, inflammatory PCD pathway.

In the arms race between hosts and pathogens, cell death path-
ways are constantly altered and subverted by pathogenic effectors.
Therefore, the presence of a cell death pathway with mechanically
broader activity will provide a higher chance to eliminate the
infected cells as an essential component of innate immune defense.
The PANoptotic pathway can be targeted by microbial components
during infection, resulting in cell death modalities lacking activa-
tion of either pyroptotic, apoptotic or necroptotic effectors (e.g.,
pyroptosis and apoptosis are activated but necroptosis is inhibited
by pathogen proteins during Shigella flexneri infection in macro-
phages). Such plasticity in the PANoptotic pathway is an intrinsic
feature potentiated by the PANoptosome, where blockade of a
key molecule from pyroptosis, apoptosis or necroptosis individu-
ally does not prevent the inflammatory cell death. This provides
a possible explanation for why PANoptosis would be evolutionally
selected as a strategy to combat infectious diseases. On the other
hand, this plasticity also highlights the importance and need to
identify specific upstream sensor molecules (e.g., ZBP1) for thera-
peutic targeting to prevent cell death in diseases where PANoptosis
contributes to the pathogenesis.

The existence of PANoptosis does not deny the presence of cell
death through any of the other previously established pathways. In
fact, it is well-characterized that cells undergo pyroptotic, apop-
totic or necroptotic death alone in response to specific chemical
or ligand stimulations (e.g., LPS + ATP induces pyroptosis, stau-
rosporine induces apoptosis and TNF-a + z-VAD induces necropto-
sis). Furthermore, the genetic ablation or pharmacological
inhibition of individual pyroptotic, apoptotic or necroptotic pro-
teins can rescue cell death under those conditions; for example,
CASP1 or GSDMD ablation prevents cell death in response to
LPS + ATP; pan-caspase inhibition prevents cell death during stau-
rosporine stimulation; and RIPK3 or MLKL ablation prevents cell
death in response to TNF-a + z-VAD. In contrast, cells tend to
undergo PANoptosis in response to microbial pathogens or under
autoinflammatory conditions (e.g., IAV infection or Pstpip2“™°
mutation). Under these circumstances, inhibiting an individual
PCD pathway is not effective to rescue cells from death. Therefore,
PANoptosis is distinct from pyroptosis, apoptosis or necroptosis,
and is defined as a unique type of immunogenic cell death that
can be triggered by specific stimulation.

An important remaining question in the cell death field is: what
is the molecular basis of the cellular decision to undergo PANopto-
sis rather than an individual “classic” PCD pathway? The formation
of a PANoptosome appears to be highly trigger-dependent and may
be influenced by the presence of multiple pathogen- and damage-
associated molecular patterns, as is encountered during disease.
The identification of novel triggers and sensors is critical to
advance our understanding of this unique form of cell death.

Similarly, if cells undergo limited PANoptosis (i.e. cell death
lacking either pyroptosis, apoptosis or necroptosis), how is
engagement of other pathways prevented? This is best exemplified
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by S. flexneri-encoded death inhibitors OspC1, OspC3 and OspD3,
which inhibit CASP8 activation, prevent GSDMD cleavage and
degrade RIPK1/3, respectively [145]. Although wild type S. flexneri
induce limited cell death in epithelial cells, mutants deficient in
each inhibitor extensively activate the corresponding PCD pathway
[145]. From this perspective, it will be interesting to identify
microbial as well as endogenous inhibitory proteins that interact
with and block the function of PANoptosome components.

Furthermore, it is well-known that cell type is an important
determinant of the induced PCD pathways. For example, TAK1 acti-
vates cell death in fibroblasts and T cells, but it blocks PANoptosis
in macrophages and inhibits the proinflammatory function of neu-
trophils [164]. Similarly, pathogens also exhibit distinct cell type-
dependent cytopathy during infection (Table 2). For example, S.
flexneri inhibits apoptosis in epithelial cells [165] but triggers
apoptotic and pyroptotic cell death of infected macrophages [57].
Because different cell types are characterized by differential gene
expression profiles, including varied expression of PANoptosome
components, it will be important to examine the cell type-
specific execution of cell death and PANoptosome formation in
response to pathogen effectors and other triggers to understand
the cell death during in vivo infection and disease. The majority
of cell death research to date has been performed with innate
immune cells, such as macrophages, and further examination of
cell death in other cell types is important to enable new discoveries
of cell death pathways and effector functions. Moreover, since dif-
ferent PCD modalities have distinct effector functions, the complex
messages delivered by pyroptotic, apoptotic, necroptotic and
PANoptotic cells of diverse cell types might be optimal for the local
tissue to initiate inflammatory and tissue repair responses to han-
dle the systemic response to sterile and infectious insults.

Overall, PANoptosis has been molecularly characterized and is
implicated in a number of diseases. Future work focused on iden-
tifying additional PANoptosis-inducing sensors and carefully char-
acterizing PANoptosome components that correspond to various
sterile and pathogenic triggers will be critical to leverage our
understanding of this pathway therapeutically and identify ways
to modulate it and improve patient outcomes.
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