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Consideration of the totality of biological effects from cell death in multiple studies has led to the conceptualization of
PANoptosis, a unique inflammatory cell death pathway that integrates components from other cell death pathways.
PANoptosis is implicated in driving innate immune responses and inflammation and cannot be individually accounted for
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| 1. Programmed Cell Death and PANoptosis

The innate immune system is the first line of defense against infection and cellular insults; innate immune receptors can
recognize the molecular signatures of pathogens, called pathogen-associated molecular patterns (PAMPSs), as well as
components released by damaged cells, called damage-associated molecular patterns (DAMPs). The innate immune
system activates genetically defined programmed cell death pathways in response to microbial infections or alterations in
cellular homeostasis; among the most well characterized of these programmed cell death responses are pyroptosis,
apoptosis, and necroptosis. Though canonically proposed as segregated cellular processes responding to individualized
PAMPs and DAMPs, mounting evidence shows significant interactions between the components of pyroptosis, apoptosis,
and necroptosis. Historically, the literature on cell death and innate immune signaling has used different terms to describe
these interactions, such as ‘crosstalk’, ‘plasticity’, ‘redundancies’, and ‘molecular switches’. Consideration of the totality of
biological effects from cell death in multiple studies has led to the conceptualization of PANoptosis [HZEIHIBIEI7E10](11]
(LS| 14ISEIATASIA20] a0 jnflammatory cell death pathway that integrates components from other cell death

pathways. PANoptosis is implicated in driving innate immune responses and inflammation and cannot be individually
accounted for by pyroptosis, apoptosis, or necroptosis alone. PANoptosis is regulated by PANoptosomes, multifaceted
macromolecular complexes. Here, researchers review the key components of programmed cell death pathways and
highlight the plasticity among pyroptosis, apoptosis, and necroptosis. Researchers then discuss the conceptualization of
PANoptosis, which continues to evolve over time based on data, and examine the current evidence supporting this
concept.

Key Components in Inflammatory Programmed Cell Death Pathways

Among the most comprehensively studied cell death processes to date are pyroptosis, apoptosis, and necroptosis [211122],
Each occurs in response to cellular insults, but they differ in terms of their molecular machinery. Pyroptosis is a lytic form
of proinflammatory cell death that was originally described as a caspase-1-mediated death [23. Pyroptotic cell death
typically involves the formation of the inflammasome, a supramolecular platform that is composed of a sensor, adaptor
protein ASC, and caspase-1 24, The five most well-known inflammasomes, which are named after their corresponding
sensor based on the genetic characterization of sensors and triggers, are the NLR family inflammasomes, NLRP1 [24],
NLRP3 [2326127] and NAIP/NLRC4 [28129]130] a5 well as those formed by other sensors containing pyrin domains, such as
Pyrin Bl and AIM2 B2l Sensor activation polymerizes the adaptor protein ASC into prion-like structures referred to as
ASC specks [B4I3536] \which recruit caspase-1 to allow its autoproteolysis and activation 24871 Activated caspase-1
cleaves inflammatory cytokines IL-1B and IL-18 28] as well as the pore-forming molecule gasdermin D (GSDMD) B2, The
GSDMD-mediated pores allow the release of the inflammatory cytokines “Ql41[42]43]144] gong with other inflammatory
molecules such as HMGB1, which serve as DAMPs and further propagate an innate immune inflammatory response.
GSDMD is also activated by caspase-11 (mice) and caspase-4/5 (humans) in the process of non-canonical
inflammasome activation BM4A4LI44]45] | addition to requiring cleavage for activation, GSDMD is also regulated at the
transcriptional level by IFN regulatory factor 2 (IRF2), with a compensatory role for IRF1, in murine bone marrow-derived



macrophages (BMDMs) €: in human cells IRF2 does not regulate GSDMD expression but does regulate caspase-4-
mediated cell death, and IRF1 acts cooperatively in this process in response to IFN-y 7,

Apoptosis is a form of programmed cell death originally described as a ‘mechanism of controlled cell deletion’
characterized by its distinct morphological membrane blebbing and subsequent cell shrinkage 8. It proceeds through
either an extrinsic or intrinsic pathway, though both result in the activation of the same executioner caspases. The intrinsic
pathway forms an APAF1-mediated apoptosome in response to homeostatic disruptions, such as DNA damage or loss of
mitochondrial stability 2. This multiprotein complex includes APAF1, cytochrome c, and the initiator caspase caspase-9
which, upon cleavage, activates the downstream effector/executioner caspases, caspase-3 and -7 BRI Extrinsic
apoptosis occurs after ligand binding to death receptors, such as Fas and TNF-a receptor (TNFR), on the cell surface;
downstream of death receptor binding, FADD translocates to the receptor, which recruits caspase-8. Caspase-8 is the key
extrinsic apoptotic initiator caspase which cleaves downstream caspases, caspase-3 and -7, to execute cell death 221531,
Caspase-8 can also induce activation of intrinsic apoptosis by activating the proapoptotic molecule Bid BAIBSISE] \which
translocates to the mitochondria to facilitate pore formation by BAX/BAK and induce mitochondrial outer membrane
permeabilization (MOMP) and apoptosome formation [27[58],

Necroptosis, another lytic form of cell death, occurs in response to caspase-8 inhibition and is RIPK3- and MLKL-
dependent 2259160161 The apoptotic caspase-8 typically blocks necroptosis by cleaving RIPK3, CYLD, and RIPK1 [E2[E3]
(641 Necroptosis can be initiated in response to the activation of toll-like receptors (TLRs), death receptors, or through
interferon (IFN) signaling 2. A well-characterized necroptosis response is induced by TNF-a. Its binding to TNFR induces
signaling that activates RIPK1 to become phosphorylated and, along with TRADD, FADD, and caspase-8, form complex I
(661 When caspase-8 is inhibited, RIPK1 interacts with RIPK3 to form a cell death-inducing necrosome. The RIPK1-RIPK3
complex promotes phosphorylation of MLKL, causing its oligomerization. The MLKL multimer then translocates to the
plasma membrane, where it interacts with phospholipids and forms pores [EZ68 |n addition to MLKL phosphorylation by
RIPK3, MLKL activity is also regulated by other post-translational modifications, such as ubiquitylation, which is necessary
for higher-order oligomerization [,

Within each of these cell death pathways, there are several regulators and auxiliary components. For example, additional
inflammasome components have been identified that are involved in its regulation and activation, such as NEK7 (ZQ)z1](z2]
73 and DDX3X [ as well as transcription factors such as IRF1 [, |RF2 4847l and |IRF8 [Z8. Additionally, NINJ1 has
been identified as a critical component for plasma membrane rupture 4. There are also variations in the signaling
cascades that exist within each programmed cell death pathway, making the complexity of these cellular processes,
including regulatory components, cell- and trigger-specific responses, and time-dependent responses, limitless. Additional
components and layers of complexity have been extensively reviewed elsewhere [22IZ8]79],

| 2. Historical Development of the PANoptosis Concept

Understanding the activation and execution of inflammatory cell death pathways has been an active area of research,
particularly given the clinical relevance of cell death pathways in infections, inflammatory diseases, cancers, and beyond

(2[4NEIBIRILLIA2]ASN16]A819[20] A5 g result of these studies, several examples of crosstalk and flexibility have been
identified between the molecular components of programmed cell death pathways. Here, researchers will limit the
discussion to genetically defined examples over time.

At their core, apoptosis and necroptosis are intricately molecularly linked, given that TNF-induced caspase-8 activation
drives apoptosis while inhibition of caspase-8 during this process drives necroptosis Y. The rescue of caspase-8-
deficient embryos by the loss of RIPK3 or MLKL has long been documented [BLIBZI83I84] ang enzymatically active
caspase-8 is critical in the regulation and balance of apoptosis and necroptosis [E3]6],

Beyond the intrinsic connection between apoptosis and necroptosis, caspase-1, an essential component of
inflammasomes, cleaves apoptosis-associated caspase-7 during Salmonella infection (NLRC4 inflammasome trigger) as
well as in response to LPS + ATP stimulation (NLRP3 inflammasome trigger) 2. The pyroptotic caspase-1 also cleaves
apoptotic PARP1 in response to inflammasome-activating triggers &, and loss of caspase-1 during Salmonella infection
leads to activation of apoptotic proteins instead 7. In addition, cells lacking pyroptotic caspase-1 and caspase-11 have
reduced mitochondrial damage in response to inflammasome-activating triggers such as the NLRP3-activating LPS + ATP
treatment or AIM2-activating dsDNA transfection 8], suggesting additional crosstalk between inflammasomes and
apoptotic processes. Reciprocally, the apoptotic caspase-8 serves as a regulatory component of pyroptotic
inflammasomes 2. Fluorescence microscopy has shown the colocalization of caspase-8 and ASC in both pyroptosis-
deficient and pyroptosis-sufficient cells in response to infections [L2BALAGL  Additionally, caspase-8, along with FADD, is



required to both prime and activate canonical (ligand-induced) and noncanonical (E. coli- or Citrobacter rodentium-
induced) NLRP3 inflammasomes 12, Caspase-8 can be recruited during NLRC4 and NLRP1b inflammasome formation
[91]1921[93] and at ASC specks involving multiple inflammasome sensors, such as NLRP3 and NLRC4 or AIM2 and Pyrin 12
[94: FADD can also be recruited to these ASC specks in response to FlaTox, a combination of the bacterial PAMPs
Bacillus anthracis protective antigen and the N-terminus of lethal factor fused to Legionella pneumophila flagellin 22!,
However, caspase-8 is not required for Salmonella-induced cell death at 2, 6, and 24 h post-infection using an MOI of 1 or
10 B4, showcasing the variability of the roles of caspase-8 within the programmed cell death response.

Crosstalk has also been identified between cell death molecules by studying the totality of biological effects in disease
processes. For example, inflammatory bone disease in mice carrying the Pstpip2°™ mutation persists despite deletion of
caspase-1 or combined deletion of caspase-8/RIPK3 (deletion of caspase-8 alone is embryonically lethal B4)): the
inflammation is only rescued by the combined deletion of NLRP3 or caspase-1 with caspase-8/RIPK3 L8I18] highlighting
the functional redundancies of pyroptotic molecules NLRP3 and caspase-1 with the apoptosis-necroptosis modulator
caspase-8. In the context of infection, influenza A virus (IAV) induces activation of pyroptotic, apoptotic, and necroptotic
proteins, and loss of RIPK3 protects against much of the cell death, but combined deletion of caspase-8 and RIPK3 is
necessary to further reduce cell death &, providing additional mechanistic evidence of overlaps in the functions of
molecules involved in cell death activation.

Beyond caspase-8 and RIPK3, the necroptotic molecule MLKL has also been implicated in crosstalk between cell death
pathways. For example, ASC oligomerization to induce NLRP3 inflammasome activation can occur in response to
treatment with TLR3 ligands and zVAD, but the ASC oligomerization is blocked in MLKL-deficient cells 22, As
oligomerized MLKL forms pores in the plasma membrane, a cascade of cellular consequences begins, including the efflux
of potassium ions. This necroptosis-induced ionic efflux has been shown to activate the NLRP3 inflammasome [281187],
Together, these data show how necroptosis and inflammasomes (pyroptosis) are interconnected.

Given the recently identified role of gasdermins in cell death, it has also been found that gasdermins mediate crosstalk
between cell death pathways. GSDMD was initially identified as an executioner of pyroptotic cell death in response to
caspase-1, caspase-4/-5 (human) or caspase-11 (mouse) cleavage B43]. Caspase-8 can also cleave GSDMD to activate
pore formation and cell death during Yersinia infection Bl[88I18311001  Fyrther studies have found that GSDMD can also be
processed by the apoptosis-inducing caspase-3 in such a manner that renders GSDMD inactive, suppressing pyroptosis
(201 However, inflammasome and GSDMD activation in response to Shiga toxin 2 and LPS are also associated with
increased mitochondrial ROS 192 and GSDMD can form pores in the mitochondrial membrane to release canonically
proapoptotic molecules and activate caspase-3 in a BAK/BAX-independent manner 2031204 Other members of the
gasdermin family are also increasingly implicated in cell death crosstalk. Microarray and subsequent pathway analysis of
inner ear samples from day-0 postnatal mice showed that the gene set involved in apoptosis is downregulated in mice
lacking Gsdme as compared with wild-type controls 29, Furthermore, GSDME can be cleaved by caspase-3, an
apoptotic cell death effector, and can induce pyroptotic death L8I07 |n THP-1 cells lacking GSDMD, GSDME allows the
release of IL-1p in response to nigericin, Val-boroPro, or Salmonella infection, though limited cell death was observed with
endogenous GSDME expression levels in these cells 198, |n murine cells, NLRP3 inflammasome activation in GSDMD-
deficient cells results in IL-1p and IL-18 release through caspase-8/-3 and GSDME activation 2. GSDME serves in a
feed-forward loop to promote caspase-3 activation by forming pores in the mitochondrial membrane and inducing the
release of cytochrome c in response to traditional intrinsic and extrinsic apoptotic stimuli; overexpression studies have
shown similar results with GSDMA 193], Beyond these connections, in cells lacking pyroptosis via GSDMD-deficiency,
caspase-1 can cleave caspase-3 and Bid to promote apoptotic cell death in response to inflammasome triggers such as
LPS priming and poly(dA:dT) transfection, or during Salmonella infection 1AL Fyrthermore, the APAF1-apoptosome
has been shown to interact with caspase-11 when cells are challenged with bile acid; the result is caspase-3 cleavage
and the execution of pyroptotic death in a GSDME-mediated process 112, Other pore-forming molecules may also be
involved in this crosstalk, as pannexin-1 activation downstream of caspase-8 or -9 activation leads to NLRP3
inflammasome formation in a GSDMD- and GSDME-independent process 1131,

The overwhelming amount of evidence for the interconnectedness between cell death pathways has led to the
conceptualization of PANoptosis as an inflammatory cell death pathway. The totality of biological effects in PANoptosis

cannot be individually accounted for by pyroptosis, apoptosis, or necroptosis alone [ZEIAISISI7BIO10][11][12][13][14]{15][16][17]

(1811191120 pANoptosis has been increasingly implicated in infectious and inflammatory diseases as well as in cancers and
cancer therapies [2I4ISIZIBII10][L1][12][13][14]115][16][18][20][114][115][116][117][118]




| 3. Prototypical Examples of PANoptosis

Here, researchers focus on the most mechanistically well-characterized examples of PANoptosis and PANoptosomes Bl
[QILOLLIAZ)20] (Figure 1).
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Figure 1. PANoptosis and PANoptosome formation. Upon exposure to cellular insults, such as microbial infection or
altered cellular homeostasis, sensors can detect the perturbation and activate PANoptosis. Prototypical examples of
PANoptosis are depicted here. Sensor activation can lead to the formation of a multiprotein complex, the PANoptosome.
PANoptosomes have the potential to bring together diverse components from previously segregated cell death pathways.
These may be dynamic complexes, and their protein composition may vary in trigger- and time-dependent manners.
Potential PANoptosome components putatively include inflammasome sensors, such as nucleotide-binding
oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3), absent in melanoma 2 (AIM2), Pyrin, Z-
DNA-binding protein 1 (ZBP1), or others; apoptosis-associated speck-like protein containing a caspase activation and
recruitment domain (ASC); caspase-1 (CASP1); receptor-interacting serine/threonine protein kinase 3 (RIPK3); RIPK1;
caspase-8 (CASP8); Fas-associated protein with death domain (FADD); and/or caspase-6 (CASP6). PANoptosis involves
membrane pore formation for the execution of cell death to release cytokines, such as IL-13 and IL-18, and DAMPs.
Figure created with https://biorender.com/ (accessed on 17 March 2022).

As the conceptualization of PANoptosis implies, PANoptosis involves the activation of several molecules previously
characterized as mediators of independent cell death pathways. For instance, Z-DNA-binding protein 1 (ZBP1) was
previously known to induce necrosis in response to a mutant form of MCMV expressing a tetra-alanine RHIM substitution
in VIRA (M45mutRHIM) 1191 and was shown to interact with the necroptotic molecules RIPK1 and RIPK3 128 byt more
recent evidence has shown that ZBP1 acts as a cytosolic innate immune sensor for endogenous nucleic acids or during
IAV infection to induce activation of the NLRP3 inflammasome, caspase-1, caspase-8, caspase-3, caspase-7 BRI and
MLKL [IUE2 - polecularly, ZBP1 mediates the formation of a multiprotein ZBP1-PANoptosome complex, containing
ZBP1, RIPK3, RIPK1, caspase-8, caspase-6, ASC, and NLRP3 XU T date, this complex has been characterized by
immunoprecipitation MY and immunofluorescence has also shown colocalization of caspase-8 and RIPK3 with ASC
specks in individual cells during IAV infection 122 Further studies, including biochemical analyses and cryo-EM
evaluation, are needed to fully understand how components come together in individual cells. The ZBP1-PANoptosome
complex can also be implicated in tumorigenesis, where ADAR1 acts as a negative regulator to prevent the interaction
between ZBP1 and RIPK3 and promote tumorigenesis. Limiting the interaction between ADAR1 and ZBP1 by
sequestering ADARL in the nucleus, through treatment with nuclear transport inhibitors (KPT-330) in conjunction with IFN,
potentiates PANoptosis and limits tumorigenesis 4.

Additionally, the inflammasome sensor AIM2 also initiates the formation of PANoptosome complexes during herpes
simplex virus 1 (HSV1) and Francisella novicida infections. This PANoptosome, termed the AIM2-PANoptosome, contains
AIM2, ZBP1, Pyrin, ASC, caspase-1, caspase-8, RIPK3, RIPK1, and FADD A PANoptosomes have also been identified
by immunoprecipitation during Yersinia infection, where RIPK1, RIPK3, caspase-8, FADD, ASC, and NLRP3 can be co-
immunoprecipitated Bl In the context of Yersinia infection, RIPK1 is necessary for activation of caspase-1, GSDMD,
caspase-8, caspase-3, and caspase-7, but it negatively regulates the activation of MLKL, highlighting the multifaceted



modulation of cell death effectors that can occur within PANoptosis El. PANoptosis has also been observed in response to
TAK1 inhibition in macrophages, which can occur as a result of Yersinia infection due to its effector YopJ or in response to
genetic mutations or treatment with TAK1 inhibitors [RI[20[98I100 | the case of TAK1-deficient macrophages, spontaneous
PANoptosis occurs and is characterized by the activation of the NLRP3 inflammasome, caspase-1, caspase-3, caspase-8,
and MLKL B2 stimulation with LPS in TAK1-deficient macrophages induces colocalization of RIPK1, ASC, and caspase-
8 in a RIPK1 kinase-independent manner (22,

| 4. PANoptosis Regulation via IRF1

As with other cell death pathways, PANoptosis must be tightly regulated to control the execution of cell death. IRF1, a
molecule long recognized for its roles in regulating cell death 123111241 s 3 key upstream regulator of PANoptosis. In the
absence of IRF1 during IAV infection, ZBP1 protein expression, along with NLRP3 inflammasome, caspase-1, caspase-8,
caspase-3, and MLKL activation, are all reduced 2. In the context of colorectal tumorigenesis, IRF1 facilitates the
activation of PANoptosis to limit tumorigenesis [&l. PANoptosis has also been observed to be driven by IRF1 in response to
the combination of TNF and IFN-y. TNF and IFN-y release can occur physiologically during cytokine storm syndromes,
including during SARS-CoV-2 infection [, and together they induce PANoptosis through the JAK/IRF1 signaling axis [24!;
this observation has led to a mechanistic definition for cytokine storm as a life-threatening condition caused by excessive
production of cytokines mediated by PANoptosis (1231, Additionally, the AIM2 inflammasome has also been shown to be
regulated by IRF1 during Francisella infection 128, suggesting a possible regulatory role of IRF1 in PANoptosis mediated
by the AIM2-PANoptosome, although this remains to be investigated.

| 5. Implications of PANoptosis in Disease

PANoptosis has been implicated across the disease spectrum, including in cerebral ischemia [114; bacterial, viral, and
fungal infections BIILALLNAAIA4IS] jncluding oral infections L13LL8]: jnflammatory diseases [ZBILEIL8I20: cancers 4]

[8: and cancer therapies AIALITILLE] |t will be important to improve the understanding of this pathway and identify how

previous descriptions of crosstalk, plasticity, redundancies, molecular switches, and interconnectedness among cell death
processes fit within this inclusive concept to gain a holistic picture of cell death. Only when researchers identify all the
ingredients in the PAN can researchers begin to effectively target these molecules and develop novel therapeutics to save
lives and improve patient outcomes.
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