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Abstract

Regulated cell death (RCD) pathways, such as pyroptosis, apoptosis, and necroptosis, are essential for maintaining the body’s
balance, defending against pathogens, and eliminating abnormal cells that could lead to diseases like cancer. Although these
pathways operate through distinct mechanisms, recent genetic and pharmacological studies have shown that they can interact
and influence each other. The concept of “PANoptosis” has emerged, highlighting the interplay between pyroptosis, apoptosis,
and necroptosis, especially during cellular responses to infections. This article provides a concise overview of PANoptosis
and its molecular mechanisms, exploring its implications in various diseases. The review focuses on the extensive interactions
among different RCD pathways, emphasizing the role of PANoptosis in infections, cytokine storms, inflammatory diseases,
and cancer. Understanding PANoptosis is crucial for developing novel treatments for conditions involving infections, sterile

inflammations, and cancer.

Keywords Cell death - Pyroptosis - Apoptosis - Necroptosis - PANoptosis - Infection - Cytokine release syndrome -
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Introduction

Cell death, an evolutionarily conserved and fundamental
process for every aspect of organismal survival including
development and homeostasis, is also considered as a part of
innate immune responses. It regulates various physiological
processes during diverse challenges, ranging from physi-
cal perturbations and microbial invasions. Cell death can be
classified into regulated or non-regulated types, depending
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on the nature of the triggering signals and the array of mol-
ecules involved (Peng et al. 2022).

Regulated cell death (RCD) is a form of cell death that
is intensively regulated by intracellular signaling pathways,
whereas non-RCD occurs accidentally as a consequence of
unexpected injury to cells (Tang et al. 2019). Furthermore,
RCD can be categorized into lytic and non-lytic cell death
based on morphological features and molecular mechanisms
(Lee et al. 2023; Tweedell et al. 2023). Apoptosis is classi-
fied as non-lytic cell death as the cell retains its membrane
integrity while undergoing well-defined cellular changes
including chromatin condensation, nuclear fragmentation,
shrinkage of cytoplasmic contents, and membrane bleb-
bing (Elmore 2007). Conversely, pyroptosis and necropto-
sis represent conventional lytic cell death that features the
elimination of cell remnants and the release of potent inflam-
matory mediators (Shi et al. 2015; Peng et al. 2022). Conse-
quently, apoptosis is typically regarded as “immunologically
silent,” whereas pyroptosis and necroptosis are considered
as more “aggressive” types of cell death (Shi et al. 2015).
The orchestration of these regulated cellular demises is
underpinned by an intricate ensemble of molecules. Previ-
ously, apoptosis, necroptosis, and pyroptosis were consid-
ered as discrete phenomena in the landscape of cellular fate.

@ Springer


http://orcid.org/0000-0002-3638-0581
http://crossmark.crossref.org/dialog/?doi=10.1007/s12272-024-01506-0&domain=pdf

l CASP11
CASP4/5

[ L

Inflammasome GSDMD o

P

o l‘——i—**@ >

GSDME




Implications of inflammatory cell death-PANoptosis in health and disease

619

«Fig. 1 Inflammasome activation and pyroptosis. Specific sensors
detect pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). These sensors then assemble
to form an inflammasome such as NLRP1, NLRP3, NAIP-NLRC4,
AIM2, and pyrin. Active caspase (CASP) 1 plays a crucial role by
cleaving pro-IL-18 and pro-IL-1f into their mature forms. Addi-
tionally, active CASP1, along with CASP11 in mice or CASP4/5 in
humans and CASP-8, cleaves gasdermin D (GSDMD), releasing its
N-terminal region. This liberated N-terminal region undergoes oli-
gomerization, ultimately leading to the formation of pores in the
plasma membrane. Moreover, active CASPS, through the activa-
tion of CASP3, also cleaves gasdermin E (GSDME). The formation
of these pores in the plasma membrane results in cell lysis, leading
to the release of intracellular contents, as well as the inflammatory
cytokines IL-18 and IL-1p

range of diseases such as pathogen infections, autoinflamma-
tory disorders, cytokine storms, and cancer (Karki and Kan-
neganti 2021). In this review, we aim to provide an overview
mainly focusing on the mechanism of PANoptosis. We then
elucidate the fundamental components of PANoptosis and
explore the latest discoveries regarding the molecular and
functional interplay between different RCD pathways that
have contributed to conceiving the concept of PANoptosis.
Finally, we discuss the pathological contexts related to these
RCDs and discuss potential therapeutic approaches to adjust
them.

Mechanism of pyroptosis, apoptosis,
and necroptosis in RCD

Pyroptosis

Pyroptosis is induced by the formation of pores on the
plasma membrane, mediated by members of the gasder-
min family such as gasdermin D (GSDMD) or gasdermin
E (GSDME) (Wang et al. 2017). This process is facilitated
by inflammatory caspases, mainly CASP1, which trigger
the activation of GSDMD and the release of pro-inflam-
matory cytokines such as mature interleukin (IL)-1p and
IL-18 (Wang and Kanneganti 2021). This process is initi-
ated by the recognition of damage-associated molecular pat-
terns (DAMPs) and pathogen-associated molecular patterns
(PAMPs) by cytosolic pattern recognition receptors (PRRs).
Notable PRRs include nucleotide-binding oligomerization
domain-like receptor (NLR)-family, pyrin domain (PYD)-
containing 1 (NLRP1), NLR-family, PYD-containing 3
(NLRP3), NLR-family apoptosis inhibitory protein—NLR-
family, caspase activation and recruitment domain (CARD)-
containing 4 (NAIP-NLRC4), absent in melanoma 2
(AIM2), and pyrin. Activation of these sensors leads to
their oligomerization, often followed by the recruitment of
apoptosis-associated speck-like protein containing a CARD
(ASC) through homotypic PYD-PYD or CARD-CARD

interactions, resulting in the formation of an inflammasome
complex. CASP1 is subsequently recruited to the inflamma-
some complex through homotypic CARD-CARD interac-
tions. In certain inflammasome sensors, like NLRP1 and
NAIP/NLRC4, the presence of CARD domains allows for
direct interaction between the multimerized inflammasome
sensor and CASP1. Once integrated into the inflammasome
complex, CASP1 undergoes auto-proteolysis and becomes
activated (Christgen and Kanneganti 2020). Following acti-
vation, CASP1 acts on its other substrates and processes the
immature forms of IL-1f and IL-18 into their mature forms.

Additionally, active CASP1 cleaves the executor of
pyroptotic cell death, GSDMD. Cleavage of GSDMD
results in the formation of membrane pores via the N-ter-
minus of the protein, enabling the release of mature IL-1p
and IL-18. Recent discoveries have unveiled that fine-tuned,
reversible palmitoylation regulates GSDMD cleavage and
pore formation, suggesting additional regulatory events in
inflammasome-mediated pyroptosis (Du et al. 2024; Zhang
et al. 2024). CASP11 in mice and CASP 4/5 in humans can
also cleave GSDMD (He et al. 2015; Kayagaki et al. 2015;
Sborgi et al. 2016). However, these caspases are not known
to process inflammatory cytokines to their mature forms. In
a non-canonical model of inflammasome activation, bacte-
rial lipopolysaccharide (LPS) binding to CASP11 and CASP
4/5 triggers caspase activation and subsequent GSDMD
cleavage (Fig. 1).

Apoptosis

Apoptosis is executed through the sequential activation
of initiating caspases of extrinsic or intrinsic apoptosis.
Extrinsic apoptosis is regulated by cell-surface death
receptor signaling, the formation of the death-inducing
signaling complex (DISC), and the activation of CASP8 or
CASPI10. Activation of death receptors such as Fas (CD95)
and TNF receptor (TNFR) occurs through ligand binding.
This activation leads to the recruitment of cytoplasmic
adapter protein, Fas-associated death domain (FADD), fol-
lowed by the recruitment of CASP8/10. Active CASP8/10
then cleave and activate their substrates, including exe-
cutioner CASP3 and CASP7 (Christgen et al. 2022). In
intrinsic apoptosis, internal stimuli, such as DNA damage
agents and stress, trigger the activation of pro-apoptotic
Bcl-2 family proteins, specifically BAX, BAK, and BID.
This activation leads to a process called mitochondrial
outer membrane permeabilization (MOMP), causing the
release of cytochrome ¢ (Cyt c) into the cytosol (Chipuk
et al. 2006). Subsequently, Cyt ¢ binds to apoptotic pepti-
dase activating factor 1 (APAF1) monomers, prompting
the formation of the apoptosome through the oligomeriza-
tion of APAF1. The binding of Cyt c to APAF1 results in
a structural change that facilitates the exchange of ADP

@ Springer



620

H.Baeetal.

for ATP, a crucial step for the complete assembly of the
apoptosome (Cecconi 1999). These combined actions of
Cyt c binding and nucleotide exchange lead to the creation
of a death platform, consisting of a central hub formed
by seven components and an auxiliary, asymmetric wheel
with CARDs extending outward (Taylor et al. 2008). The
intrinsic initiator caspase, caspase-9, becomes activated as
it is recruited to this extended surface through homotypic
interactions between CARDs. CASP9 then cleaves and
activates executioners such as CASP3 and CASP7 (Elmore
2007; Li et al. 2017) (Fig. 2).

Necroptosis

Necroptosis is elicited by the development of pores
with mixed lineage kinase domain-like pseudokinase
(MLKL), resulting from the phosphorylation of MLKL
controlled by the receptor-interacting protein kinase 1
(RIPK1) and RIPK3 signaling pathway (Murphy et al.
2013). Necroptosis is often described as a ‘back-up’
form of cell death, as many instances of necroptosis stem
from the initiation of apoptosis but its failure to proceed.
Consequently, pathogens that inhibit apoptosis execution
such as CASPS can trigger necroptosis, leading to the lytic
nature of this programmed cell death pathway. Given that
this cell death pathway primarily activates in pathological
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Fig.2 Molecular mechanisms of extrinsic and intrinsic apoptosis. Extrinsic apoptosis: Binding of a ligand to one of several death receptors,
such as Fas or TNF receptor (TNFR), initiates the recruitment of Fas-associated death domain (FADD), followed by the activation of CASP8
or CASP10. Intrinsic apoptosis: DNA damaging agents and stress disrupt the mitochondrial outer membrane and increase mitochondrial outer
membrane permeabilization (MOMP). The cytochrome C released from the mitochondria interacts with apoptotic peptidase activating factor 1
(APAF1) to form apoptosome, which activates initiator CASP9. The two pathways converge at activation of the effector caspases (CASP3 and

CASP7)
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contexts, there is a growing interest in the development of
therapeutics targeting necroptosis.

The absence or inhibition of CASPS8 results in the
activation of RIPK1 and the formation of the necrosome
(Zhao et al. 2012). Active RIPK1 then initiates the
phosphorylation and activation of RIPK3, which
subsequently phosphorylates the pseudokinase MLKL.
Once phosphorylated, MLKL translocates to the cellular
membrane and forms pores by assembling its helical
N-terminal domains. This process leads to a form of cell
death characterized by cellular membrane disruption
known as necroptosis (Sun et al. 2012; Cai et al. 2014).
The result of necroptosis is the release of intracellular
contents, including damage-associated molecular patterns
(DAMPs), which, in turn, trigger inflammatory responses.

Necroptosis can occur through two mechanisms: a
RIPK1-dependent pathway and a RIPK1-independent path-
way. In the latter case, it involves interactions between RIP
homotypic interaction motif (RHIM) domains of RIPK3
and other proteins that also contain RHIM domains, such
as TIR domain-containing adapter-inducing interferon-3
(TRIF) (Kaiser et al. 2013), and Z-DNA binding protein
1 (ZBP1) (Kesavardhana et al. 2017), also known as DAI
(Fig. 3). Some chemicals and chemotherapeutic drugs such
as arsenite or cisplatin induce stress granule, where ZBP1
is localized and interacts with RIPK3 to activate MLKLs
leading to necroptosis (Szczerba et al. 2023; Yang et al.
2023). Moreover, it has been reported that extracellular
osmotic stress could directly activate RIPK3 to undergo
necroptosis upon change of cytosolic pH regulated by
NA*/H" exchanger protein solute carrier family 9 member
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Fig.3 Molecular mechanisms of necroptosis. CASP8 inhibited, RIPK1 and RIPK3 form necrosomes through homotypic interactions with
RHIM, resulting in phosphorylation of MLKL. Phosphorylated MLKL undergoes oligomerization and induces membrane rupture in an RIPK1-
dependent manner. Without RIPK1, the RHIM domains found in RIPK3 and other proteins containing RHIM domains like TRIF and ZBP1
interact, leading to necroptosis. The formation of pores in the plasma membrane results in cell lysis, leading to the release of intracellular con-

tents, as well as damage-associated molecular patterns (DAMPs)
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A1 (SLC9A1), independent of interaction through RHIM
domain (Zhang et al. 2022). These studies expand our under-
standing of necroptosis from canonical RCD as summarized
to RIPK1-RIPK3-MLKL axis under CASP inhibition, to the
more comprehensive and physiologically relevant form of
cell death.

Interconnectedness of multiple cell death pathways

The interconnectedness of various cell death pathways,
including pyroptosis, apoptosis, and necroptosis, has become
increasingly evident in recent studies. Initially thought to be
distinct, these pathways are now recognized to intersect and
influence each other in intricate ways.

Crosstalk between pyroptosis and apoptosis

Pyroptosis, triggered by inflammatory caspases like CASP1
and CASPI11, was originally associated with CASP1-
dependent apoptosis-like RCD. However, new insights
have shown that when macrophages lack GSDMD, a key
executioner in pyroptosis and downstream molecules
of CASP1 and CASP11, inflammasome activation can
lead to CASP3-mediated RCD (Wang et al. 2017). With
no GSDMD, CASP1 activation leads to RCD via the
BH3 Interacting Domain Death Agonist (Bid)-CASP9-
CASP3 pathway. It suggests that apoptosis triggered by
inflammasome may be significant for neurons and mast
cells because they have minimal or no GSDMD expression
(Tsuchiya et al. 2019). Additionally, the activation of
NLRPI1b and NLRC4 enhances CASPS8 activation in the
absence of downstream inflammasome components. When
WT macrophages are infected with Salmonella, CASP1, and
CASPS8 co-localize with ASC particles although CASPS is
not necessary to cause Salmonella-induced pyroptosis (Man
et al. 2014). However, ASC co-localizes with FADD, an
adaptor molecule for CASPS, to drive CASP8-dependent
apoptosis in Caspl™ cells upon NLRC4 inflammasome
activation (Van Opdenbosch et al. 2017). Furthermore,
AIM?2 inflammasome triggers, Francisella infection or
DNA electroporation, recruit and activate CASPS8 through
ASC, leading to CASP3 activation in Casp]’/’ cells (Pierini
et al. 2012; Sagulenko et al. 2013). Besides its traditional
role in extrinsic apoptosis, CASPS8 has been shown to affect
inflammasome activation and pyroptosis. CASPS8 enhances
NLRP3 priming and post-translational modification,
activating NLRP3 inflammasome (Gurung et al. 2014).
In response to NLRP3 inflammasome activating triggers,
CASPS8 is recruited into the inflammasome complex along
with its function in upregulating Nlrp3 and I11b (Gurung
et al. 2016). Furthermore, with TAK1 inhibition, CASP8
induces GSDMD cleavage and NLRP3 inflammasome
activation (Orning et al. 2018). Consistent with the
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functions of CASP8, FADD also controls inflammasome
activation and pyroptosis in macrophages treated with
NLRP3 inflammasome triggers (Gurung et al. 2014). The
crosstalk between pyroptosis and apoptosis is not limited
to inflammasome triggers. During chemotherapy, CASP3
can induce pyroptosis by cleaving GSDME and may also
cleave N-terminal GSDMD, reducing GSDMD-mediated
pyroptosis (Taabazuing et al. 2017; Wang et al. 2017)
(Fig. 1). Bile acid-driven APAF1 apoptosomes containing
CASPI11 promote CASP3 to be cleaved, which drives
GSDME-dependent pyroptosis (Xu et al. 2021). These
findings underscore the reciprocal regulation between
pyroptosis and apoptosis.

Crosstalk between necroptosis and apoptosis

Relatively to other crosstalk mechanisms, the relationships
between necroptosis and apoptosis, which regulate
homeostasis, are more definitive than those with pyroptosis.
Apoptotic CASPS can prevent necroptosis during embryonic
development as CASPS8 deletion does not cause embryonic
mortality without RIPK3 or MLKL (Kaiser et al. 2011;
Dillon et al. 2012). RIPK1 inhibits CASP8-mediated
apoptosis by regulating the transcription of pro-survival
cellular FLICE-like inhibitory protein (cFLIP) (Dillon
et al. 2012; Mifflin et al. 2020). Since RIPK1 has a role
in both necroptosis and apoptosis, RipkI ™~ mice can only
be rescued by deleting both CASP8 and RIPK3 during
embryonic development (Dillon et al. 2014). When CASPS8
is intact, RIPK1 deficiency leads to CASP8-mediated
apoptosis, while co-deletion of RIPK1 and CASPS drives
susceptibility to RIPK1-independent necroptosis mediated
by TRIF or IFN-driven RIPK3 activation (Dillon et al.
2014). These recent studies highlight the interconnectedness
of apoptosis and necroptosis. Recently, the loss of enzymatic
activity of CASP8 induces necroptosis, wherein further
inhibition of necroptosis causes pyroptosis driven by NLRP3
inflammasome activation, implying that CASP8 serves as a
regulator of three RCD pathways (Fritsch et al. 2019).

Crosstalk between pyroptosis and necroptosis

Studies are relatively limited to suggest a connection
between pyroptosis and necroptosis. Pyroptosis generally
occurs as a consequence of inflammasome activation.
Various triggers, including NLRP3 sensing cellular
perturbations, CASP11 recognizing LPS, AIM2 detecting
dsDNA, and NLRC4 responding to flagellin and toxins
from Salmonella Typhimurium, initiate pyroptosis.
Similarly, cellular alterations during infection with
Bacillus anthracis and Clostridium difficile activate
NLRP1 and pyrin inflammasomes, respectively (Zheng
et al. 2020a). Moreover, necroptosis, which has mostly
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been studied using tumor necrosis factor (TNF)-a in
combination with zVAD-fmk (zVAD, a pan-caspase
inhibitor), is initiated when TNF-a triggers necroptosis
upon inhibition of CASP8 by zVAD (Wu et al. 2011).
Certain viruses, such as human cytomegalovirus (CMV),
murine CMYV, and vaccinia virus encode viral inhibitors
that counteract caspase activation, leading to necroptosis
(Nailwal and Chan 2019).

Activation of NLRP3 inflammasome in cells in
response to necroptosis triggers suggests a connection
between pyroptosis and necroptosis. Upon caspase
inhibition, toll-like receptor 3 (TLR3) signaling activates
the NLRP3 inflammasome during necroptosis involving
RIPK3 (Kang et al. 2015). NLRP3 inflammasome can be
activated in a potassium efflux-dependent and independent
manner (Munoz-Planillo et al. 2013; Gross et al. 2016).
Necroptotic MLKL pores induce K* efflux as well as
the release of other DAMPs, which could cause NLRP3
inflammasome activation (Frank and Vince 2019). These
studies shed light on the interactions between pyroptosis
and necroptosis pathways.

PANoptosis

Cells get exposed to multiple ligands and inhibitors
during infection with pathogens, resulting in diverse
signaling pathways that culminate in various types of
cell death. For instance, infection of macrophages with
viruses such as influenza A virus (IAV), herpes simplex
virus 1 (HSV1), and corona, bacteria such as Francisella,
Yersinia, and Salmonella and fungi such as Candida and
Aspergillus, induce pyroptosis, apoptosis, and necroptosis,
accompanied by inflammatory cytokine release (Banoth
et al. 2020; Malireddi et al. 2020a; Lee et al. 2021; Han
et al. 2023). Furthermore, engaging multiple receptors
through combinatorial triggers in macrophages can
induce various forms of cell death, underscoring the
complexity of physiological signaling pathways. This
intricate interplay has been termed the PANoptosome
complex, giving rise to the concept of PANoptosis as a
multifaceted mode of cell death (Christgen et al. 2020a,
b; Wang et al. 2022). An overview of the characteristics
of RCD, including pyroptosis, apoptosis, necroptosis, and
PANoptosis, is presented in Table 1. Recent studies have
revealed that PANoptosis is implicated in a wide range of
human diseases encompassing infections, cytokine release
syndrome, sterile inflammatory diseases, and cancer,
which are discussed in the following sections. Therefore,
regulation of PANoptosis provides a significant therapeutic
strategy to prevent or ameliorate those pathological
conditions.

Table 1 Comparison of pyroptosis, apoptosis, necroptosis, and PAN-
optosis

Pyroptosis Apoptosis Necroptosis PANoptosis

Lysis (0] X (0] (0]
Membrane (0] X (0] (0]
rupture
Pore formation (0] X (0] (0]
Cell swelling (0] X (0] (0]
IL-1B/IL-18 O X X (0]
release
DAMPs release O X (0] (0]
Caspase O (0] X (0]
activation
Components NLRP1 RIPK1 RIPK1 7ZBP1
(Sensors/ NLRP3 FADD RIPK3 AIM2
Regulators) NLRC4 APAF1 MLKL NLRC4
AIM2 NLRP12
Pyrin

PANoptosis in infection

Invading pathogens and the diseases they cause are closely
associated with PANoptosis, which can play either a
detrimental or beneficial role. For instance, PANoptosis
induced by SARS-CoV-2 infection has a deleterious effect
concerning disease severity. During SARS-CoV-2 infection,
elevated levels of inflammatory cytokines, particularly
TNF-a and interferon-gamma (IFN-y), synergistically trigger
PANoptosis via the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT1)-interferon regulatory
factor 1 (IRF1) axis (Karki et al. 2021a). This TNF-a and
IFN-y mediated PANoptosis is relevant to accelerating
cytokine shock syndromes, resulting in extensive damage
to internal organs and subsequent poor prognosis (Karki and
Kanneganti 2021; Karki et al. 2021a).

Despite the general anti-viral properties of interferons,
IFN therapy has demonstrated detrimental effects in patients
with COVID-19 and animals challenged with SARS-
CoV-2. Among IFN-stimulated genes (ISGs) upregulated
by IFNs, the Z-DNA binding protein 1 (ZBP1) signaling
pathway triggers PANoptosis in macrophages infected
with B-coronaviruses. Notably, exogenous IFN treatment
increased mortality in wild-type (WT) mice infected with
B-coronaviruses including mouse hepatitis virus (MHV)
and SARS-CoV-2, but not in ZbpI~~ mice. This suggests
that ZBP1-mediated PANoptosis hampers the therapeutic
efficacy of IFN in patients with COVID-19 (Karki et al.
2022).

PANoptosis can also exert beneficial effects in several
pathogenic contexts. Infection of macrophages with patho-
gens such as IAV induces PANoptosis in macrophages in a
ZBP1-dependent manner. When infected with IAV, CASP6
binds to RIPK3 and facilitates the interaction between
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ZBP1 and RIPK3, ultimately leading to ZBP1-dependent
PANoptosis and contributing to host defense (Zheng et al.
2020b) (Fig. 4A). Similarly, HSV1 and Francisella novi-
cida induces AIM2-dependent PANoptosis. Deletion of
AIM?2 has shown a significant increase in lethality com-
pared to WT mice upon infection with HSV1 or Fran-
cisella novicida, underscoring the crucial role of AIM2-
mediated PANoptosis in host defense. Additionally, pyrin
and ZBP1 collectively mediate AIM2 responses, inducing
inflammatory cell death and thus enhancing host defense
against these pathogens (Lee et al. 2021) (Fig. 4B). Fur-
thermore, infections of macrophages with bacteria such
as Salmonella Typhimurium and Yersinia and fungi such
as Candida albicans and Aspergillus fumigatus, induced
PANoptosis with the release of inflammatory cytokines

(Banoth et al. 2020; Christgen et al. 2020b, a; Malireddi
et al. 2020a). Deleting key molecules involved in PANo-
ptosis, including CASP1, CASP11, RIPK3, and CASPS,
protects macrophages from cell death during S. Typhimu-
rium infection. Interestingly, individual deletion of these
cell death components does not fully prevent cell death,
underscoring the critical role of PANoptosis in response
to S. Typhimurium infection (Christgen et al. 2020b, a).

Altogether, the impact of PANoptosis on the host can
be either beneficial or detrimental, contingent upon the
specific infection context, as summarized in Table 2.
Further investigations are warranted to comprehensively
understand this ambivalent nature and elucidate the under-
lying mechanisms, paving the way for novel therapeutic
approaches.
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Fig.4 PANoptosome and PANoptosis. A Certain pathogens such as AV, and other agents such as IFN plus KPT-330 induce ZBP1 PANopto-
some assembly. ZBP1 senses IAV or endogenous Z-nucleic acids (Z-NA) to assemble ZBP1 PANoptosomes consisting of ZBP1 and other cell
death molecules. CASP6 potentiates the interaction between RIPK3 and ZBP1. B AIM2 senses double-stranded DNA (dsDNA) during infec-
tions caused by HSV1 or Francisella, leading to the assembly of the AIM2 PANoptosome. C NLRP12 plays a crucial role in inducing lytic cell
death in response to the combination of heme and PAMPs such as Pam3CSK4 and LPS. NLRP12 also forms a PANoptosome, serving as an

integral component in this cellular process
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Table 2 Beneficial and detrimental effects of PANoptosis

Pathogens PANoptosis associated molecules Outcomes References
Detrimental SARS-CoV-2 TNF-a & IFN-y mediated JAK/ Exacerbate the disease ~ Karki et al. (2021a)
STAT1/IRF1 axis, NO, CASPS and
RIPK3
SARS-CoV-2, MHV ZBP1, CASP8 and RIPK3 Impedes IFN therapy Karki et al. (2022)
Beneficial HSV1 AIM2 Host defense Lee et al. (2021)
Francisella novicida AIM2 Host defense Lee et al. (2021)
1AV ZBP1 Host defense Zheng et al. (2020b)
Salmonella Typhimurium  NAIP-NLRC4 Host defense Christgen and Kanneganti, (2020)
Yersinia RIPK3 Host defense Malireddi et al. (2020a)
NA Aspergillus fumigatus ZBP1 - Banoth et al. (2020)
Candida albicans ZBP1 - Banoth et al. (2020)

PANoptosis in cytokine release syndrome

Cytokine release syndrome (CRS) is a severe systemic
inflammatory condition characterized by the excessive
release of cytokines and the overactivation of immune
cells in response to various stimuli, including PAMPs or
DAMPs (Karki and Kanneganti 2021). While cytokines
and chemokines are essential for maintaining cellular
homeostasis and combating infections (Tse and Takeuchi
2023), an uncontrolled and exaggerated release of these
molecules can lead to cytokine storms, which can be life-
threatening. Among pro-inflammatory cytokines, the
synergism of TNF-a and IFN-y induces PANoptosis in
macrophages (Karki et al. 2021a). Notably, intraperitoneal
injection of TNF-a and IFN-y in mice results in death,
reflecting the major symptoms of CRS observed in patients
with conditions like COVID-19. TNF-a and IFN-y stimulate
the production of STAT1 and IRF1-dependent nitric
oxide (NO), triggering CASP8 activation and leading to
PANoptosis in murine macrophages (Karki et al. 2021a).
Additionally, while fever can confer beneficial effects dur-
ing infection, heatstroke is linked to worse outcomes due
to cytokine storms (Walter et al. 2016). The pathological
responses to heatstroke are exacerbated by prior infections,
potentially accelerating cell death (Han et al. 2024). Indeed,
cells pre-infected with E. coli or C. rodentium or stimulated
with LPS exhibit robust activation of the NLRP3 inflammas-
ome and PANoptosis, mediated by CASP1, CASPS, RIPK3,
and CASP11. Moreover, the absence of nerve injury-induced
protein 1 (Ninjurin 1, NINJ1) reduces inflammatory cell
death and lethality induced by heatstroke, highlighting the
role of NINJ1 in PANoptosis, cytokine storm and heatstroke.
Furthermore, NINJ1 expression is upregulated by both heat-
stroke and LPS, and its oligomerization depends on CASP8
and RIPK3, suggesting NINJ1 acts downstream of these
molecules (Han et al. 2024). However, regarding the role

of ZBP1 and MLKL in heat stress-induced cell death, there
are conflicting findings (Yuan et al. 2022; Han et al. 2024).

The activation of these cell death pathways results in
additional cytokines and alarmins, which act as warning
signals to neighboring immune and stromal cells,
intensifying cytokine production and contributing to the
cytokine storm phenomenon (Karki and Kanneganti 2021).
Understanding the mechanisms underlying abnormal
cytokine release and the interplay between cell death
pathways is crucial for developing innovative treatments for
cytokine storm-related conditions.

Several mammalian proteins with RHIM domains,
such as RIPK1, RIPK3, ZBP1, and TRIF, are involved in
PANoptosis in response to cytokines, PAMPS, DAMPs,
and inflammation, leading to CRS (Karki and Kanneganti
2021, 2023b). The functions of these proteins related to
CRS have been studied in mice and humans. For instance,
RIPK1 deficiency is highly lethal characterized by CRS with
systemic inflammation, severe anemia, and neutrophilia.
This fatal phenotype can be prevented by co-deleting CASP8
and RIPK3, indicating that inhibition of CASP8 and RIPK3-
mediated inflammatory cell death is critical in controlling
CRS and fatality (Karki and Kanneganti 2021).

RHIM proteins also play a pivotal role in triggering cell
death pathways during microbial infections, just as they are
implicated in sterile systemic inflammation, leading to CRS.
Certain microbes, like Staphylococcus aureus (S. aureus)
and Yersinia pestis, induce inflammatory cell death by
releasing pathogen-associated molecular patterns (PAMPs)
or toxins into host cells (Kitur et al. 2015; Malireddi et al.
2020b). For instance, S. aureus produces a-hemolysin
and a-toxin (Hla), which prompt inflammatory cell death
through the RIPK3 and NLRP3 signaling pathways. This
leads to the release of numerous inflammatory cytokines
and results in severe lung disease in mice (Kitur et al. 2015).
Although most infections trigger similar cytokine responses,
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the precise reason why only certain bacteria or viruses can
result in a cytokine storm remains elusive.

PANoptosis in inflammatory diseases

Multiple preclinical studies have indicated that
PANoptosis is involved in sterile inflammatory disorders.
For instance, Pstpip2°"’ mice have a mutation causing
severe inflammation in bones as well as in skin and
foot, resembling the human condition of chronic
recurrent multifocal osteomyelitis (Chitu et al. 2009).
The osteomyelitis in Pstpip2°™’ mice critically relies
on IL-1p (Lukens et al. 2014). Combined deletion of
CASPI1, CASPS8, and RIPK3-essential components for
PANoptosis—prevents disease progression in these mice.
Footpads of Pstpip2°™°Caspl™Casp8™' Ripk3™~ mice
showed reduced IL-1p processing compared to those in
Pstpip2<™Caspl™ or Pstpip2"°Casp8~" Ripk3™~ mice,
suggesting the compensatory roles of CASP1 and CASPS
in IL-1p processing (Lukens et al. 2014; Gurung et al. 2016).
PANoptosis induced by ZBP1 might have a significant
pathological role in inflammatory diseases caused by
hyperproduction of interferons. Individuals afflicted by
uncommon autoimmune disorders such as Aicardi-Goutieres
syndrome (AGS) have exhibited adenosine deaminase
acting on RNA 1 (ADAR1) loss of function or melanoma
differentiation-associated gene 5 (MDAS) gain of function
mutations (Karki and Kanneganti 2023a). Moreover, loss
of ADAR1P!® expression or mutations in the ADAR1 Za
domain contributes to interferonopathy, conditions observed
in patients with AGS and bilateral striatal necrosis (Karki
and Kanneganti 2023a). However, these conditions can
be recovered by either the ZBP1 or the ZBP1 Za domain
removal, suggesting that ZBP1-mediated PANoptosis drives
pathology in AGS caused by ADARI1 loss (Hubbard et al.
2022; Jiao et al. 2022). Indeed, the Za domain of ADARI1
interacts with the counterpart domain of ZBP1 to prevent
PANoptosis. In addition, ZBP1 deletion also mitigates severe
bowel inflammation in intestinal epithelial cells lacking
SET domain bifurcated histone lysine methyltransferase
1 (SETDB1) in mice (Wang et al. 2020). Furthermore, it
has been reported that PANoptosis is associated with some
pathologies of hemolytic diseases. NLRP12-triggered
PANoptosis has been suggested to drive acute kidney
injury and lethality in a hemolytic model. NLRP12 triggers
PANoptosis in response to heme plus PAMPs. Importantly,
NLRP12 expression is upregulated in diseases associated
with hemolysis, as well as hemolytic diseases, such as
B-thalassemia or sickle cell disease (SCD) (Sundaram et al.
2023) (Fig. 4C). PANoptosis has been observed in bone
marrow of patients with myelodysplastic syndromes, which
are thought to be caused by an inflammatory bone marrow
microenvironment and cell death of hematopoietic stem/
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progenitor cells (Liu et al. 2024). The genes related to type
I IFN and PANoptosis contribute to Sjogren’s syndrome,
a systemic autoimmune disease (Yang et al. 2024). All the
evidence suggests the potential of PANoptosis as a possible
therapeutic target in inflammatory diseases.

PANoptosis and cancer

Cancer, which stands as one of the foremost global public
health concerns, possesses two biological hallmarks;
(1) unregulated proliferation and (2) resistance to
cell death (Hanahan and Weinberg 2011). Previously,
chemotherapeutics and radiotherapy were actively deployed
to treat cancer, yet they yielded only minimal success within
clinical settings. These approaches usually induce apoptosis
to clear the cancerous cells. Furthermore, there are several
approaches to treating cancer by targeting transcription
factors (Park et al. 2023), histone deacetylase (Park et al.
2021b), tumor-derived metabolite (Byun 2023), developing
antibody—drug conjugate (Maiti et al. 2023), NK cell-based
cancer immunotherapy (Park et al. 2022), exosomes (Kim
2022), and natural product-based combination therapy
(Park et al. 2021a). However, cancer cells tend to develop
resistance to cell death induced by therapeutic agents in
various ways (Malireddi et al. 2021). For instance, cancer
cells exploit intrinsic anti-apoptotic signaling machinery to
circumvent apoptotic cell death (Mohammad et al. 2015).
Therefore, this limitation in curing highly resistant cancer
could be surmounted by utilizing different modes of cell
death other than apoptosis or, by even engaging all types of
cell death simultaneously to effectively eradicate malignant
cells. In this regard, PANoptosis may have great potential
as an alternative detour for its very specific anticancer
properties compared to pyroptosis and necroptosis, which
are still highly context-dependent.

IRF1 and ZBP1-mediated cell death signaling pathways
have provided a glimpse of the therapeutic potential of
PANoptosis for cancer treatment. In a mouse model of
melanoma, TNF-a and IFN-y demonstrated a tumor-
suppressive effect (Malireddi et al. 2021). TNF-a and IFN-y
induced PANoptosis relies on STAT1/IRF1 signaling axis,
implying the role of IRF1 in tumor suppression (Malireddi
et al. 2021). Indeed, Irf]’/’ mice exhibited an increased
tumor burden in the colon compared to WT counterparts,
which could be attributed to defective PANoptosis in the
absence of IRF1 (Karki et al. 2020). The immune regulator
IRF1 has been reported to be involved in PANoptosis
triggered by various agents, indicating that modulating
the activation of molecules in the IRF1 pathway could aid
in the treatment of cancer (Sharma et al. 2023). ZBP1-
mediated PANoptosis is regulated by ADARI and is also
associated with tumorigenesis, thereby giving insight into a
novel anticancer drug strategy. The abrogation of ADARI1
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elevates PANoptosis and suppresses melanoma and colon
cancer growth in vivo, while ZBP1 deficiency rescues both
tumor growth. ADARI, which contains a Za domain like
ZBP1 does, can interact with ZBP1 via the Za domain upon
IFN treatment, leading to suppression of PANoptosis (Karki
et al. 2021b). Overall, PANoptosis could be a prospective
alternative to bypass tumor resistance against cell death.

Future perspective for therapeutic aspects

Blocking individual pathways for pyroptosis, apoptosis, or
necroptosis may not be sufficient to inhibit cell death during
infection. However, simultaneous inhibition of upstream
molecules like CASP8, RIPK3, and CASP1 effectively
prevents cell death across different triggers. For instance,
while the absence of individual CASP1, CASP3, CASP7, or
RIPK3 fails to suppress cell death, simultaneous deletion of
CASP1, CASPS, and RIPK3 provides extensive protection
against NLRP12-dependent cell death triggered by heme
plus PAMPs, implying that NLRP12 drives PANoptosis
(Sundaram et al. 2023). Similarly, individual loss of cell
death components such as CASP1, CASP3, CASP7,
CASP11, RIPK3, and MLKL does not abrogate cell death
induced by heat stress plus LPS, whereas combined loss of
CASPI1, CASPI11, CASPS, and RIPK3 provides significant
protection (Han et al. 2024). Thus, targeting PANoptosis
holds promise as a crucial therapeutic strategy for the
treatment of numerous diseases. To block PANoptosis, the
neutralization of TNF-a and IFN-y, which are PANoptosis
triggers during SARS-CoV-2 infection, could provide
therapeutic potential against COVID-19 and CRS, as it can
prevent inflammatory cell death and its ensuing harmful
consequences. Indeed, inhibition of TNF-a and IFN-y by
neutralizing antibodies ameliorated the mortality rate of
mice infected with SARS-CoV-2 (Karki and Kanneganti
2021; Karki et al. 2021a). Moreover, targeting specific
PANoptosis components, such as GSDMD, caspases, or
RIPK3, provides the potential for mitigating the pathological
consequences of excessive cell death during infection. For
cancer therapy, when ADARI is sequestered in the nucleus,
ZBP1 can interact with RIPK3 via the RHIM domain
to promote potent cell death signaling cascades (Karki
et al. 2021b; Karki and Kanneganti 2023a). This possibly
explains the failure of early clinical efforts to employ
IFNs as an anticancer therapeutic approach (Einhorn and
Grander 1996). IFN-y upregulates both ZBP1 and ADAR1
expressions, leaving ADAR1 to impede antitumor cell death
by ZBP1. Thus, the sequestration of ADARI1 in the nucleus
using nuclear export inhibitors (NEIs) such as KPT-330
along with IFN could markedly augment the effect of IFN
therapies. In the mouse melanoma model, the combination of
IFN-y and KPT-330 has shown a dramatic tumor regression
by ZBP1-dependent PANoptosis, suggesting a practicable

approach to overcome the barriers of the current strategy
(Karki et al. 2021b) (Fig. 4A). Continued research promises
to deepen our understanding of detrimental or beneficial
effects of PANoptosis and further establish novel ways to
harness it for potential therapeutic strategy.

Conclusion

Our review highlights the intricate landscape of RCD,
emphasizing the interconnectedness and cross-regulation
among various cell death pathways, including pyroptosis,
apoptosis, and necroptosis. Through the lens of evolving
research, we have explored the emerging concept of
PANoptosis, a unified mode of cell death orchestrated
by a complex interplay of molecular signaling pathways.
PANoptosis represents a multifaceted response to
diverse challenges, ranging from pathogen infections to
sterile inflammatory conditions. In infectious contexts,
pathogens such as viruses, bacteria, and fungi can induce
PANoptosis in host cells, contributing either to host defense
or pathogenesis, depending on the specific infection
scenario. Furthermore, PANoptosis plays a pivotal role in
inflammatory diseases, including cytokine release syndrome
and autoimmune disorders, where excessive or dysregulated
cell death exacerbates tissue damage and systemic
inflammation. Moreover, the therapeutic implications of
PANoptosis extend to cancer, offering a promising avenue
for novel treatment strategies. By targeting key molecules
involved in PANoptotic signaling pathways, such as IRF1
and ZBP1, it may be possible to exploit PANoptosis as a
means to overcome cancer cell resistance and enhance tumor
suppression.

While significant progress has been made in
understanding the mechanisms and implications of RCD,
including the recently proposed PANoptosis, several
limitations persist in current research efforts. Addressing
these limitations and charting new directions for future
research is crucial for advancing our knowledge and
potentially harnessing these processes for therapeutic
benefit. (1) Our understanding of the intricate molecular
mechanisms governing RCD pathways remains incomplete.
There is a need to delve deeper into the signaling cascades,
protein interactions, and regulatory networks involved in
apoptosis, pyroptosis, necroptosis, and PANoptosis. (2)
One of the challenges in studying RCD pathways is their
context dependency and specificity. The outcomes of these
processes can vary depending on cell type, physiological
conditions, and the nature of the stimulus. Future research
should aim to unravel the context-dependent factors that
influence the activation and regulation of RCD pathways,
thereby providing insights into their diverse roles in health
and disease. (3) While RCD pathways hold promise as

@ Springer



628

H.Baeetal.

therapeutic targets for various diseases, identifying specific
molecules or targets within these pathways remains a
challenge. Moreover, the development of therapeutic
interventions targeting RCD must consider the potential side
effects and unintended consequences of modulating these
pathways. Future research should focus on the identification,
validation, and preclinical testing of novel therapeutic targets
and strategies aimed at modulating RCD for therapeutic
benefit. (4) Translating findings from basic research on RCD
pathways into clinically applicable therapies requires robust
biomarkers and diagnostic tools.

Overall, our comprehensive analysis underscores the
importance of understanding PANoptosis in various
pathological contexts and its potential as a therapeutic
target. Further research into the molecular mechanisms
and regulatory networks governing PANoptosis is essential
for unlocking its full therapeutic potential and advancing
precision medicine approaches for a wide range of diseases.
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