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PANoptosis is a newly identified inflammatory programmed cell death (PCD) that
involves the interplay of apoptosis, necrosis, and pyroptosis. However, its overall
biological effects cannot be attributed to any one type of PCD alone. PANoptosis
is requlated by a signaling cascade triggered by the recognition of pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) by various sensors. This triggers the assembly of the
PANoptosome, which integrates key components from other PCD pathways
via adapters and ultimately activates downstream execution molecules, resulting
in cell death with necrotic, apoptotic, and pyroptotic features. Autoimmune
diseases are characterized by reduced immune tolerance to self-antigens,
leading to abnormal immune responses, often accompanied by systemic
chronic inflammation. Consequently, PANoptosis, as a unique innate immune-
inflammatory PCD pathway, has significant pathophysiological relevance to
inflammation and autoimmunity. However, most previous research on
PANoptosis has focused on tumors and infectious diseases, leaving its
activation and role in autoimmune diseases unclear. This review briefly outlines
the characteristics of PANoptosis and summarizes several newly identified
PANoptosome complexes, their activation mechanisms, and key components.
We also explored the dual role of PANoptosis in diseases and potential
therapeutic approaches targeting PANoptosis. Additionally, we review the
existing evidence for PANoptosis in several autoimmune diseases and explore
the potential regulatory mechanisms involved.
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1 Introduction

Programmed cell death (PCD) refers to a controlled, autonomous
process mediated by various biomolecules to maintain intracellular
homeostasis (1).Recently, researchers classified cell death based on
morphological features, triggering mechanisms, and cellular context,
identifying additional PCD types, including apoptosis, necrosis,
autophagy, pyroptosis and cuproptosis (2, 3). PCD is crucial for
regulating physiological and pathological processes, including tissue
development, inflammation, and immune responses (4, 5). Earlier
studies mainly focused on the mechanisms and functions of
individual PCD types. However, increasing evidence suggests that
PCDs do not operate independently but form a complex network of
interactions (6). Recent studies have begun to uncover the
interactions and crosstalk among the complex mechanisms of
different PCDs (7). In 2019, Malireddi et al. (8) documented a
novel innate immune-inflammatory PCD pathway called
PANoptosis. PANoptosis is regulated by the PANoptosome
complex, which involves crosstalk and collaboration among
apoptosis, necrosis, and pyroptosis. However, the overall biological
effects of PANoptosis cannot be attributed to any single type of
PCD (9).

Autoimmune diseases are disorders characterized by a
breakdown of immune tolerance to self-antigens, leading to
abnormal immune responses that damage tissues or organs (10).
These diseases often affect multiple organs and are incurable,
severely impacting patients’ quality of life and imposing
significant economic burdens on individuals and society (11, 12).
The pathogenesis of these diseases is complex and involves multiple
factors, with molecular mechanisms still not fully understood.
Increasing evidence indicates that PCD plays a critical role in
autoimmune diseases, particularly apoptosis, necrosis, and
pyroptosis (13, 14). Given the complexity of autoimmune
diseases, a single type of PCD seems inadequate to explain disease
progression. Consequently, the role of PANoptosis, which
integrates features of these PCDs, has gained attention. Emerging
studies suggest that PANoptosis may act as a key regulator in
autoimmune diseases (15, 16). This review examines the
mechanisms of PANoptosis activation and maintenance, as well
as its connection to autoimmune diseases. Our goal is to provide a
comprehensive understanding of PANoptosis in autoimmune
diseases to identify new therapeutic targets and strategies for
better disease management.

2 Overview of PANoptosis

Apoptosis, necrosis, and pyroptosis are three well-established
types of PCD. Initially thought to operate independently, research
now shows extensive crosstalk and connections among these types as
our understanding of PCD deepens (17, 18). For example, caspase-8,
traditionally a key regulator of apoptosis, also mediates pyroptosis by
modulating the NLRP3 inflammasome or cleaving gasdermin D
(GSDMD) directly (19). Similarly, caspase-3, a key regulator of
apoptosis, can induce mitochondrial damage and secondary
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necrosis by cleaving BH3 interacting domain death agonist (BID)
without GSDMD (20). PANoptosis incorporates key components
from apoptosis, necrosis, and pyroptosis. It is regulated by a cascade
of signaling molecules triggered by pattern recognition receptors
(PRRs) that detect pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). This
initiates the assembly of the PANoptosome complex, activating
downstream execution molecules, including caspase-3/7, GSDMD,
gasdermin E (GSDME), and Mixed Lineage Kinase Domain-
Like (MLKL), leading to membrane perforation and cell lysis (21).
The concept of PANoptosis highlights the coordination and
crosstalk among apoptosis, necrosis, and pyroptosis in response
to pathogens and innate immune triggers, addressing a gap in
understanding the interactions between molecular components of
distinct PCDs (22).

3 The composition and regulatory
mechanisms of the PANoptosome

The assembly of the PANoptosome is a critical step in
PANoptosis. It integrates core components from apoptosis,
necrosis, and pyroptosis pathways, such as inflammasomes,
death-inducing signaling complexes (DISC), and necrosomes (23).
PANoptosome proteins can be categorized into three functional
groups: sensors that respond to stimuli, effectors that execute
functions, and adapters that link sensors to effectors (24).To
respond to diverse stimuli, PANoptosomes with varying sensors
and effectors are required to initiate PANoptosis. These
PANoptosomes are distinguished by their composition and the
downstream molecular mechanisms they activate (23). So far,
several established PANoptosomes include Z-DNA binding
protein 1 (ZBP1), Absent in Melanoma 2 (AIM2), Receptor-
Interacting Protein Kinase 1 (RIPK1), NOD-like receptor family
pyrin domain-containing 12 (NLRP12), and NOD-like receptor
family CARD domain-containing 5 (NLRC5)-PANoptosomes.
Furthermore, interferon (IFN) signaling serves as a key upstream
regulator of PANoptosome assembly. For example, IFN regulatory
factor 1 (IRF1) regulates the expression of several PANoptosis
sensor molecules (25). Studies show that blocking IFN-o, IFN-f,
or IRF1 to inhibit IFN signaling can suppress ZBP1 expression
induced by influenza A virus (IAV) (26) (Figure 1A).

3.1 ZBP1-PANoptosome

The ZBP1-PANoptosome was first identified during IAV
infection, comprising the primary sensor ZBP1, secondary sensor
NLRP3, adapters Fas-associated protein with a death domain
(FADD) and apoptosis-associated speck-like protein containing a
CARD (ASC), along with effectors Caspase-1/6/8, RIPK1, and
receptor-interacting protein kinase 3 (RIPK3) (27). ZBP1 has two
Z-nucleic acid binding domains (Zol and Zo2) at its N-terminus,
where the Zo2 domain recognizes viral infections (28). In the early
stages of IAV infection, innate immune sensing of viral RNA
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FIGURE 1

Mechanisms of PANoptosis activation and the regulatory mechanisms of PANoptosis in autoimmune diseases. (A) Various mechanisms of
PANoptosis activation mediated by different types of PANoptosomes. Sensor molecules such as ZBP1, AIM2, PIPK1, NLRP12, and NLRC5 detect
pathogens like IAV, HSV, Yersinia, and heme, regulated by upstream mechanisms like TLR2/4 and IFN. Subsequently, they assemble the
PANoptosome by integrating key components from other programmed cell death (PCD) pathways with the help of adapters. This process ultimately
activates downstream effector molecules, leading to GSDMD-mediated pyroptosis, Caspase-3/7-mediated apoptosis, and MLKL-mediated necrosis
(PANoptosis). (B) The regulatory mechanisms of PANoptosis in autoimmune diseases. Various immune cells, including macrophages, dendritic cells,
and T lymphocytes, regulate upstream pathways like GAS/STING, resulting in the release of significant amounts of IFN (IFN-c, IFN-B, IFN-y). This
process activates PANoptosome assembly and inducing PANoptosis in various cell types. PANoptosis may exacerbate systemic inflammatory
responses and tissue damage associated with autoimmune diseases by releasing inflammatory factors like IL-1B/18 and harmful cytokines.
Additionally, it may affect the onset and progression of the disease through other potential pathways, warranting further investigation.

activates ZBP1, initiating the assembly of the ZBP1-PANoptosome
and triggering PANoptosis. ZBP1 interacts with RIPK3 through its
RHIM domain, activating caspase-8 and promoting MLKL
phosphorylation, which triggers both apoptosis and necroptosis
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pathways. Simultaneously, ZBP1 interacts with NLRP3 through the
FADD- and caspase-8-containing DISC, leading to the release of
interleukin (IL)-1B and IL-18, thereby activating pyroptosis
pathway (29).
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3.2 AIM2-PANoptosome

AIM2 is a cytosolic pattern recognition receptor (PRR) that
detects pathogens and endogenous double-stranded DNA (dsDNA)
(30). Previous studies have demonstrated that AIM2, as an
inflammasome sensor, binds cytosolic dsDNA from pathogens
through its C-terminal HIN-200 domain and interacts with ASC
via its N-terminal pyrin domain, promoting inflammasome assembly
and inducing pyroptosis (31). However, a recent study revealed that
during Herpes Simplex Virus Type 1 (HSV-1) and F. novicida
infections, AIM2 interacts with ZBP1 and Pyrin to form the AIM2-
PANoptosome, inducing PANoptosis (32). Given AIM2’s role as an
inflammasome sensor, investigating the components and
mechanisms of the AIM2-PANoptosome is crucial for
understanding innate immunity, inflammation, and cell death.

3.3 RIPK1-PANoptosome

Malireddi et al. (33) discovered that Yersinia induces RIPKI1-
independent PANoptosis. Immunoprecipitation revealed that RIPK1
co-precipitates with RIPK3, caspase-8, ASC, FADD, and NLRP3
during Yersinia infection, suggesting that RIPK1 may form a
PANoptosome with these key cell death components. The toxin
Yop], produced by Yersinia, activates RIPK1 and drives cell death by
inhibiting transforming growth factor B-activated kinase 1 (TAK1)
(34). TAK1 serves as a major negative regulator of RIPK1-mediated
PANoptosis, preventing spontaneous pyroptosis, apoptosis, and
necroptosis by inhibiting RIPK1 phosphorylation (35). However,
studies show that knocking out RIPK1 during Yersinia infection does
not fully prevent cell death. This could be due to ZBP1 activation in the
absence of RIPK1 or the initiation of other compensatory mechanisms
that promote cell death (9). Currently, studies have only demonstrated
the TAK1-regulated activation and assembly mechanism of the RIPK1-
PANoptosome in Yersinia infection. Further research is needed to
clarify its regulatory mechanisms in other disease contexts.

3.4 NLRP12-PANoptosome

NLRP12, a member of the NOD-like receptor (NLR) family, is
closely linked to innate immunity and inflammatory diseases (36).
Previous studies have demonstrated that during Yersinia pestis or P.
chabaudi infections, NLRP12 functions as a cytosolic PRR, serving as
an inflammasome sensor to drive pyroptosis (36, 37). Besides activating
the inflammasome, recent studies suggest that under co-stimulation
with heme and PAMPs, NLRP12 can also act as a PANoptosome
sensor, driving PANoptosis (38). In this process, upstream Toll-like
receptors (TLR) 2 and 4 regulate NLRP12 expression via IRF1.

3.5 NLRC5-PANoptosome

NLRC5, a member of the NLR family, has primarily been
studied for its role in regulating the expression of Major
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Histocompatibility Complex Class I (MHC I) genes (39).
However, its role in regulating innate immunity, inflammation,
and cell death remains largely unexplored. A recent study revealed
that under stimulation by heme and PAMPs, NLRCS5 interacts with
NLRP12 and other cell death molecules to activate the TLR and
NAD+-dependent assembly of the NLRC5-PANoptosome,
inducing PANoptosis (40). Although this study identified the
NLRC5-PANoptosome under heme and PAMP stimulation, the
direct interactions among its complex components need
further characterization.

3.6 Caspase family

The caspase family is a core regulator of apoptosis, necrosis, and
pyroptosis, serving as a critical component of PANoptosis and
playing essential roles throughout the process. Caspase-1/3/7 serve
as downstream executioners in PANoptosis, responding to
PANoptosome assembly and ultimately leading to cell death.
Caspase-8 is a key effector in PANoptosomes, regulating the
interaction and balance among the three cell death pathways in
PANoptosis (41).During apoptosis, caspase-8 is activated by the
DISC, which contains FADD and RIPK1. Caspase-8 then cleaves
and inactivates RIPKI1, preventing necrosome formation (42).
When caspase-8 is inhibited, RIPK1 forms a necrosome with
RIPK3 and FADD, triggering necrosis (9). Additionally, the
RIPK1/FADD/caspase-8 complex can directly activate the NLRP3
inflammasome, releasing caspase-1, which leads to GSDMD pore
formation and the release of IL-1(3 and IL-18 (43). A recent study
found that caspase-6, a key apoptotic effector, acts as a scaffold to
enhance RHIM domain-dependent interactions between RIPK3
and ZBP1, promoting PANoptosome assembly (44).

4 Dual role of PANoptosis in diseases
and therapeutic implications

Research suggests that PANoptosis, an integrated form of
necrosis, pyroptosis, and apoptosis, plays a crucial dual role in
various diseases. In microbial infections, ZBP1-induced
PANoptosis and cytokine storms raise mortality in COVID-19
patients (45), whereas AIM2-induced PANoptosis enhances host
defense against HSV1 or F. novicida infections (32). In tumors,
studies indicate that high expression of PANoptosis-related genes
harms low-grade glioma (LGG) and kidney renal cell carcinoma
(KIRC), but benefits skin melanoma (SKCM) (46). PANoptosis can
also worsen inflammation and organ damage in diseases. The
stimulator of IFN genes (STING) agonist diABZI triggers
PANoptosis, causing inflammation and acute respiratory distress
syndrome (ARDS) (47). Uysal E et al. showed that inhibiting
PANoptosis specifically protects rats from kidney ischemia-
reperfusion injury (48). Given PANoptosis’s dual role in diseases,
endogenous molecules or compounds targeting its inhibition or
promotion have shown therapeutic potential across various
conditions (49). The endogenous molecule DKK1 reduces diabetic
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retinopathy in rats by inhibiting PANoptosis (50), whereas CurE
promotes ZBP1-dependent PANoptosis to suppress ACC tumor
growth in nude mice (51); miR-29a-3p agomir injection therapy
reduces lung damage in mice with acute lung injury (ALI) by
inhibiting PANoptosis in alveolar epithelial cells (52). Although
PANoptosis modulators show promising therapeutic potential,
current strategies have only been tested in vitro and in animal
models, and the relationship between PANoptosis and diseases
remains unclear. Further research into the specificity, efficacy, and
safety of PANoptosis modulators is needed.

5 The potential mechanisms of
PANoptosis in autoimmune diseases

Rheumatoid Arthritis (RA), Systemic Lupus Erythematosus
(SLE), Sjogren’s Syndrome (SS), and several other autoimmune
diseases, including Psoriasis, Ulcerative Colitis(UC), and Crohn’s
disease(CD), have been confirmed to be associated with
PANoptosis. Here, we summarize the evidence for PANoptosis
occurrence in various autoimmune diseases (Table 1) and explore

10.3389/fimmu.2024.1502855

the potential mechanisms underlying PANoptosis activation and
regulation (Figure 1B).

5.1 SLE and PANoptosis

SLE is a complex autoimmune disease marked by a loss of
tolerance to self-antigens, leading to autoantibody production. This
overactive immune system causes immune complexes to deposit in
tissues and organs, leading to damage (61, 62). The pathogenesis of
SLE is multifactorial, involving genetics, sex, and environmental
factors.Among these, IFN signaling is central to SLE pathogenesis
(63, 64). Plasmacytoid dendritic cells (pDCs) synthesize Type I IFN,
especially IFN-o., the predominant IFN in SLE. Other cell types, like
macrophages and fibroblasts, primarily produce IFN-B (65, 66).
Type II IFN also significantly contribute to SLE. Studies show that
PBMCs from SLE patients have higher levels of IFN-y and IRF1
than those from healthy individuals. Abnormal IFN-yaccumulation
can be detected early in SLE, even before autoantibodies or Type I
IFN appear (67, 68). Continuous IFN production worsens the
immune response, promoting immune cell proliferation and

TABLE 1 Evidence for the occurrence of PANoptosis in autoimmune diseases.

Autoimmune Study type Analytical technique Result Reference
Disease
SLE Peripheral blood samples/PBMCs Bioinformatics analysis and validation Five key PANoptosis signature genes were (53)
from SLE patients based on GeneCard database and identified and validated, including ZBP1,
GEO database MEFV, LCN2, IF127, HSP90AB1
RA Synovium in patients with RA Bioinformatics analysis based on Identified the PANoptosis biomarker SPP1, | (54)
GeneCard database and GEO database discriminated between two distinct RA
subtypes, and developed a scoring model
with potential in distinguishing subtypes
SS NSG mice transplanted with PBMCs Expression of type I IFN and IFN signaling activation and PANoptosis (55)
from SS patients PANoptosis-related genes in characterized genes
submandibular glands of NSG mice
transplanted with PBMCs from SS
patients detected by
laboratory techniques
psoriasis Lesion skin samples Bioinformatics analysis based on Ten PANoptosis-related hub genes were (56)
GeneCard database and GEO database identified, namely AIM2, BAK1, CASP1,
CASP4, CASP5, GZMA, GZMB, IL18,
IRF1, PYCARD
psoriasis Lesion skin samples/spleen and skin Bioinformatics analysis and validation PANoptosis-related hub genes (S100A12, (57)
samples from psoriasis mice based on MSigDB database and single- CYCS, NOD2, STAT1, HSPA4, AIMAM2,
cell dataset MAPK?7) were identified
DC DC patient intestinal mucosa/ Bioinformatics analysis and validation Ten PANoptosis-associated core genes (58)
DC mouse based on GeneCard database and were identified and validated, and two
GEO database PANoptosis clusters with unique immune
penetration and functional patterns
were identified
ucC Intestinal mucosa of UC patients/ Bioinformatics analysis and validation Identification of key genes associated with (59)
UC mice based on GeneCard database and autophagy in PANoptosis
single-cell datasets
ucC Intestinal mucosa of UC patients/ Bioinformatics analysis and validation Five key genes for PANoptosis were (60)
UC mice based on GEO database identified (ZBP1, AIM2, CASP1/8, IRF1), a
ceRNA network for the key genes was
established, and three potential small
molecule drugs were obtained
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differentiation while activating B cells to produce autoantibodies,
leading to complications like lupus nephritis (LN) (69). Previous
studies show various types of PCD occur in SLE. For instance,
NLRP3 expression correlates with disease activity in SLE patients
and is upregulated in macrophages (13, 70); neutrophil apoptosis
increases in SLE (71); MLKL, a key necroptosis protein, is elevated
in SLE PBMC:s (72). Multiple PCD types can also occur within the
same cell type in SLE. Guo et al. (73) found that both necroptosis
and pyroptosis are activated in podocytes from LN patients and
lupus mice kidneys. Bioinformatics analyses identify key
PANoptosis-related genes like ZBP1, AIM2 and NLRP3 as
biomarkers for SLE (53, 74, 75). All studies identified ZBP1 as a
diagnostic biomarker for SLE. This suggests that in SLE, these cell
death processes may interact via ZBP1-mediated PANoptosis to
influence disease progression. As mentioned, IFN signaling is a key
regulator of PANoptosome assembly. Chronic inflammation in SLE
causes continuous accumulation of mitochondrial reactive oxygen
species (ROS), with mitochondrial DNA (mtDNA) released as
DAMPs (76, 77). DNA sensors like cyclic GMP-AMP synthase
(cGAS) and ZBP1 trigger the release of large amounts of IFNs (78).
These IFNs upregulate ZBP1 expression, promoting ZBPI-
PANoptosome assembly and inducing PANoptosis. This may
indicate a potential PANoptosis mechanism in SLE. In
conclusion, the relationship between SLE and PANoptosis is still
unclear. Further studies are needed to identify which
PANoptosomes mediate PANoptosis in specific cell types and
how PANoptosis influences disease progression.

5.2 RA and PANoptosis

RA is a chronic autoimmune disease that can progressively
damage tissues and organs beyond the joints, affecting the heart,
liver, kidneys, and skin (79, 80). RA is associated with
environmental, gender, and genetic factors. The immune system
mistakenly attacks the joints, leading to inflammation and damage
(81, 82). Recent research shows complex connections between cell
death and RA. For instance, fibroblast-like synoviocytes (FLS) in
RA resist apoptosis, leading to synovial proliferation and
inflammation (83). A cohort study indicates that the percentage
of granulocytes undergoing apoptosis and primary necrosis is
significantly higher in RA patients than in healthy controls (84).
Pyroptosis has also been observed in FLS, monocytes, and
macrophages from RA patients (85). RA involves crosstalk among
various programmed cell death (PCD) types across different cell
populations, regulating inflammation and immune responses. One
type of PCD alone is insufficient to explain the progression of RA.
Studies show that several PANoptosis-related molecules are
significantly upregulated in different RA cell types. For example,
NLRP3 and GSDME are increased in FLS (86, 87). Caspase-3 and
GSDME are upregulated in RA monocytes and macrophages (88),
and neutrophils in RA joints exhibit CD44 and GM-CSF-dependent
necrosis with increased RIPK1, RIPK3, and MLKL (89). This
suggests that PANoptosis may occur in various cell populations
in RA. A meta-analysis found higher levels of the PANoptosis
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sensor AIM2 in PBMCs from RA patients (90). Two bioinformatics
analyses identified AIM?2 as a key gene for RA (91, 92). Chen et al.
(93) detected higher levels of AIM2 and the adapter ASC in RA
patients’ synovial tissues using immunohistochemistry. Introducing
AIM2 siRNA into FLS significantly inhibited their proliferation.
This indicates that PANoptosis in RA may involve the AIM2-
PANoptosome. However, the specific cell types involved and the
upstream regulatory mechanisms are still unclear and need
further investigation.

5.3 SS and PANoptosis

SS is a systemic autoimmune and lymphoproliferative disorder
characterized by uncontrolled lymphoplasmacytic infiltration in
exocrine glands, such as the salivary and lacrimal glands,
resulting in inflammation and tissue damage. Abnormally
proliferating lymphocytes can also damage other organs,
including the lungs, kidneys, and blood vessel walls (94, 95). IFN
is also a key pathogenic factor in SS. Multiple studies have shown
that IFN response genes are upregulated in various cell types in SS,
and inhibiting IFN signaling can effectively alleviate SS progression
(96). In SS, IFN production stems from stimulation of the DNA
sensing pathway. Damaged genomic DNA accumulates in the
cytoplasm, activating the DNA sensor ¢GAS, which produces
cyclic GMP-AMP (cGAMP) and activates the STING, inducing
Type I IFN production (97, 98). Previous studies have shown that
the expression of multiple PANoptosis components related to
apoptosis, pyroptosis, and necroptosis is upregulated in SS. For
instance, Type I IFN increases the expression of key pyroptosis
proteins such as AIM2, ASC, caspase-1, and GSDMD in the salivary
gland epithelial cells (SGECs) of SS patients (99). In SGECs of SS
patients, the expression of apoptosis-related protein caspase-8 and
necroptosis markers p-MLKL and RIPK3 is also upregulated (100);
in NSG mouse models transplanted with PBMCs from SS patients,
submandibular glands exhibited upregulation of Type I IFN and
genes related to PANoptosis (necroptosis and apoptosis) (55, 101).
This evidence suggests that these key PCD components may
integrate into a larger PANoptosome in SS, influencing disease
progression. Additionally, studies have revealed abnormal
cytoplasmic accumulation of damaged genomic DNA in SS
patient samples, with impaired DNasel expression and activity in
the SGECs and ductal tissues of SS patients (102). AIM2 is a typical
cytosolic DNA sensor activated by accumulated genomic DNA
in the cytoplasm (103). Vakrakou et al. (102) suggest that
the intrinsic activation of ductal epithelial cells in SS patients is
caused by the sustained activation of AIM2 due to the accumulation
of cytoplasmic DNA. This suggests that in SS, AIM2, with the
assistance of IFN signaling, may recognize abnormally accumulated
cytoplasmic DNA, assemble the AIM2-PANoptosome, and
trigger PANoptosis in multiple tissues. Furthermore, a study has
shown that mitochondrial damage in SS leads to the release
of mtDNA into the cytoplasm, which, like cytoplasmic DNA,
may serve as a potential pathway for activating the AIM2-
PANoptosome (104).
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5.4 Other autoimmune diseases
and PANoptosis

Different types of cell death occur in autoimmune diseases like
psoriasis, UC, and CD (105-107). Similarly, IFN is a key pathogenic
factor in these diseases. Research indicates that sustained IFN-y
release characterizes psoriasis (108), while the joint disruption of
intestinal epithelial barriers by IFN-y and TNF-o is crucial in UC
and CD (109). This suggests that IFN may induce PANoptosis in
these diseases through the activation of various sensor molecules.
Several studies have demonstrated that PANoptosis sensor
molecules and key components are activated in these diseases
(110, 111). The inflammasome sensor AIM2 has been identified
as a susceptibility gene locus for psoriasis, closely associated with
the genetic and epigenetic factors of the disease, with increased
expression in psoriatic keratinocytes (112); a recent study found
significant upregulation of DNA sensors ZBP1, the NLRP3
inflammasome, and cGAS/STING, along with IFN signaling
molecules (IFN-f, IFN-y, and TNF-o) in colonocytes from active
UC patients (98). Furthermore, multiple bioinformatics analyses
identified PANoptosis-related genes as diagnostic markers for these
diseases, confirming the involvement of PANoptosis and
highlighting its potential as a therapeutic target (56, 58-60). For
example, one study identified 10 PANoptosis-related core genes in
psoriasis by analyzing 33 skin samples across three datasets.
Immune infiltration analysis indicated that PANoptosis might
influence psoriasis progression by regulating M1 and M2
macrophage polarization. Another study identified 10
PANoptosis-related core genes in 279 CD samples and created
gene-miRNA, gene-transcription factor, and drug-gene interaction
networks, revealing two distinct PAN clusters with unique immune
infiltration and functional patterns. Although evidence suggests the
potential for IFN-mediated PANoptosis in these autoimmune
diseases, further experiments, including Co-IP, are necessary to
confirm the presence of PANoptosis and clarify the specific cell
types and mechanisms involved.

6 Discussion and perspectives

PANoptosis, a newly identified PCD form, highlights the
crosstalk and redundancy among PCDs, providing a deeper
understanding of the link between innate immunity and PCD. As
a unique innate immune-inflammatory PCD pathway, PANoptosis
has significant pathophysiological relevance to infections,
autoimmune diseases, and inflammation. Consequently, the link
between autoimmune diseases and PANoptosis represents an
emerging and highly promising research area. Moreover, several
key components of PANoptosis have been identified in various
autoimmune diseases and implicated in their development. This
suggests PANoptosis could be a novel therapeutic target in
autoimmune diseases.

Although PANoptosis shows great potential in autoimmune
diseases, like many emerging fields, research on PANoptosis in this
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area faces numerous unresolved challenges. First, the structure and
activation mechanisms of the PANoptosome in autoimmune
diseases remain poorly understood. Validating the structure and
regulatory mechanisms of the PANoptosome in any single disease is
challenging. Further characterization of the PANoptosome’s
structure and upstream regulatory mechanisms in autoimmune
diseases is essential. Secondly, the role of PANoptosis in
autoimmune diseases remains unclear, and most therapeutic
strategies targeting it have only been validated in other disease
models. Given the dual role of PANoptosis in various diseases, it
may similarly affect autoimmune diseases. In RA, PANoptosis of
FLS may reduce synovial proliferation, while inflammatory factors
produced by PANoptosis could worsen inflammation and tissue
damage. However, the role of PANoptosis in autoimmune diseases
is both complex and unclear. Further research is required to explore
overall role of PANoptosis in autoimmune diseases, as well as its
specific roles in different disease stages and cell types, to develop
safe and effective therapeutic strategies.

Author contributions

KL: Conceptualization, Methodology, Writing - original draft,
Writing - review & editing. MW: Conceptualization, Investigation,
Writing - original draft, Writing - review & editing. DL:
Conceptualization, Writing — original draft, Writing - review &
editing. ND: Software, Visualization, Writing - original draft. YL:
Data curation, Software, Writing - original draft. JM: Funding
acquisition, Supervision, Validation, Writing - original draft,
Writing - review & editing. KX: Conceptualization, Funding
acquisition, Supervision, Writing - original draft, Writing -
review & editing. ZZ: Funding acquisition, Project administration,
Supervision, Writing — original draft, Writing - review & editing.

Funding
The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study

was supported by the National Natural Science Foundation of
China (Grant No. 82204981, 82374490).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1502855
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Peng F, Liao M, Qin R, Zhu S, Peng C, Fu L, et al. Regulated cell death (RCD) in
cancer: key pathways and targeted therapies. Signal Transduct Target Ther. (2022)
7:286. doi: 10.1038/s41392-022-01110-y

2. Hinggi K, Ruffell B. Cell death, therapeutics, and the immune response in cancer.
Trends Cancer. (2023) 9:381-96. doi: 10.1016/j.trecan.2023.02.001

3. Park W, Wei S, Kim BS, Kim B, Bae SJ, Chae YC, et al. Diversity and complexity of
cell death: a historical review. Exp Mol Med. (2023) 55:1573-94. doi: 10.1038/s12276-
023-01078-x

4. Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. (2024) 187:235-56.
doi: 10.1016/j.cell.2023.11.044

5. Vringer E, Tait SWG. Mitochondria and cell death-associated inflammation. Cell
Death Differ. (2023) 30:304-12. doi: 10.1038/s41418-022-01094-w

6. Dejas L, Santoni K, Meunier E, Lamkanfi M. Regulated cell death in neutrophils:
From apoptosis to NETosis and pyroptosis. Semin Immunol. (2023) 70:101849.
doi: 10.1016/j.smim.2023.101849

7. Xie], Yang Y, Gao Y, He J. Cuproptosis: mechanisms and links with cancers. Mol
Cancer. (2023) 22:46. doi: 10.1186/s12943-023-01732-y

8. Malireddi RKS, Kesavardhana S, Kanneganti TD. ZBP1 and TAKI: master
regulators of NLRP3 inflammasome/pyroptosis, apoptosis, and necroptosis (PAN-
optosis). Front Cell Infect Microbiol. (2019) 9:406. doi: 10.3389/fcimb.2019.00406

9. Chen W, Gullett JM, Tweedell RE, Kanneganti TD. Innate immune inflammatory
cell death: PANoptosis and PANoptosomes in host defense and disease. Eur ] Immunol.
(2023) 53:€2250235. doi: 10.1002/€ji.202250235

10. Mouat IC, Goldberg E, Horwitz MS. Age-associated B cells in autoimmune
diseases. Cell Mol Life Sci. (2022) 79:402. doi: 10.1007/s00018-022-04433-9

11. Benucci M, Bernardini P, Coccia C, De Luca R, Levani J, Economou A, et al. JAK
inhibitors and autoimmune rheumatic diseases. Autoimmun Rev. (2023) 22:103276.
doi: 10.1016/j.autrev.2023.103276

12. Miller FW. The increasing prevalence of autoimmunity and autoimmune
diseases: an urgent call to action for improved understanding, diagnosis, treatment,
and prevention. Curr Opin Immunol. (2023) 80:102266. doi: 10.1016/j.0i.2022.102266

13. Li Z, Guo J, Bi L. Role of the NLRP3 inflammasome in autoimmune diseases.
BioMed Pharmacother. (2020) 130:110542. doi: 10.1016/j.biopha.2020.110542

14. Zhang J, Jin T, Aksentijevich I, Zhou Q. RIPKI-associated inborn errors of
innate immunity. Front Immunol. (2021) 12:676946. doi: 10.3389/fimmu.2021.676946

15. Zhao J, Guo S, Schrodi SJ, He D. Absent in melanoma 2 (AIM2) in rheumatoid
arthritis: novel molecular insights and implications. Cell Mol Biol Lett. (2022) 27:108.
doi: 10.1186/s11658-022-00402-z

16. Karki R, Kanneganti TD. ADARI and ZBP1 in innate immunity, cell death, and
disease. Trends Immunol. (2023) 44:201-16. doi: 10.1016/j.it.2023.01.001

17. Zhu M, Liu D, Liu G, Zhang M, Pan F. Caspase-linked programmed cell death in
prostate cancer: from apoptosis, necroptosis, and pyroptosis to PANoptosis.
Biomolecules. (2023) 13:1715. doi: 10.3390/biom13121715

18. Jiang Y, Gao S, Chen Z, Zhao X, Gu J, Wu H, et al. Pyroptosis in septic lung
injury: Interactions with other types of cell death. BioMed Pharmacother. (2023)
169:115914. doi: 10.1016/j.biopha.2023.115914

19. Gurung P, Burton A, Kanneganti TD. NLRP3 inflammasome plays a redundant
role with caspase 8 to promote IL-1B-mediated osteomyelitis. Proc Natl Acad Sci U S A.
(2016) 113:4452-7. doi: 10.1073/pnas.1601636113

20. Heilig R, Dilucca M, Boucher D, Chen KW, Hancz D, Demarco B, et al. Caspase-1
cleaves Bid to release mitochondrial SMAC and drive secondary necrosis in the absence of
GSDMD. Life Sci Alliance. (2020) 3:€202000735. doi: 10.26508/1sa.202000735

21. Oh S, Lee ], OhJ, Yu G, Ryu H, Kim D, et al. Integrated NLRP3, AIM2, NLRC4,
Pyrin inflammasome activation and assembly drive PANoptosis. Cell Mol Immunol.
(2023) 20:1513-26. doi: 10.1038/s41423-023-01107-9

22. Zheng Y, Li ], Liu B, Xie Z, He Y, Xue D, et al. Global trends in PANoptosis
research: bibliometrics and knowledge graph analysis. Apoptosis. (2024) 29:229-42.
doi: 10.1007/s10495-023-01889-3

23. Gao L, Shay C, Teng Y. Cell death shapes cancer immunity: spotlighting
PANoptosis. ] Exp Clin Cancer Res. (2024) 43:168. doi: 10.1186/s13046-024-03089-6

24. Chang X, Wang B, Zhao Y, Deng B, Liu P, Wang Y. The role of IFI16 in
regulating PANoptosis and implication in heart diseases. Cell Death Discovery. (2024)
10:204. doi: 10.1038/s41420-024-01978-5

Frontiers in Immunology

10.3389/fimmu.2024.1502855

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

25. Sharma BR, Karki R, Rajesh Y, Kanneganti TD. Immune regulator IRF1
contributes to ZBP1-, AIM2-, RIPK1-, and NLRP12-PANoptosome activation and
inflammatory cell death (PANoptosis). J Biol Chem. (2023) 299:105141. doi: 10.1016/
jjbe.2023.105141

26. Kuriakose T, Zheng M, Neale G, Kanneganti TD. IRFI is a transcriptional
regulator of ZBP1 promoting NLRP3 inflammasome activation and cell death during
influenza virus infection. J Immunol. (2018) 200:1489-95. doi: 10.4049/
jimmunol.1701538

27. Karki R, Kanneganti TD. PANoptosome signaling and therapeutic implications
in infection: central role for ZBP1 to activate the inflammasome and PANoptosis. Curr
Opin Immunol. (2023) 83:102348. doi: 10.1016/j.c0i.2023.102348

28. Malireddi RKS, Sharma BR, Bynigeri RR, Wang Y, Lu J, Kanneganti TD. ZBP1
drives IAV-induced NLRP3 inflammasome activation and lytic cell death, PANoptosis,
independent of the necroptosis executioner MLKL. Viruses. (2023) 15:2141.
doi: 10.3390/v15112141

29. Jiang W, Deng Z, Dai X, Zhao W. PANoptosis: A new insight into oral infectious
diseases. Front Immunol. (2021) 12:789610. doi: 10.3389/fimmu.2021.789610

30. Luan X, Wang L, Song G, Zhou W. Innate immune responses to RNA: sensing
and signaling. Front Immunol. (2024) 15:1287940. doi: 10.3389/fimmu.2024.1287940

31. Barnett KC, Li S, Liang K, Ting JP. A 360° view of the inflammasome:
Mechanisms of activation, cell death, and diseases. Cell. (2023) 186:2288-312.
doi: 10.1016/j.cell.2023.04.025

32. Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti TD. AIM2 forms
a complex with pyrin and ZBP1 to drive PANoptosis and host defence. Nature. (2021)
597:415-9. doi: 10.1038/s41586-021-03875-8

33. Malireddi RKS, Kesavardhana S, Karki R, Kancharana B, Burton AR, Kanneganti
TD. RIPK1 distinctly regulates yersinia-induced inflammatory cell death, PANoptosis.
Immunohorizons. (2020) 4:789-96. doi: 10.4049/immunohorizons.2000097

34. Malireddi RKS, Gurung P, Kesavardhana S, Samir P, Burton A, Mummareddy
H, et al. Innate immune priming in the absence of TAK1 drives RIPK1 kinase activity-
independent pyroptosis, apoptosis, necroptosis, and inflammatory disease. ] Exp Med.
(2020) 217:€20191644. doi: 10.1084/jem.20191644

35. Geng J, Ito Y, Shi L, Amin P, Chu J, Ouchida AT, et al. Regulation of RIPK1
activation by TAK1-mediated phosphorylation dictates apoptosis and necroptosis. Nat
Commun. (2017) 8:359. doi: 10.1038/s41467-017-00406-w

36. Huang L, Tao Y, Wu X, Wu J, Shen M, Zheng Z. The role of NLRP12 in
inflammatory diseases. Eur ] Pharmacol. (2023) 956:175995. doi: 10.1016/
j.ejphar.2023.175995

37. Ataide MA, Andrade WA, Zamboni DS, Wang D, Souza Mdo C, Franklin BS,
et al. Malaria-induced NLRP12/NLRP3-dependent caspase-1 activation mediates
inflammation and hypersensitivity to bacterial superinfection. PloS Pathog. (2014)
10:¢1003885. doi: 10.1371/journal.ppat.1003885

38. Sundaram B, Pandian N, Mall R, Wang Y, Sarkar R, Kim HJ, et al. NLRP12-
PANoptosome activates PANoptosis and pathology in response to heme and PAMPs.
Cell. (2023) 186:2783-801.€20. doi: 10.1016/j.cell.2023.05.005

39. Chou WG, Jha S, Linhoff MW, Ting JP. The NLR gene family: from discovery to
present day. Nat Rev Immunol. (2023) 23:635-54. doi: 10.1038/s41577-023-00849-x

40. Sundaram B, Pandian N, Kim HJ, Abdelaal HM, Mall R, Indari O, et al. NLRC5
senses NAD(+) depletion, forming a PANoptosome and driving PANoptosis and
inflammation. Cell. (2024) 187:4061-77.e17. doi: 10.1016/j.cell.2024.05.034

41. Christgen S, Tweedell RE, Kanneganti TD. Programming inflammatory cell
death for therapy. Pharmacol Ther. (2022) 232:108010. doi: 10.1016/
j.pharmthera.2021.108010

42. Wang Y, Kanneganti TD. From pyroptosis, apoptosis and necroptosis to
PANoptosis: A mechanistic compendium of programmed cell death pathways.
Comput Struct Biotechnol J. (2021) 19:4641-57. doi: 10.1016/j.csbj.2021.07.038

43. Orning P, Weng D, Starheim K, Ratner D, Best Z, Lee B, et al. Pathogen blockade
of TAKI triggers caspase-8-dependent cleavage of gasdermin D and cell death. Science.
(2018) 362:1064-9. doi: 10.1126/science.aau2818

44. Zheng M, Karki R, Vogel P, Kanneganti TD. Caspase-6 is a key regulator of
innate immunity, inflammasome activation, and host defense. Cell. (2020) 181:674-
87.e13. doi: 10.1016/j.cell.2020.03.040

45. Karki R, Lee S, Mall R, Pandian N, Wang Y, Sharma BR, et al. ZBP1-dependent
inflammatory cell death, PANoptosis, and cytokine storm disrupt IFN therapeutic

frontiersin.org


https://doi.org/10.1038/s41392-022-01110-y
https://doi.org/10.1016/j.trecan.2023.02.001
https://doi.org/10.1038/s12276-023-01078-x
https://doi.org/10.1038/s12276-023-01078-x
https://doi.org/10.1016/j.cell.2023.11.044
https://doi.org/10.1038/s41418-022-01094-w
https://doi.org/10.1016/j.smim.2023.101849
https://doi.org/10.1186/s12943-023-01732-y
https://doi.org/10.3389/fcimb.2019.00406
https://doi.org/10.1002/eji.202250235
https://doi.org/10.1007/s00018-022-04433-9
https://doi.org/10.1016/j.autrev.2023.103276
https://doi.org/10.1016/j.coi.2022.102266
https://doi.org/10.1016/j.biopha.2020.110542
https://doi.org/10.3389/fimmu.2021.676946
https://doi.org/10.1186/s11658-022-00402-z
https://doi.org/10.1016/j.it.2023.01.001
https://doi.org/10.3390/biom13121715
https://doi.org/10.1016/j.biopha.2023.115914
https://doi.org/10.1073/pnas.1601636113
https://doi.org/10.26508/lsa.202000735
https://doi.org/10.1038/s41423-023-01107-9
https://doi.org/10.1007/s10495-023-01889-3
https://doi.org/10.1186/s13046-024-03089-6
https://doi.org/10.1038/s41420-024-01978-5
https://doi.org/10.1016/j.jbc.2023.105141
https://doi.org/10.1016/j.jbc.2023.105141
https://doi.org/10.4049/jimmunol.1701538
https://doi.org/10.4049/jimmunol.1701538
https://doi.org/10.1016/j.coi.2023.102348
https://doi.org/10.3390/v15112141
https://doi.org/10.3389/fimmu.2021.789610
https://doi.org/10.3389/fimmu.2024.1287940
https://doi.org/10.1016/j.cell.2023.04.025
https://doi.org/10.1038/s41586-021-03875-8
https://doi.org/10.4049/immunohorizons.2000097
https://doi.org/10.1084/jem.20191644
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1016/j.ejphar.2023.175995
https://doi.org/10.1016/j.ejphar.2023.175995
https://doi.org/10.1371/journal.ppat.1003885
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1038/s41577-023-00849-x
https://doi.org/10.1016/j.cell.2024.05.034
https://doi.org/10.1016/j.pharmthera.2021.108010
https://doi.org/10.1016/j.pharmthera.2021.108010
https://doi.org/10.1016/j.csbj.2021.07.038
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1016/j.cell.2020.03.040
https://doi.org/10.3389/fimmu.2024.1502855
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

efficacy during coronavirus infection. Sci Immunol. (2022) 7:eabo6294. doi: 10.1126/
sciimmunol.abo6294

46. Mall R, Bynigeri RR, Karki R, Malireddi RKS, Sharma BR, Kanneganti TD.
Pancancer transcriptomic profiling identifies key PANoptosis markers as therapeutic
targets for oncology. NAR Cancer. (2022) 4:zcac033. doi: 10.1093/narcan/zcac033

47. Messaoud-Nacer Y, Culerier E, Rose S, Maillet I, Rouxel N, Briault S, et al.
STING agonist diABZI induces PANoptosis and DNA mediated acute respiratory
distress syndrome (ARDS). Cell Death Dis. (2022) 13:269. doi: 10.1038/s41419-022-
04664-5

48. Uysal E, Dokur M, Kucukdurmaz F, Altinay S, Polat S, Batcioglu K, et al.
Targeting the PANoptosome with 3,4-methylenedioxy-pB-nitrostyrene, reduces
PANoptosis and protects the kidney against renal ischemia-reperfusion injury. J
Invest Surg. (2022) 35:1824-35. doi: 10.1080/08941939.2022.2128117

49. Wang L, Zhu Y, Zhang L, Guo L, Wang X, Pan Z, et al. Mechanisms of
PANoptosis and relevant small-molecule compounds for fighting diseases. Cell Death
Dis. (2023) 14:851. doi: 10.1038/s41419-023-06370-2

50. Xu X, Lan X, Fu S, Zhang Q, Gui F, Jin Q, et al. Dickkopf-1 exerts protective
effects by inhibiting PANoptosis and retinal neovascularization in diabetic retinopathy.
Biochem Biophys Res Commun. (2022) 617:69-76. doi: 10.1016/j.bbrc.2022.05.001

51. Ren L, Yang Y, Li W, Zheng X, Liu J, Li S, et al. CDKI serves as a therapeutic
target of adrenocortical carcinoma via regulating epithelial-mesenchymal transition,
G2/M phase transition, and PANoptosis. ] Transl Med. (2022) 20:444. doi: 10.1186/
§12967-022-03641-y

52. Cui Y, Wang X, Lin F, Li W, Zhao Y, Zhu F, et al. MiR-29a-3p improves acute
lung injury by reducing alveolar epithelial cell PANoptosis. Aging Dis. (2022) 13:899-
909. doi: 10.14336/ad.2021.1023

53. Sun W, Li P, Wang M, Xu Y, Shen D, Zhang X, et al. Molecular characterization
of PANoptosis-related genes with features of immune dysregulation in systemic lupus
erythematosus. Clin Immunol. (2023) 253:109660. doi: 10.1016/j.clim.2023.109660

54. Li ], Cui J, Wu L, Liu YB, Wang Q. Machine learning and molecular subtype
analyses provide insights into PANoptosis-associated genes in rheumatoid arthritis.
Arthritis Res Ther. (2023) 25:233. doi: 10.1186/s13075-023-03222-4

55. Yang Y, Zhang H, Xiao X, Guo M. PANoptosis features, a humanized NSG
murine model of sjogren’s syndrome. DNA Cell Biol. (2024) 43:207-18. doi: 10.1089/
dna.2023.0374

56. Lu L, Zhang B, Shi M, Liu A. Identification of PANoptosis-related biomarkers
and immune infiltration characteristics in psoriasis. Med (Baltimore). (2023) 102:
€35627. doi: 10.1097/md.0000000000035627

57. Hu XM, Zheng S, Zhang Q, Wan X, Li J, Mao R, et al. PANoptosis signaling
enables broad immune response in psoriasis: From pathogenesis to new therapeutic
strategies. Comput Struct Biotechnol J. (2024) 23:64-76. doi: 10.1016/j.csbj.2023.11.049

58. Yang Y, Hounye AH, Chen Y, Liu Z, Shi G, Xiao Y. Characterization of
PANoptosis-related genes in Crohn’s disease by integrated bioinformatics, machine
learning and experiments. Sci Rep. (2024) 14:11731. doi: 10.1038/s41598-024-62259-w

59. LuJ, Li F, Ye M. PANoptosis and autophagy-related molecular signature and
immune landscape in ulcerative colitis: integrated analysis and experimental validation.
J Inflammation Res. (2024) 17:3225-45. doi: 10.2147/jir.5455862

60. Wang JM, Yang J, Xia WY, Wang YM, Zhu YB, Huang Q, et al. Comprehensive
analysis of PANoptosis-related gene signature of ulcerative colitis. Int ] Mol Sci. (2023)
25:348. doi: 10.3390/ijms25010348

61. Lazar S, Kahlenberg JM. Systemic lupus erythematosus: new diagnostic and therapeutic
approaches. Annu Rev Med. (2023) 74:339-52. doi: 10.1146/annurev-med-043021-032611

62. Gomez-Bafiuelos E, Fava A, Andrade F. An update on autoantibodies in
systemic lupus erythematosus. Curr Opin Rheumatol. (2023) 35:61-7. doi: 10.1097/
bor.0000000000000922

63. Renaudineau Y, Charras A, Natoli V, Fusaro M, Smith EMD, Beresford MW,
et al. Type I interferon associated epistasis may contribute to early disease-onset and
high disease activity in juvenile-onset lupus. Clin Immunol. (2024) 262:110194.
doi: 10.1016/j.clim.2024.110194

64. Ramaswamy M, Tummala R, Streicher K, Nogueira da Costa A, Brohawn PZ.
The pathogenesis, molecular mechanisms, and therapeutic potential of the interferon
pathway in systemic lupus erythematosus and other autoimmune diseases. Int ] Mol Sci.
(2021) 22:11286. doi: 10.3390/ijms222011286

65. Gallucci S, Meka S, Gamero AM. Abnormalities of the type I interferon signaling
pathway in lupus autoimmunity. Cytokine. (2021) 146:155633. doi: 10.1016/
j.cyt0.2021.155633

66. Postal M, Vivaldo JF, Fernandez-Ruiz R, Paredes JL, Appenzeller S, Niewold TB.
Type I interferon in the pathogenesis of systemic lupus erythematosus. Curr Opin
Immunol. (2020) 67:87-94. doi: 10.1016/j.c01.2020.10.014

67. Liu M, Liu J, Hao S, Wu P, Zhang X, Xiao Y, et al. Higher activation of the
interferon-gamma signaling pathway in systemic lupus erythematosus patients with a
high type I TFN score: relation to disease activity. Clin Rheumatol. (2018) 37:2675-84.
doi: 10.1007/s10067-018-4138-7

68. Munroe ME, Lu R, Zhao YD, Fife DA, Robertson JM, Guthridge JM, et al.
Altered type II interferon precedes autoantibody accrual and elevated type I interferon
activity prior to systemic lupus erythematosus classification. Ann Rheum Dis. (2016)
75:2014-21. doi: 10.1136/annrheumdis-2015-208140

Frontiers in Immunology

10.3389/fimmu.2024.1502855

69. Sirobhushanam S, Lazar S, Kahlenberg JM. Interferons in systemic lupus
erythematosus. Rheum Dis Clin North Am. (2021) 47:297-315. doi: 10.1016/
j.rdc.2021.04.001

70. Zhang Y, Yang W, Li W, Zhao Y. NLRP3 inflammasome: checkpoint connecting
innate and adaptive immunity in autoimmune diseases. Front Immunol. (2021)
12:732933. doi: 10.3389/fimmu.2021.732933

71. Fresneda Alarcon M, McLaren Z, Wright HL. Neutrophils in the pathogenesis of
rheumatoid arthritis and systemic lupus erythematosus: same foe different M.O. Front
Immunol. (2021) 12:649693. doi: 10.3389/fimmu.2021.649693

72. Zhang M, Jie H, Wu Y, Han X, Li X, He Y, et al. Increased MLKL mRNA level in
the PBMC:s is correlated with autoantibody production, renal involvement, and SLE
disease activity. Arthritis Res Ther. (2020) 22:239. doi: 10.1186/s13075-020-02332-7

73. Guo C, Fu R, Zhou M, Wang S, Huang Y, Hu H, et al. Pathogenesis of lupus
nephritis: RIP3 dependent necroptosis and NLRP3 inflammasome activation. J
Autoimmun. (2019) 103:102286. doi: 10.1016/j.jaut.2019.05.014

74. Ke PF, Zhu YT, Cao SL, Wang Y, Wu ST, He QQ, et al. Identification of pattern
recognition receptor genes in peripheral blood mononuclear cells and monocytes as
biomarkers for the diagnosis of lupus nephritis. Clin Chim Acta. (2024) 554:117785.
doi: 10.1016/j.cca.2024.117785

75. Jiang Z, Shao M, Dai X, Pan Z, Liu D. Identification of diagnostic biomarkers in
systemic lupus erythematosus based on bioinformatics analysis and machine learning.
Front Genet. (2022) 13:865559. doi: 10.3389/fgene.2022.865559

76. Koenig A, Buskiewicz-Koenig IA. Redox activation of mitochondrial DAMPs
and the metabolic consequences for development of autoimmunity. Antioxid Redox
Signal. (2022) 36:441-61. doi: 10.1089/ars.2021.0073

77. Echavarria R, Cardona-Mufoz EG, Ortiz-Lazareno P, Andrade-Sierra J, Gomez-
Hermosillo LF, Casillas-Moreno J, et al. The role of the oxidative state and innate
immunity mediated by TLR7 and TLR9 in lupus nephritis. Int | Mol Sci. (2023)
24:15234. doi: 10.3390/ijms242015234

78. Lei Y, VanPortfliet JJ, Chen YF, Bryant JD, Li Y, Fails D, et al. Cooperative
sensing of mitochondrial DNA by ZBP1 and c¢GAS promotes cardiotoxicity. Cell.
(2023) 186:3013-32.€22. doi: 10.1016/j.cell.2023.05.039

79. Ding Q, Hu W, Wang R, Yang Q, Zhu M, Li M, et al. Signaling pathways in
rheumatoid arthritis: implications for targeted therapy. Signal Transduct Target Ther.
(2023) 8:68. doi: 10.1038/s41392-023-01331-9

80. Oberemok VV, Andreeva O, Laikova K, Alieva E, Temirova Z. Rheumatoid
arthritis has won the battle but not the war: how many joints will we save tomorrow?
Med (Kaunas). (2023) 59:1853. doi: 10.3390/medicina59101853

81. Zhu M, Ding Q, Lin Z, Fu R, Zhang F, Li Z, et al. New targets and strategies for
rheumatoid arthritis: from signal transduction to epigenetic aspect. Biomolecules.
(2023) 13:766. doi: 10.3390/biom13050766

82. Zhou P, Meng X, Nie Z, Wang H, Wang K, Du A, et al. PTEN: an emerging
target in rheumatoid arthritis? Cell Commun Signal. (2024) 22:246. doi: 10.1186/
512964-024-01618-6

83. Zafari P, Rafiei A, Esmaeili SA, Moonesi M, Taghadosi M. Survivin a pivotal
antiapoptotic protein in rheumatoid arthritis. J Cell Physiol. (2019) 234:21575-87.
doi: 10.1002/jcp.28784

84. Kril I, Havrylyuk A, Potomkina H, Chopyak V. Apoptosis and secondary
necrosis of neutrophils and monocytes in the immunopathogenesis of rheumatoid
arthritis: a cohort study. Rheumatol Int. (2020) 40:1449-54. doi: 10.1007/500296-020-
04642-0

85. Wu D, Li Y, Xu R. Can pyroptosis be a new target in rheumatoid arthritis
treatment? Front Immunol. (2023) 14:1155606. doi: 10.3389/fimmu.2023.1155606

86. Yang P, Feng W, Li C, Kou Y, Li D, Liu S, et al. LPS induces fibroblast-like
synoviocytes RSC-364 cells to pyroptosis through NF-«kB mediated dual signalling
pathway. ] Mol Histol. (2021) 52:661-9. doi: 10.1007/s10735-021-09988-8

87. Wu T, Zhang XP, Zhang Q, Zou YY, Ma JD, Chen LF, et al. Gasdermin-E
mediated pyroptosis-A novel mechanism regulating migration, invasion and release of
inflammatory cytokines in rheumatoid arthritis fibroblast-like synoviocytes. Front Cell
Dev Biol. (2021) 9:810635. doi: 10.3389/fcell.2021.810635

88. Zhai Z, Yang F, Xu W, Han J, Luo G, Li Y, et al. Attenuation of rheumatoid
arthritis through the inhibition of tumor necrosis factor-induced caspase 3/gasdermin
E-mediated pyroptosis. Arthritis Rheumatol. (2022) 74:427-40. doi: 10.1002/art.41963

89. Wang X, Gessier F, Perozzo R, Stojkov D, Hosseini A, Amirshahrokhi K, et al.
RIPK3-MLKL-mediated neutrophil death requires concurrent activation of fibroblast
activation protein-o. J Immunol. (2020) 205:1653-63. doi: 10.4049/jimmunol.2000113

90. Afroz S, Giddaluru J, Vishwakarma S, Naz S, Khan AA, Khan N. A
comprehensive gene expression meta-analysis identifies novel immune signatures in
rheumatoid arthritis patients. Front Immunol. (2017) 8:74. doi: 10.3389/
fimmu.2017.00074

91. LiJ, Cui Y, Jin X, Ruan H, He D, Che X, et al. Significance of pyroptosis-related
gene in the diagnosis and classification of rheumatoid arthritis. Front Endocrinol
(Lausanne). (2023) 14:1144250. doi: 10.3389/fendo.2023.1144250

92. Mu KL, Ran F, Peng LQ, Zhou LL, Wu YT, Shao MH, et al. Identification of
diagnostic biomarkers of rheumatoid arthritis based on machine learning-assisted
comprehensive bioinformatics and its correlation with immune cells. Heliyon. (2024)
10:¢35511. doi: 10.1016/j.heliyon.2024.e35511

frontiersin.org


https://doi.org/10.1126/sciimmunol.abo6294
https://doi.org/10.1126/sciimmunol.abo6294
https://doi.org/10.1093/narcan/zcac033
https://doi.org/10.1038/s41419-022-04664-5
https://doi.org/10.1038/s41419-022-04664-5
https://doi.org/10.1080/08941939.2022.2128117
https://doi.org/10.1038/s41419-023-06370-2
https://doi.org/10.1016/j.bbrc.2022.05.001
https://doi.org/10.1186/s12967-022-03641-y
https://doi.org/10.1186/s12967-022-03641-y
https://doi.org/10.14336/ad.2021.1023
https://doi.org/10.1016/j.clim.2023.109660
https://doi.org/10.1186/s13075-023-03222-4
https://doi.org/10.1089/dna.2023.0374
https://doi.org/10.1089/dna.2023.0374
https://doi.org/10.1097/md.0000000000035627
https://doi.org/10.1016/j.csbj.2023.11.049
https://doi.org/10.1038/s41598-024-62259-w
https://doi.org/10.2147/jir.S455862
https://doi.org/10.3390/ijms25010348
https://doi.org/10.1146/annurev-med-043021-032611
https://doi.org/10.1097/bor.0000000000000922
https://doi.org/10.1097/bor.0000000000000922
https://doi.org/10.1016/j.clim.2024.110194
https://doi.org/10.3390/ijms222011286
https://doi.org/10.1016/j.cyto.2021.155633
https://doi.org/10.1016/j.cyto.2021.155633
https://doi.org/10.1016/j.coi.2020.10.014
https://doi.org/10.1007/s10067-018-4138-7
https://doi.org/10.1136/annrheumdis-2015-208140
https://doi.org/10.1016/j.rdc.2021.04.001
https://doi.org/10.1016/j.rdc.2021.04.001
https://doi.org/10.3389/fimmu.2021.732933
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.1186/s13075-020-02332-7
https://doi.org/10.1016/j.jaut.2019.05.014
https://doi.org/10.1016/j.cca.2024.117785
https://doi.org/10.3389/fgene.2022.865559
https://doi.org/10.1089/ars.2021.0073
https://doi.org/10.3390/ijms242015234
https://doi.org/10.1016/j.cell.2023.05.039
https://doi.org/10.1038/s41392-023-01331-9
https://doi.org/10.3390/medicina59101853
https://doi.org/10.3390/biom13050766
https://doi.org/10.1186/s12964-024-01618-6
https://doi.org/10.1186/s12964-024-01618-6
https://doi.org/10.1002/jcp.28784
https://doi.org/10.1007/s00296-020-04642-0
https://doi.org/10.1007/s00296-020-04642-0
https://doi.org/10.3389/fimmu.2023.1155606
https://doi.org/10.1007/s10735-021-09988-8
https://doi.org/10.3389/fcell.2021.810635
https://doi.org/10.1002/art.41963
https://doi.org/10.4049/jimmunol.2000113
https://doi.org/10.3389/fimmu.2017.00074
https://doi.org/10.3389/fimmu.2017.00074
https://doi.org/10.3389/fendo.2023.1144250
https://doi.org/10.1016/j.heliyon.2024.e35511
https://doi.org/10.3389/fimmu.2024.1502855
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

93. Chen Y, Fujuan Q, Chen E, Yu B, Zuo F, Yuan Y, et al. Expression of AIM2 in
rheumatoid arthritis and its role on fibroblast-like synoviocytes. Mediators Inflamm.
(2020) 2020:1693730. doi: 10.1155/2020/1693730

94. Longhino S, Chatzis LG, Dal Pozzolo R, Peretti S, Fulvio G, La Rocca G, et al.
Sjogren’s syndrome: one year in review 2023. Clin Exp Rheumatol. (2023) 41:2343-56.
doi: 10.55563/clinexprheumatol/255qsx

95. Baldini C, Fulvio G, La Rocca G, Ferro F. Update on the pathophysiology and
treatment of primary Sjogren syndrome. Nat Rev Rheumatol. (2024) 20:473-91.
doi: 10.1038/s41584-024-01135-3

96. Shimizu T, Nakamura H, Kawakami A. Role of the innate immunity signaling
pathway in the pathogenesis of sjogren’s syndrome. Int | Mol Sci. (2021) 22:3090.
doi: 10.3390/ijms22063090

97. Huijser E, Bodewes ILA, Lourens MS, van Helden-Meeuwsen CG, van den Bosch
TPP, Grashof DGB, et al. Hyperresponsive cytosolic DNA-sensing pathway in
monocytes from primary Sjogren’s syndrome. Rheumatol (Oxford). (2022) 61:3491-
6. doi: 10.1093/rheumatology/keac016

98. Barrera MJ, Aguilera S, Castro I, Carvajal P, Jara D, Molina C, et al.
Dysfunctional mitochondria as critical players in the inflammation of autoimmune
diseases: Potential role in Sjogren’s syndrome. Autoimmun Rev. (2021) 20:102867.
doi: 10.1016/j.autrev.2021.102867

99. Hong SM, Lee J, Jang SG, Lee J, Cho ML, Kwok SK, et al. Type I interferon
increases inflammasomes associated pyroptosis in the salivary glands of patients with
primary sjogren’s syndrome. Immune Netw. (2020) 20:e39. doi: 10.4110/in.2020.20.e39

100. Nakamura H, Tanaka T, Zheng C, Afione SA, Warner BM, Noguchi M, et al.
Lysosome-associated membrane protein 3 induces lysosome-dependent cell death by
impairing autophagic caspase 8 degradation in the salivary glands of individuals with
sjogren’s disease. Arthritis Rheumatol. (2023) 75:1586-98. doi: 10.1002/art.42540

101. Hwang SH, Woo JS, Moon ], Yang S, Park JS, Lee J, et al. IL-17 and CCR9(+)a4f7
(-) th17 cells promote salivary gland inflammation, dysfunction, and cell death in sjogren’s
syndrome. Front Immunol. (2021) 12:721453. doi: 10.3389/fimmu.2021.721453

102. Vakrakou AG, Svolaki IP, Evangelou K, Gorgoulis VG, Manoussakis MN. Cell-
autonomous epithelial activation of AIM2 (absent in melanoma-2) inflammasome by
cytoplasmic DNA accumulations in primary Sjégren’s syndrome. J Autoimmun. (2020)
108:102381. doi: 10.1016/j.jaut.2019.102381

Frontiers in Immunology

10

10.3389/fimmu.2024.1502855

103. Yang M, Delcroix V, Lennikov A, Wang N, Makarenkova HP, Dartt DA.
Genomic DNA activates the AIM2 inflammasome and STING pathways to induce
inflammation in lacrimal gland myoepithelial cells. Ocul Surf. (2023) 30:263-75.
doi: 10.1016/j.jt0s.2023.09.012

104. Pagano G, Castello G, Pallardo FV. Sjogren’s syndrome-associated oxidative
stress and mitochondrial dysfunction: prospects for chemoprevention trials. Free Radic
Res. (2013) 47:71-3. doi: 10.3109/10715762.2012.748904

105. Giinther C, Neumann H, Neurath MF, Becker C. Apoptosis, necrosis and
necroptosis: cell death regulation in the intestinal epithelium. Gut. (2013) 62:1062-71.
doi: 10.1136/gutjnl-2011-301364

106. Flood P, Fanning A, Woznicki JA, Crowley T, Christopher A, Vaccaro A,
et al. DNA sensor-associated type I interferon signaling is increased in ulcerative
colitis and induces JAK-dependent inflammatory cell death in colonic organoids. Am
J Physiol Gastrointest Liver Physiol. (2022) 323:G439-g60. doi: 10.1152/
ajpgi.00104.2022

107. Lian N, Chen Y, Chen S, Zhang Y, Chen H, Yang Y, et al. Gasdermin D-
mediated keratinocyte pyroptosis as a key step in psoriasis pathogenesis. Cell Death Dis.
(2023) 14:595. doi: 10.1038/s41419-023-06094-3

108. Srivastava A, Luo L, Lohcharoenkal W, Meisgen F, Pasquali L, Pivarcsi A, et al.
Cross-talk between IFN-y and TWEAK through miR-149 amplifies skin inflammation
in psoriasis. J Allergy Clin Immunol. (2021) 147:2225-35. doi: 10.1016/
jjaci.2020.12.657

109. Woznicki JA, Saini N, Flood P, Rajaram S, Lee CM, Stamou P, et al. TNF-o
synergises with IFN-y to induce caspase-8-JAK1/2-STATI-dependent death of
intestinal epithelial cells. Cell Death Dis. (2021) 12:864. doi: 10.1038/s41419-021-
04151-3

110. Xiao J, Sun K, Wang C, Abu-Amer Y, Mbalaviele G. Compound loss of
GSDMD and GSDME function is necessary to achieve maximal therapeutic effect in
colitis. J Transl Autoimmun. (2022) 5:100162. doi: 10.1016/j.jtauto.2022.100162

111. Zhang G, Chen H, Guo Y, Zhang W, Jiang Q, Zhang S, et al. Activation of
platelet NLRP3 inflammasome in crohn’s disease. Front Pharmacol. (2021) 12:705325.
doi: 10.3389/fphar.2021.705325

112. Zhang Y, Xu X, Cheng H, Zhou F. AIM2 and psoriasis. Front Immunol. (2023)
14:1085448. doi: 10.3389/fimmu.2023.1085448

frontiersin.org


https://doi.org/10.1155/2020/1693730
https://doi.org/10.55563/clinexprheumatol/255qsx
https://doi.org/10.1038/s41584-024-01135-3
https://doi.org/10.3390/ijms22063090
https://doi.org/10.1093/rheumatology/keac016
https://doi.org/10.1016/j.autrev.2021.102867
https://doi.org/10.4110/in.2020.20.e39
https://doi.org/10.1002/art.42540
https://doi.org/10.3389/fimmu.2021.721453
https://doi.org/10.1016/j.jaut.2019.102381
https://doi.org/10.1016/j.jtos.2023.09.012
https://doi.org/10.3109/10715762.2012.748904
https://doi.org/10.1136/gutjnl-2011-301364
https://doi.org/10.1152/ajpgi.00104.2022
https://doi.org/10.1152/ajpgi.00104.2022
https://doi.org/10.1038/s41419-023-06094-3
https://doi.org/10.1016/j.jaci.2020.12.657
https://doi.org/10.1016/j.jaci.2020.12.657
https://doi.org/10.1038/s41419-021-04151-3
https://doi.org/10.1038/s41419-021-04151-3
https://doi.org/10.1016/j.jtauto.2022.100162
https://doi.org/10.3389/fphar.2021.705325
https://doi.org/10.3389/fimmu.2023.1085448
https://doi.org/10.3389/fimmu.2024.1502855
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	PANoptosis in autoimmune diseases interplay between apoptosis, necrosis, and pyroptosis
	1 Introduction
	2 Overview of PANoptosis
	3 The composition and regulatory mechanisms of the PANoptosome
	3.1 ZBP1-PANoptosome
	3.2 AIM2-PANoptosome
	3.3 RIPK1–PANoptosome
	3.4 NLRP12-PANoptosome
	3.5 NLRC5-PANoptosome
	3.6 Caspase family

	4 Dual role of PANoptosis in diseases and therapeutic implications
	5 The potential mechanisms of PANoptosis in autoimmune diseases
	5.1 SLE and PANoptosis
	5.2 RA and PANoptosis
	5.3 SS and PANoptosis
	5.4 Other autoimmune diseases and PANoptosis

	6 Discussion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


