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Abstract: The cGAS-STING pathway is an essential cytosolic DNA sensing mechanism that activates innate immune responses upon
detection of microbial or aberrant self-DNA. This evolutionarily conserved signaling axis plays critical roles in autoimmune diseases,
sterile inflammation, and cellular senescence. While its transient activation provides protective immunity, dysregulated cGAS-STING
signaling contributes to the pathogenesis of various inflammatory and autoimmune conditions. Growing evidence indicates its
functional convergence with multiple cell death pathways—particularly PANoptosis, a distinct inflammatory programmed cell death
(PCD) pathway that integrates key features of pyroptosis, apoptosis, and necroptosis. The dynamic interplay between cGAS-STING
signaling and PANoptosis has emerged as an important pathogenic mechanism across multiple diseases, revealing new therapeutic
opportunities. In this review, we propose a unifying conceptual framework in which cGAS-STING activation functions as
a predominant upstream driver of PANoptosis across diverse pathological contexts, orchestrated through a convergent molecular
axis involving cytosolic DNA sensing, ZBP1-PANoptosome assembly, and coordinated inflammatory cell death. We begin by outlining
the core molecular architecture of the cGAS-STING pathway and its implications in disease. We then examine the mechanisms and
pathophysiological consequences of ¢cGAS-STING —PANoptosis crosstalk in various disorders, followed by recent advances in
therapeutic strategies specifically targeting this interface. Finally, we discuss translational challenges, such as the poor bioavailability
and systemic toxicity of conventional STING agonists, and highlight innovative solutions including nanomedicine-based delivery
systems that enable tumor-specific activation while minimizing off-target effects. By highlighting the therapeutic potential of
pharmacological modulation at this junction, we identify promising strategies for treating inflammation-associated diseases.
Keywords: cGAS-STING, PANoptosis, Programmed cell death, crosstalk

Introduction

The innate immune system serves as the body’s first line of defense against infection and cellular stress, relying on
a sophisticated network of sensors and signaling pathways to detect danger and orchestrate appropriate responses.'
Among these, the cyclic GMP-AMP synthase—stimulator of interferon genes (cGAS-STING) pathway has emerged as
a pivotal cytosolic DNA-sensing mechanism that triggers robust type I interferon and pro-inflammatory cytokine
responses upon detecting aberrantly localized double-stranded DNA.>* Although its transient activation is essential for
host defense, chronic or dysregulated signaling drives pathology across a broad spectrum of diseases, establishing cGAS-

STING as a central amplifier of sterile inflammation.*”
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Parallel to advances in understanding innate immune sensing, the field of programmed cell death (PCD) has evolved
beyond the classical paradigms of apoptosis, pyroptosis, and necroptosis. The recent conceptualization of PANoptosis
represents a significant paradigm shift. PANoptosis is defined as an integral inflammatory PCD pathway that incorporates
key molecular features and effectors from pyroptosis, apoptosis, and necroptosis, yet cannot be fully explained by any
one of these alone. It is driven by the assembly of sophisticated multi-protein complexes termed PANoptosomes, which
are nucleated by sensors like Z-DNA-binding protein 1 (ZBP1), absent in melanoma 2 (AIM2), and receptor-interacting
serine/threonine -protein kinase 1 (RIPK1).'® This coordinated cell death process acts as a powerful defense mechanism
against pathogens and malignant cells but, when uncontrolled, contributes significantly to immunopathology and tissue
damage in conditions such as viral infections, sepsis, ischemic injury, and cancer.''

Emerging evidence now underscores a critical and dynamic interplay between the cGAS-STING pathway and
PANoptosis.”> However, the term “interplay” encompasses several distinct types of relationships that must be carefully
delineated to avoid conceptual ambiguity. In the context of this review, we consider three principal patterns. First,
coexistence or parallel activation refers to scenarios in which both pathways are activated in the same pathological setting
without a demonstrated mechanistic link. Second, parallel pathways triggered by shared upstream damage describes
situations where a common upstream insult (such as mitochondrial DNA release) independently activates both cGAS-
STING signaling and PANoptosis, but the two processes operate in parallel without a direct hierarchical connection.
Third, upstream—downstream relationships with demonstrated mechanistic coupling denotes a causal link in which
activation of the cGAS-STING axis directly promotes PANoptosome assembly and the execution of PANoptosis,
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typically through intermediate effectors such as ZBP1, type I interferons, or TNF-a. Distinguishing among these patterns
is critical for both mechanistic understanding and therapeutic targeting.

In numerous disease contexts, activation of the cGAS-STING axis serves as a crucial upstream trigger for
PANoptosome assembly and the subsequent execution of PANoptosis. This sequence is often initiated by the cytosolic
release of DNA (eg, mitochondrial DNA), which activates cGAS-STING signaling, leading to the production of
cytokines like type I IFN and tumor necrosis factor-alpha (TNF-a). These cytokines, in synergy with the initial DNA
damage signal, create a permissive environment for the activation of sensors such as ZBP1, culminating in PANoptosis.
This interplay has been implicated in the pathogenesis of severe infections (eg, SARS-CoV-2, influenza),>* acute lung

2526 geptic immune dysfunction,?’ neurodegenerative processes,”® and cancer progression.”’ Conversely,

and liver injury,
in some contexts, PANoptosis may influence or coincide with cGAS-STING activation, suggesting a complex, context-
dependent relationship. Targeting this intricate interplay holds immense therapeutic promise. In oncology, inducing
immunogenic PANoptosis via cGAS-STING activation presents a novel strategy to overcome immunosuppressive tumor
microenvironments and enhance the efficacy of immunotherapies. For inflammatory and degenerative diseases, inhibiting
this axis may mitigate excessive cell death and tissue destruction.

This review aims to provide a comprehensive synthesis of the current understanding of the cGAS-STING pathway
and PANoptosis. We will first delineate the core molecular architecture and physiological functions of the cGAS-
STING axis, followed by an exploration of the mechanisms and regulators defining PANoptosis. The central focus will
be on examining their multifaceted interplay across various disease models, with explicit attention to distinguishing
among the three patterns of relationship described above. We will highlight how c¢GAS-STING activation can
orchestrate PANoptosis and the consequent pathological outcomes, while also acknowledging cases in which the
two processes operate in parallel. Furthermore, we will discuss the latest advances in therapeutic strategies, particu-
larly focusing on nanomedicine approaches designed to precisely modulate this interface. Finally, we will address the
prevailing translational challenges and future directions. By elucidating the mechanisms and therapeutic potential of
the cGAS-STING -PANoptosis nexus, this review seeks to illuminate new avenues for treating a wide array of
intractable human diseases.

cGAS-STING Signaling Pathway

Overview of the cGAS-STING Signaling Pathway

The cGAS-STING signaling axis consists of cyclic GMP-AMP synthase (cGAS) and the stimulator of interferon genes
(STING) (Figure 1). Functioning upstream of STING,>® c¢GAS acts as a cytosolic DNA sensor that recognizes
pathogenic or misplaced double-stranded DNA in a sequence-independent manner, thereby initiating a type
I interferon (IFN)-dependent innate immune response essential for host defense against infections.*® In addition to
microbial DNA, ¢GAS can be activated by endogenous DNA—such as mitochondrial DNA or nuclear chromatin
released upon genomic stress—linking this pathway to autoinflammatory diseases, sterile inflammation, and cellular
senescence.’’ Upon binding dsDNA, cGAS undergoes a conformational shift that enhances its catalytic activity,>' "
leading to the synthesis of 2',3'-cyclic GMP-AMP (cGAMP) from ATP and GTP [26]. This secondary messenger binds to
and activates STING, a ~40 kDa transmembrane adaptor protein residing in the endoplasmic reticulum (ER),*>%*’
prompting its oligomerization into dimers and higher-order complexes.*®* Activated STING then translocates to the ER-
Golgi intermediate compartment, where it recruits TBK1 and IKK kinases. TBK1 mediates phosphorylation of itself and
STING, resulting in IRF3 phosphorylation and activation, while IKK promotes NF-kB signaling via IkBa
phosphorylation.®® These events facilitate nuclear translocation of IRF3 and NF-kB, driving the expression of type
I interferons (eg, IFN-B) and proinflammatory cytokines such as TNF and IL-6.*° Together, these responses coordinate
antimicrobial and antiviral defense mechanisms.*® Following activation, STING is targeted for degradation through
endolysosomal pathways.*® Beyond its classical role in infection, the cGAS-TING pathway also senses tissue damage
and cellular stress, and participates in regulating autophagy, metabolism, senescence, and programmed cell death. It is
crucial for maintaining tissue homeostasis, and its dysregulation has been associated with a spectrum of disorders,

including inflammatory, autoimmune, degenerative, and malignant diseases.*”
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Figure | The cGAS-STING Signaling Cascade. (A) The cGAS-STING pathway is initiated by the accumulation of cytosol double-stranded DNA(dsDNA), which are
introduced by virus, bacteria, dead cells, mitochondria and cancer cells et al cGAS recognizes dsDNA exposed during pathogen infection or cellular stress, leading to
produce the second messenger, 2'3' cyclic GMP-AMP (cGAMP). Upon accumulation, cGAMP binds to STING located on the endoplasmic reticulum (ER) membrane and
facilitates further pathway activation. The binding of cGAMP to STING mediates STING dimerization and translocation from the ER to the Golgi apparatus, where STING
forms a complex with TANK-binding kinase | (TBK1), which, through auto-phosphorylation and STING phosphorylation, mediates recruitment. (B) Structural overview of
full-length cGAS. The structured catalytic domains (green/brown) are flanked by flexible terminal regions (white loops). (C) Stick representation of 2',3-cGAMP. Key
moieties include the Adenine (A, green circle) and Guanine (G, red circle) bases, with annotated ribose sugar positions and phosphate linkages. (D) Ribbon diagram of
STING bound to cGAMP. The protein forms a dimeric complex (dark/light blue), illustrating the ligand-induced conformational changes essential for downstream signaling.

The Role of cGAS-STING in Non-Cancer Diseases: A Unified Mechanism Linking

Tissue Injury to Inflammation

The cGAS-STING pathway, initially characterized as a sentinel for microbial DNA, has emerged as a central mediator of
sterile inflammation across diverse organ systems. Its activation in non-malignant diseases is almost uniformly triggered
by the accumulation of cytosolic self-DNA, most frequently mitochondrial DNA (mtDNA) released from stressed or
damaged cells. This common initiating event drives a stereotyped type I interferon and pro-inflammatory cytokine
response that, depending on context, can contribute to either tissue repair or pathological chronic inflammation.*'~*?
In the central nervous system, mtDNA released from damaged neurons activates cGAS in microglia and astrocytes,

driving sustained type I IFN production that accelerates tau hyperphosphorylation and a-synuclein aggregation in
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Alzheimer’s and Parkinson’s diseases, respectively.**** Similarly, in the lung, mtDNA from injured epithelial cells
activates cGAS-STING in resident macrophages and fibroblasts, promoting the persistent inflammation and fibroblast-to-
myofibroblast differentiation characteristic of chronic obstructive pulmonary disease and idiopathic pulmonary
fibrosis.*>** In the cardiovascular system, DNA released from dying cells within atherosclerotic plaques or infarcted
myocardium triggers STING-dependent inflammation, driving plaque instability, maladaptive cardiac remodeling, and
heart failure.***° A parallel cascade occurs in the liver, where lipotoxicity and oxidative stress in non-alcoholic
steatohepatitis cause hepatocyte mtDNA release, activating STING in Kupffer cells and hepatic stellate cells to
perpetuate injury and fibrosis.’' > In the kidney, ischemic or toxic insults to tubular epithelial cells similarly release
cytosolic DNA, triggering STING-mediated production of inflammatory and profibrotic mediators that exacerbate acute
injury and accelerate progression to chronic kidney disease.”*° Finally, in metabolic tissues, nutrient excess and
endoplasmic reticulum stress cause mtDNA release from adipocytes, activating STING in adipose tissue macrophages
and driving the chronic low-grade inflammation that underlies insulin resistance in obesity and type 2 diabetes.’” Thus,
while the organ-specific pathologies differ, the underlying mechanism is remarkably uniform: cellular stress leads to
cytosolic DNA accumulation, cGAS-STING activation, and downstream inflammatory signaling. This recurring theme
positions the cGAS-STING pathway as a central amplifier of sterile inflammation, explaining its broad involvement
across seemingly disparate diseases and highlighting its therapeutic potential.

The Role of cGAS-STING in Cancer

Epigenetic silencing of the cGAS-STING pathway represents a common immune evasion mechanism in cancer, with its
downregulation observed across numerous human malignancies.”®>° This suppression occurs through diverse pro-
cesses —including epigenetic alterations, post-translational modifications (PTMs), and dysregulated intracellular meta-
bolic pathways—collectively contributing to therapy resistance. Key regulatory factors include DNA and histone
modifiers, non-coding RNAs (ncRNAs), and RNA modification writers such as those mediating 5-methylcytosine
(m°C). These aberrant epigenetic changes promote oncogenesis by disrupting normal gene expression, altering protein
dynamics, and facilitating malignant transformation.®® Specifically, DNA methylation,®' histone methylation and
demethylation,** *” m°C modification,®® and ncRNA-mediated regulation®-’" have been implicated in the suppression
of ¢cGAS and STING. Additionally, PTMs—including ubiquitination,”'~"* phosphorylation,”>”” methylation,”®”® and
lactylation,®® palmitoylation®'—modulate the expression and function of cGAS and STING through multiple mechan-
isms. Metabolic pathways such as serine,®” purine synthesis,*® glucose,’® fatty acid,** and ATP metabolism® further
regulate this axis. A deeper understanding of these metabolic reprogramming mechanisms may reveal therapeutic
vulnerabilities to reactivate cGAS-STING signaling and enhance antitumor immunity.

In oncology, cGAS-TING activation exerts antitumor effects by stimulating innate immunity, promoting senescence in
pre-malignant cells, enhancing conventional therapy responses, and inducing regulated cell death (RCD) via both interferon
(IFN)-dependent and -independent mechanisms.®®*® These functions underscore its role as a tumor-suppressive pathway
with therapeutic promise. However, monotherapy with STING agonists has shown limited clinical efficacy in patients with
advanced cancer. Recent preclinical studies using in vitro and in vivo models have begun to uncover how cancer cells

autonomously and non-autonomously evade cGAS-STING-mediated immune surveillance.®'6%:646%:69

PANoptosis
Core Mechanism of PANoptosis

PANoptosis, a term first conceptualized by Kanneganti’s research team in 2019, describes the simultaneous occurrence of
pyroptosis, apoptosis, and necroptosis within cells.'® Functioning as a distinct inflammatory programmed cell death (PCD)
pathway, it integrates key features of these three modes yet cannot be fully explained by any one alone.® PANoptosis serves
as a defensive response against external stimuli and pathogens, thereby helping to maintain cellular homeostasis and
organismal stability. This phenomenon was initially identified in macrophages exposed to influenza A virus.'” It is an innate
immune, lytic cell death process driven by caspases and receptor-interacting serine/threonine-protein kinases (RIPKs), and
is centrally regulated by large multi-protein complexes known as PANoptosomes.'””® These multifaceted complexes
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assemble by integrating molecular components from the machinery of other cell death modalities, such as the inflamma-
some for pyroptosis, the apoptosome for apoptosis, and the necrosome for necroptosis.'® The assembly of PANoptosomes
and the activation of PANoptosis are triggered by specific cues, making it crucial to distinguish this process from other cell
death pathways for precise therapeutic targeting'® (Figure 2). To date, several specific PANoptosomes have been molecu-
larly characterized, including those nucleated by Z-DNA-binding protein 1 (ZBP1), AIM2, RIPK1, and NLR family pyrin
domain-containing 12 (NLRP12).'*'*99%3 This process is physiologically critical for clearing pathogens, mediating cancer
treatment responses, and maintaining immune homeostasis.'''? Consequently, PANoptosis has been implicated in a wide
array of pathological conditions, including infectious diseases, autoinflammatory disorders, neurodegenerative diseases, and
cancer.'>%* PANoptosis is critical not only for host defense against pathogens and cancer but also for maintaining immune

homeostasis and preventing disease development.”**>
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activation of all four PANoptosomes under distinct stimulatory conditions, such as viral infection, pathogen challenge, and cytokine or drug treatment.
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While the PANoptosis paradigm has gained considerable traction, it is important to acknowledge that its conceptual
framework remains a subject of active debate within the cell death field. Critics have noted that the concurrent activation
of pyroptosis, apoptosis, and necroptosis in response to certain stimuli may reflect parallel engagement of independent
death pathways rather than the operation of a unified, evolutionarily conserved program orchestrated by a dedicated
molecular platform.”®®” Some investigators argue that distinguishing PANoptosis as a separate cell death modality
requires definitive evidence of unique regulatory nodes that are indispensable for the coordinated activation of all three
constituent pathways—criteria that are still being refined and validated.”®° Furthermore, the specificity and universality
of PANoptosome complexes across different cell types and physiological contexts remain incompletely characterized.
This ongoing discourse underscores the importance of continued mechanistic dissection to establish whether PANoptosis
represents a genuinely discrete cell death mechanism or, alternatively, a frequently observed co-activation of parallel
death cascades under specific inflammatory conditions.

Role of PANoptosis in Diseases

PANoptosis has been implicated in a variety of diseases. Given the central theme of this review, we focus on pathological
conditions where PANoptosis is known to intersect with the cGAS-STING pathway. A detailed discussion of the
mechanistic crosstalk is provided in this section, while this section briefly outlines the disease contexts in which
PANoptosis operates.

Respiratory Diseases

In viral respiratory infections, PANoptosis serves as a critical host defense mechanism but can also drive immunopathology.
During influenza A virus (IAV) infection, ZBP1 senses viral RNA and assembles the ZBP1-PANoptosome, activating
caspase-1, caspase-8, caspase-3, and MLKL to induce inflammatory cell death that limits viral spread.'® In SARS-CoV-2
infection, synergistic action of TNF-o and IFN-y triggers PANoptosis, contributing to hyperinflammation and tissue
damage.?**""'! Importantly, the cGAS-STING pathway has been identified as an upstream activator of ZBP1-dependent
PANoptosis in bystander cells during SARS-CoV-2 infection.?* In bacterial pneumonia, PANoptosis helps clear infected
cells but may exacerbate tissue injury and cytokine storms.'?%'%

Cardiovascular Diseases

PANoptosis contributes to the pathogenesis of atherosclerosis, myocardial infarction (MI), ischemia/reperfusion (I/R)
injury, and doxorubicin-induced cardiotoxicity. In atherosclerosis, core PANoptosome components (AIM2, NLRP3,
RIPK 1/RIPK3) drive inflammation, foam cell formation, and plaque instability.'®*~''? During MI and I/R injury, pyrop-
tosis, apoptosis, and necroptosis are concurrently activated, and emerging evidence suggests that ZBP1-mediated
PANoptosis plays a detrimental role.'"*'?! In doxorubicin-induced cardiomyopathy, mitochondrial DNA (mtDNA) release
triggers PANoptosis, and the protective protein FUNDCI stabilizes mtDNA to inhibit this process.'** The cGAS-STING
pathway is increasingly recognized as a key upstream regulator in these cardiovascular contexts.*>!''?

Kidney Diseases

PANoptosis is involved in acute kidney injury (AKI), chronic kidney disease (CKD), and diabetic kidney disease
(DKD). In sepsis-induced AKI, EIF2AK2 upregulates AIM2, promoting PANoptosome formation and exacerbating
kidney injury.'*® In ischemia-reperfusion injury, the NLRP3 inhibitor MNS reduces PANoptosis and alleviates
renal damage.'?* Cisplatin-induced nephrotoxicity involves PANoptosis, which can be mitigated by activating the
Nrf2 pathway. In DKD, the TRAIL/DRS5 axis mediates podocyte PANoptosis, and inhibition of this pathway
reduces proteinuria.'?® Notably, cGAS-STING activation downstream of mtDNA release has been shown to drive
PANoptosis in models of atrazine-induced nephrotoxicity and aristolochic acid nephropathy.'?®'%7

Liver Diseases

PANoptosis plays a pivotal role in metabolic dysfunction-associated steatotic liver disease (MASLD), acute liver failure
(ALF), drug-induced liver injury, and cholestatic fibrosis. In MASLD, mitochondrial dysfunction and mtDNA release
stimulate PANoptosis in hepatocytes.'*®'?° In ALF, intestinal endotoxemia promotes hepatocyte PANoptosis via the
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TLR4/TAK1 axis."*® Acetaminophen overdose aggravates liver injury through AIM2-mediated oxidative stress and
PANoptosis.'?!"132 Importantly, the cGAS-STING pathway is activated by mtDNA during hepatic ischemia-reperfusion
injury and drives PANoptosis in macrophages,” and environmental toxin-induced AIM2-PANoptosome formation has
been linked to hepatic steatosis.'>

Viral Infections

PANoptosis serves as a critical host defense mechanism against diverse viruses. AV, HSV-1, and Francisella novicida
infections activate PANoptosis via ZBP1- or AIM2-PANoptosomes.'*!> In coronavirus infections, impaired NLRP3
inflammasome activation leads to alternative PANoptosis via caspase-8 and RIPK3.'** The ¢cGAS-STING pathway acts
upstream to induce ZBPIl-mediated PANoptosis in bystander cells during SARS-CoV-2 infection®* and in HSV-
l-induced acute retinal necrosis.”®

Cancer

PANoptosis exerts dual roles in cancer, acting both as a tumor suppressor and a potential therapeutic target. In colorectal
cancer, IRF1 promotes PANoptosis, and its deficiency increases tumor burden.'*> TNF-o and IFN-y synergistically
induce PANoptosis in multiple human cancer cell lines, suggesting a broad antitumor mechanism."*® In melanoma,
combination therapy with IFN and nuclear export inhibitors upregulates ZBP1-mediated PANoptosis, leading to tumor
regression.'® Importantly, activation of the cGAS-STING pathway by STING agonists or by SAMHDI deficiency
promotes PANoptosis in diffuse large B-cell lymphoma and enhances the efficacy of PD-L1 blockade.?’

The Interplay of cGAS-STING and PANoptosis in Diseases
Activation of cGAS-STING Induces PANoptosis

A unifying mechanistic principle has emerged from studies across diverse pathological conditions: the cGAS-STING pathway
functions as a critical upstream trigger that, upon sensing cytosolic double-stranded DNA (dsDNA), orchestrates the assembly of
PANoptosome complexes and the subsequent execution of PANoptosis. This recurring axis is defined by three core mechanistic
steps: (1) upstream events that generate cytosolic dSDNA, (2) signal integration via the cGAS-STING cascade leading to ZBP1-
dependent PANoptosome nucleation, and (3) the coordinated activation of pyroptosis, apoptosis, and necroptosis (Figure 3).

The initiating step—cytosolic dsDNA accumulation—can arise from multiple sources depending on the disease
context. In models of acute lung injury, sepsis, and hepatic ischemia-reperfusion, mitochondrial dysfunction leads to
mitochondrial DNA (mtDNA) release into the cytosol, a process driven by oxidative stress, mitochondrial permeability
transition, or GSDMD-mediated pore formation.**>?” In diffuse large B-cell lymphoma and developmental defects
caused by RPA1 deficiency, genomic instability results in nuclear DNA leakage.””'*’ Viral infections such as SARS-
CoV-2 and HSV-1 directly introduce foreign DNA or trigger the accumulation of Z-form nucleic acids.***® Notably, even
direct pharmacological activation of STING by synthetic agonists induces a feed-forward loop wherein initial cell death
releases self-DNA, further amplifying the signal.>*'3®

Once dsDNA accumulates, the cGAS-STING signaling cascade serves as a central signal integrator. cGAS binds
dsDNA and synthesizes 2°3’-cGAMP, which activates STING, leading to TBKI1-IRF3-mediated type I interferon
production and NF-kB-driven inflammatory cytokine release.”**”'** This inflammatory milieu —particularly the syner-
gistic actions of IFN-B and TNF-o—<creates a permissive environment for ZBP1 upregulation and activation.>***137 In
multiple systems, ZBP1 has emerged as the critical PANoptosome scaffold. Activated ZBP1 nucleates a multi-protein
complex that recruits RIPK3, caspase-8, ASC, and NLRP3, forming the ZBP1-PANoptosome.>* 2137 This complex
serves as a molecular hub that simultaneously engages the downstream effectors of all three cell death pathways:
caspase-3/7 for apoptosis, MLKL phosphorylation for necroptosis, and gasdermin D/E cleavage for pyroptosis.?>27-2%13
The coordinated activation of these effectors defines PANoptosis as an integrated inflammatory cell death program rather
than the parallel engagement of independent pathways.

This mechanistic framework is consistent across a wide range of conditions. In SARS-CoV-2 infection, cGAMP
transferred from infected to bystander cells activates STING, driving autophagic degradation of ADAR1 and Z-nucleic
acid accumulation, which together enable ZBP1-mediated PANoptosis.”* In hepatic ischemia-reperfusion injury, STING
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Figure 3 Activation of cGAS-STING induces PANoptosis. lllustration of a central and converging molecular pathway where the sensing of dsDNA by cGAS initiates a robust
innate immune response that culminates in a coordinated inflammatory cell death program known as PANoptosis. Diverse stressors—including microbial infection (e.g,
SARS-CoV-2, HSV-1), mitochondrial dysfunction (e.g, hypoxia, sepsis, ischemia-reperfusion), genomic DNA damage (e.g, SAMHD I/RPA| deficiency), and sterile inflammation
—trigger the release of cytosolic dsDNA. Diverse stressors—including microbial infection (e.g, SARS-CoV-2, HSV-1), mitochondrial dysfunction (e.g, hypoxia, sepsis,
ischemia-reperfusion), genomic DNA damage (e.g, SAMHD I/RPAI deficiency), and sterile inflammation—trigger the release of cytosolic dsDNA. This dsDNA is sensed by
cGAS, which synthesizes 2'3’-cGAMP to activate STING. Activated STING drives TBK |-IRF3-mediated type | interferon production and NF-kB-dependent pro-inflammatory
cytokine release. The synergistic action of these signals promotes ZBP|-dependent PANoptosome assembly, which coordinates the activation of necroptosis (via RIPK3-
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mediated ribophagy and amplified by a self-DNA positive feedback loop, contributing to the pathophysiology of infections, inflammatory diseases, and tissue injury.
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upregulates ZBP1 expression, and genetic or pharmacological inhibition of STING suppresses PANoptosis and ameliorates
tissue damage.”> Similarly, in sepsis, ribosomal collision-induced cGAS activation drives STING -dependent ZBP1-
PANoptosome formation in CD4+ T cells, leading to immune dysfunction that can be reversed by cGAS-STING
inhibition.?” In limb development defects caused by RPA1 deficiency, DNA damage activates ¢cGAS-STING, which
transcriptionally upregulates ZBP1; the accumulated ZBP1 then binds cytoplasmic Z-DNA to assemble the PANoptosome
and trigger mesenchymal stem cell death.'?’

Notably, this axis can be amplified by positive feedback loops. STING activation induces PANoptosis and lytic cell
death, releasing additional dsDNA (including self-DNA and mitochondrial DNA) that further activates cGAS, perpetu-
ating a cycle of inflammation and cell death.”*'*® In the context of obstructive sleep apnea, intermittent hypoxia triggers
mtDNA release, which activates cGAS-STING and induces neuronal PANoptosis via ER stress modulation;'*® blockade
of mtDNA release or cGAS-STING signaling breaks this cycle and confers neuroprotection.

Collectively, these findings establish a conserved mechanistic architecture: diverse pathological insults converge on
cytosolic dsDNA accumulation, which activates the cGAS-STING pathway; STING-dependent type I interferon and
TNF-o signaling then licenses ZBP1 to assemble the PANoptosome; and the resultant coordinated engagement of
pyroptosis, apoptosis, and necroptosis executes inflammatory cell death. This core logic operates across infectious,
inflammatory, ischemic, and malignant diseases, positioning the cGAS-STING-PANoptosis axis as a central pathogenic
mechanism and a promising therapeutic node.

Induction of PANoptosis Activates cGAS-STING

The relationship between PANoptosis and cGAS-STING is not uniformly unidirectional. While Activation of cGAS-
STING Induces PANoptosis establishes cGAS-STING as an upstream trigger of PANoptosis, emerging evidence reveals
that PANoptosis can also activate or amplify cGAS-STING signaling, depending on the pathological context and the
nature of the initial insult. These studies fall into three mechanistic categories.

First, parallel activation without hierarchical coupling is exemplified in a model of heme-induced sepsis. Li et al
demonstrated that in Kupffer cells, elevated heme synergizes with bacterial components to trigger simultaneous
PANoptosis and cGAS-STING activation as parallel consequences of mitochondrial damage rather than through
a linear cascade.'*® Mechanistically, heme activates phospholipase C gamma (PLC-y), promoting the translocation of
cleaved gasdermin D (c-GSDMD) to mitochondria. This results in mitochondrial pore formation, dysfunction, and the
release of mitochondrial DNA (mtDNA), which concurrently drives PANoptosis —through coordinated pyroptosis,
apoptosis, and necroptosis—and activates cGAS-STING signaling, ultimately leading to cellular senescence.'*’
Critically, pharmacological inhibition of PLC-y or scavenging of heme attenuates both outcomes, confirming that
mitochondrial damage serves as a shared upstream node. This parallel relationship underscores that cGAS-STING and
PANoptosis can operate as co-effectors of a common trigger rather than in a strict hierarchical order.'*’

Second, a sequential model in which PANoptosis serves as the upstream executor that generates immunostimulatory signals
to activate the cGAS-STING pathway has been established in several cancer immunotherapy studies. In this context, PANoptosis
acts as the initial event, releasing damage-associated molecular patterns (DAMPs) and cytosolic double-stranded DNA (dsDNA),
which subsequently engage cGAS-STING to amplify adaptive immunity. For instance, Yin et al developed an ultrasound-
responsive Mn/Se nanozyme that induces mitochondrial reactive oxygen species (ROS) overload and coordinated PANoptosis in
bladder cancer cells.'*' The resulting immunogenic cell death releases dsSDNA, which, in conjunction with manganese ions,
potentiates cGAS binding and amplifies type I interferon signaling, dendritic cell maturation, and CD8" T cell infiltration,
effectively converting immunologically “cold” tumors into “hot” ones.'*! Similarly, Lin et al constructed a TME-responsive
nanozyme (Ava@HM/Trop2) that triggers PANoptosis through oxidative stress and mitochondrial damage, leading to the release
of tumor-associated antigens and DAMPs that robustly activate the cGAS-STING pathway.'** This activation further reinforces
dendritic cell maturation and T-cell cytotoxicity, creating a positive feedback loop that enhances antitumor immunity and
synergizes with PD-1 inhibitors."** In another study, ultrasound-activated engineered extracellular vesicles were shown to induce
immunogenic PANoptosis in triple-negative breast cancer cells, with the resulting cytosolic DNA release activating cGAS-
STING in antigen-presenting cells.'** Genetic ablation of STING completely abolished the therapeutic efficacy, confirming that

the PANoptosis-to-cGAS-STING axis is essential for the observed immune activation.'*?
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Ultrasound-activated engineered extracellular vesicles were found to induce immunogenic PANoptosis in cancer
cells, which is critically mediated by the cGAS-STING signaling pathway.'** The nanotherapy causes DNA damage and
cytosolic DNA release, activating the cGAS-STING axis in antigen-presenting cells. This activation enhances dendritic
cell maturation, macrophage repolarization, and type I interferon production, leading to potent T-cell priming and
antitumor immunity.'*> Genetic ablation of STING abolished the PANoptosis-driven immune activation and therapeutic
efficacy, confirming the pathway’s essential role. Thus, the cGAS-STING pathway acts upstream to initiate and amplify
PANoptosis-triggered adaptive immunity, establishing a novel immunotherapeutic strategy against triple-negative breast
cancer (Figure 4).'%

Likewise, Zhu et al developed a nano-biocomposite (EcBD@CeMn(OH)x) in which Ce*" ions induce DNA damage
and organelle dysfunction to drive PANoptosis, while Mn®" ions bind to released DNA fragments to stimulate cGAS-
STING-mediated innate immunity, thereby establishing a coordinated PANoptosis-to-cGAS-STING cascade that reverses
the immunosuppressive tumor microenvironment.'** Collectively, these studies illustrate a recurring theme in oncology:
PANoptosis functions as an upstream immunogenic cell death mechanism that provides the critical dsSDNA ligand for

c¢GAS-STING activation, which in turn amplifies antitumor immunity.
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In summary, the mechanisms by which PANoptosis regulates cGAS-STING are context-dependent and can be
categorized into three distinct patterns. The first pattern involves parallel activation, as seen in heme-induced sepsis,
where mitochondrial damage simultaneously triggers both pathways without a hierarchical relationship.'*® The second
pattern, predominantly observed in cancer immunotherapy, positions PANoptosis as an upstream executor that releases
dsDNA to activate cGAS-STING, thereby amplifying antitumor immune responses.'**'** The third pattern, exemplified
by studies using bavachinin or quercetin, demonstrates a hierarchical relationship in which ¢cGAS-STING acts as an
upstream mediator of PANoptosis, with reciprocal amplification loops reinforcing the cascade.'*>'*® Together, these
findings underscore the complexity of the cGAS-STING-PANoptosis interplay and highlight the necessity of considering
both the directionality and the mechanistic context when designing therapeutic interventions.

Molecular Interaction Nodes, Spatiotemporal Regulation, and PANoptosome Subtype
Specificity in cGAS-STING-Driven PANoptosis

Beyond the established upstream—downstream relationship, a more nuanced understanding requires dissecting the direct
and indirect molecular bridges that connect the cGAS-STING cascade to the PANoptosome machinery. These interac-
tions are not monolithic; instead, they exhibit context-dependent spatiotemporal features and differential regulation of
specific PANoptosome subtypes.

Direct molecular interactions between STING and core PANoptotic effectors have been identified, suggesting
physical platforms for signal integration. For instance, STING has been shown to interact with RIPK1 and RIPK3,
particularly following DNA damage or herpesvirus infection, facilitating the assembly of a RIPK1-RIPK3 -caspase-8
complex that can drive concurrent apoptosis and necroptosis.”® Similarly, STING can associate with NLRP3 in the Golgi
apparatus following its translocation from the ER, promoting inflammasome activation and subsequent pyroptosis.'*’
These physical interactions imply that STING may serve as a scaffold that nucleates or stabilizes PANoptosome
components, blurring the line between upstream signaling and the death-executing complex. Furthermore, cGAS itself
can interact with ZBP1 in the cytosol under conditions of mitochondrial stress, promoting the formation of a ZBP1-cGAS
-RIPK3 complex that amplifies PANoptosis in a manner independent of type I interferon signaling.**

Indirect molecular crosstalk is largely mediated by the transcriptional and post-translational effects of cGAS-STING
downstream products. The most prominent indirect mechanism involves type I interferons (IFN-0/B) and TNF-a, which
are potent inducers of ZBP1 and RIPK1 expression.'® This transcriptional upregulation primes cells for PANoptosome
assembly. Additionally, STING-driven NF-kB activation leads to the production of pro-IL-1p and pro-IL-18, providing
the substrates for caspase-1-mediated pyroptosis within the PANoptosome. Another critical indirect node is the metabolic
crosstalk: STING activation can induce mitochondrial dysfunction and reactive oxygen species (ROS) production, which
in turn facilitate the oligomerization of AIM2 and NLRP3, lowering the threshold for PANoptosome activation.''? These
indirect pathways create a permissive inflammatory environment that amplifies the core death-inducing signals.

The spatiotemporal regulation of this crosstalk is critical for determining cellular outcomes. Following DNA sensing,
STING traffics from the ER to the ER-Golgi intermediate compartment (ERGIC) and then to the Golgi apparatus.
PANoptosome assembly appears to be spatially coupled to STING’s itinerary. For instance, the interaction between
STING and NLRP3 predominantly occurs in the Golgi, where potassium efflux and other ionic changes facilitate NLRP3
oligomerization.'*” Conversely, STING-mediated autophagic degradation of ADARI, which relieves repression on
ZBP1, is thought to occur at the ERGIC, highlighting how STING’s subcellular localization dictates which
PANoptosome pathway is engaged.”* Temporally, the cascade is often bifurcated: an early phase of STING-driven
interferon production creates a “primed” state, while a subsequent, sustained phase of STING signaling or accumulation
of secondary DAMPs (eg, mtDNA) triggers the actual PANoptosome assembly. This temporal separation allows for
signal amplification but also provides checkpoints for regulation, such as the NUFIP1-mediated ribophagy that clears
stress signals and abrogates the late-phase PANoptosis.?’

Importantly, the cGAS-STING pathway exerts divergent regulatory effects on distinct PANoptosome subtypes. For
the ZBP1-PANoptosome, cGAS-STING signaling is a dominant upstream activator, primarily through two mechanisms:
(1) induction of type I IFNs that transcriptionally upregulate ZBP1, and (2) creation of a Z-nucleic acid-rich environment,
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either via direct viral sensing or via ADARI degradation, which provides the ligand for ZBP1 activation.**'*” In

contrast, the AIM2-PANoptosome is more directly engaged by DNA released as a consequence of STING-driven cell
death, creating a positive feedback loop where STING activation leads to DNA release, which in turn activates AIM2.??
However, in some contexts, STING can also transcriptionally upregulate AIM2 via IRF3, providing a parallel priming
mechanism.'? For the RIPK 1-PANoptosome, the relationship is complex: STING can directly interact with and activate
RIPK1, but STING-induced TNF-o also engages TNFR1 to drive RIPK 1 activation, leading to pathway convergence.?’
Lastly, for the NLRP12-PANoptosome, the link to cGAS-STING appears less direct and more context-specific, often
involving heme or other DAMPs that simultaneously trigger mitochondrial damage (activating cGAS-STING) and
NLRP12 oligomerization, with the two pathways operating in parallel rather than in a strict linear hierarchy.”® These
distinctions underscore that while ¢cGAS-STING is a recurrent upstream node, the specific molecular logic and
dependency vary significantly depending on the initiating stimulus and the PANoptosome subtype engaged.

Cross-Disease Comparative Analysis of the cGAS-STING-PANoptosis Axis

Beyond the individual disease descriptions, a cross-disease comparison of the cGAS-STING—PANoptosis axis reveals
both unifying principles and context-specific adaptations. Across all conditions examined—including respiratory infec-
tions, sterile inflammatory diseases, ischemic injuries, and cancer—the axis consistently operates as a two-step cascade:
an initial cytosolic DNA sensing event (often involving mitochondrial or genomic DNA) activates STING, which then
coordinates the assembly of a PANoptosome, most frequently the ZBP1-containing complex, leading to the simultaneous
engagement of pyroptosis, apoptosis, and necroptosis.>> ° This core architecture appears evolutionarily conserved and
serves as a rapid, fail-safe mechanism to eliminate stressed or infected cells.

However, the functional outcome of this interplay diverges sharply depending on disease context. In infectious
diseases (eg, SARS-CoV-2, influenza, HSV-1), cGAS-STING-driven PANoptosis acts as a protective host defense by
limiting pathogen replication, yet when excessive it drives immunopathology and cytokine storm.”***'% In sterile
inflammatory conditions such as acute lung injury, hepatic ischemia-reperfusion, or obstructive sleep apnea, the same
axis becomes a purely maladaptive driver of tissue damage, amplifying inflammation through a self-sustaining loop
where initial cell death releases more self-DNA, further activating cGAS-STING.**%2%13% Conversely, in oncology, the
therapeutic activation of this cascade is being harnessed to convert immunologically “cold” tumors into “hot” ones:
STING agonists or nanoparticle-based delivery systems induce immunogenic PANoptosis, enhancing cross-priming of
antitumor T cells and synergizing with immune checkpoint inhibitors.?*43:148

Another point of divergence lies in the dominant upstream sensors. While ZBP1 is the most frequently reported
PANoptosome initiator downstream of STING in viral infections, sepsis, and ischemia models,24’27’“9’137 the AIM2-
PANoptosome predominates in contexts involving bacterial DNA or environmental toxins, as seen in hepatic co-exposure
to B-hexachlorocyclohexane and nanoplastics,'** and in some forms of acute kidney injury.'**'** Moreover, the hierarchical
relationship between cGAS-STING and PANoptosis is not always unidirectional. In heme-induced sepsis, both pathways are
co-activated in Kupffer cells as parallel consequences of mitochondrial damage, without a strict upstream-downstream

relationship,'*

illustrating that the axis can be engaged in distinct regulatory modes depending on the primary insult.
Finally, the comparative analysis underscores a striking uniformity in therapeutic vulnerability. Across diseases,
pharmacological inhibition of cGAS or STING consistently suppresses PANoptosis and ameliorates pathology in models
of acute lung injury, sepsis, hepatic ischemia-reperfusion, and atrazine-induced nephr0t0><icity,24‘2("27’]26 whereas STING
agonists or agents that promote mitochondrial DNA release exert antitumor effects by unleashing immunogenic

PANoptosis in lymphoma, breast cancer, and cutaneous squamous cell carcinoma.?®"'**'*¥ This

convergence suggests
that the cGAS-STING-PANoptosis node represents a tractable therapeutic target whose direction of modulation—

inhibition in inflammatory diseases versus activation in cancer—can be rationally selected based on disease context.

Therapeutic Potential of cGAS-STING-PANoptosis in Diseases
The pharmacological modulation of the cGAS-STING-PANoptosis axis represents a promising but complex therapeutic
frontier. While numerous compounds have demonstrated efficacy in preclinical models (summarized in Table 1), the
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Table | Summary of Drug/Compound That Modulate cGAS-STING-Mediated PANoptosis Induction in Diseases Therapy

Drug/Compound Type Mechanism of Action/Role in cGAS- Disease/Model Ref
STING—PANoptosis Axis Context

DMXAA STING agonist Activates STING, promotes PANoptosome formation (Caspase | DLBCL [29]
8, RIPK3, ASC), enhances PD-LI blockade efficacy.

Ultrasound-activated - Induces immunogenic PANoptosis via cGAS-STING activation; TNBC [143]

engineered promotes DC maturation, macrophage repolarization, T-cell priming.

extracellular vesicles

diABZI/cGAMP STING agonists Trigger PANoptosis in airways, leading to self-dsDNA/NET Acute lung injury/ [23]
release and ARDS; inflammation mediated via TLR9. ARDS

RU.521 cGAS inhibitor Inhibits cGAS, prevents STING activation and ZBPI SARS-CoV-2 and [24]
upregulation, suppresses PANoptosis in bystander cells. influenza infection

KAE Natural compound | Restores mitochondrial membrane potential, reduces cytosolic | SALI [26]
DNA, inhibits cGAS-STING and PANoptosis.

SN-011 cGAS-STING Inhibits cGAS-STING signaling, reduces PANoptosis in CD4+ Sepsis [27]

inhibitor T cells, improves immune function and survival.

CBLOI37 ZBP| agonist Activates ZBP|-mediated PANoptosis, rescues antiviral HSV-I retinal infection | [28]
response even in STING-deficient conditions. (acute retinal necrosis)

STBF + ADU-SI100 + Ce6 derivative / Photodynamic therapy induces PANoptosis via cGAS-STING; cSCC [148]

anti-LAG3 STING agonist combined with STING agonist and immune checkpoint blockade
enhances antitumor immunity.

Abbreviations: c¢SCC, cutaneous squamous cell carcinoma; DLBCL, diffuse large B-cell lymphoma; SALI, Sepsis-induced acute lung injury; TNBC, triple-negative breast cancer.

context-dependent nature of this axis necessitates a critical evaluation of its therapeutic potential, translational chal-

lenges, and the dual risks of over-activation or inappropriate inhibition.

The Double-Edged Sword: Context-Dependent Therapeutic Strategies

The pharmacological modulation of the cGAS-STING—PANoptosis axis is inherently context-dependent, reflecting its
opposing roles in oncology versus inflammatory and infectious diseases. In oncology, the goal is to activate this axis to
harness immunogenic cell death, whereas in inflammatory, infectious, and ischemic conditions, the objective shifts to its
inhibition to prevent excessive tissue damage.

In cancer contexts, several strategies have been developed to activate the cGAS-STING-PANoptosis cascade. For
instance, STING agonists such as DMXAA and diABZI are designed to directly engage STING, thereby promoting
PANoptosome assembly and triggering immunogenic PANoptosis, a strategy that has shown promise in models of diffuse
large B-cell lymphoma (DLBCL).2%137:138 Complementing this, ultrasound-activated engineered extracellular vesicles
have been employed to achieve tumor-specific delivery of STING agonists, inducing immunogenic PANoptosis while
minimizing systemic toxicity, as demonstrated in triple-negative breast cancer models.'*® Further expanding the toolkit,
CBLO0137, a ZBP1 agonist, has been shown to activate ZBP1-mediated PANoptosis and can even rescue antiviral
responses in STING-deficient conditions, highlighting a parallel route to engage cell death independently of STING.*®

Conversely, in inflammatory and infectious diseases, the emphasis is on restraining this axis to prevent pathology. For
example, RU.521, a specific cGAS inhibitor, has been reported to suppress STING activation and ZBP1 upregulation,
thereby preventing bystander cell PANoptosis during SARS-CoV-2 and influenza infections and reducing associated lung
injury.®* In the context of sepsis, SN-011, an inhibitor targeting both ¢GAS and STING, effectively attenuates
PANoptosis in CD4+ T lymphocytes, leading to restored immune function and improved survival.>’ In parallel, natural
compounds have also shown efficacy in inhibiting this pathway. KAE, for instance, ameliorates LPS-induced acute lung
injury by restoring mitochondrial membrane potential and reducing cytosolic DNA, thus inhibiting the cGAS-STING-
PANoptosis axis.’® Similarly, lycopene exerts protective effects in atrazine-induced nephrotoxicity by stabilizing
mitochondrial DNA (mtDNA) and preventing STING-dependent PANoptosis.126

14 https: Drug Design, Development and Therapy 2026:20



Wang et al

Finally, the therapeutic landscape is further enriched by combination and emerging strategies that integrate these
principles. Photodynamic therapy using a Ce6 derivative (STBF) has been shown to induce PANoptosis via cGAS-
STING activation, and when combined with the STING agonist ADU-S100 and immune checkpoint blockade (anti-
LAG3), it produces synergistic antitumor immunity in models of cutaneous squamous cell carcinoma (cSCC).'*
Bavachinin (BVC) triggers ZBP1 -mediated PANoptosis in endometrial cancer (EC) cells, and the cGAS-STING
pathway acts as a critical intermediate signaling axis in this process.'*> BVC first induces mitochondrial ROS
accumulation and DNA damage, which promotes the release of cytoplasmic double-stranded DNA and activates the
cGAS-STING -TBK1-IRF3 signaling cascade. Activated cGAS-STING signaling further upregulates ZBP1 expression,
driving the assembly of the PANoptosome complex and initiating integrated pyroptosis, apoptosis and necroptosis.'*
Moreover, BVC directly targets TLR4 to boost mitochondrial ROS production, forming a positive feedback loop that
amplifies cGAS-STING activation and subsequent PANoptosis.'** Inhibition of STING markedly suppresses ZBPI
expression and reverses BVC-induced PANoptosis, confirming the regulatory link between cGAS -STING and
PANoptosis. Additionally, BVC enhances cisplatin chemosensitivity by aggravating DNA damage and strengthening
¢GAS-STING -mediated PANoptosis, and these anti-tumor effects are verified in vivo.'*> Collectively, these studies
underscore that the direction of therapeutic modulation—activation versus inhibition—must be carefully tailored to the
specific disease context to harness the full potential of the cGAS-STING -PANoptosis axis.

Together, these studies underscore the context-dependent duality of targeting the ¢cGAS-STING-PANoptosis axis.
While STING agonists and PANoptosis inducers hold promise for converting immunologically “cold” tumors into “hot”
ones, inhibitors of this axis are critical for curbing excessive inflammation and tissue damage in non-malignant diseases.
The successful translation of these strategies will likely depend on precise spatiotemporal control, cell-type-specific
delivery, and combination with existing therapies.

Translational Challenges and Potential Adverse Effects

Despite promising preclinical data, several significant hurdles impede clinical translation. First, achieving cell-type-
specific modulation remains a major challenge. The cGAS-STING pathway is ubiquitously expressed, and its down-
stream effects vary dramatically between cell types. For example, STING activation in antigen -presenting cells is
desirable for anti-tumor immunity, while its activation in cardiomyocytes or neurons can be detrimental in ischemic
injury.?>"'*° Systemic administration of STING agonists or inhibitors risks unintended consequences, including auto-
immunity, cytokine storms, or increased susceptibility to infections.

Second, the complex feedback loops and crosstalk with other pathways complicate therapeutic outcomes. As high-
lighted in Section 4, cGAS-STING activation can lead to PANoptosis, which in turn releases self-DNA that further
activates cGAS-STING, creating a self-amplifying inflammatory loop.”** While this can be targeted for therapeutic
benefit, it also increases the risk of off-target inflammation. Furthermore, the relationship between cGAS-STING and
PANoptosis is not always unidirectional; they can act as parallel downstream effectors of a common upstream trigger, as
seen in heme-induced sepsis.'*® This suggests that targeting a single node (eg, STING) may not fully abrogate the
pathological cell death if parallel pathways are still active.

Third, the lack of robust predictive biomarkers for patient stratification remains a critical gap. Preclinical studies often
use acute models with clear temporal dynamics, but human diseases are typically chronic with heterogeneous etiologies.
Identifying which patients are most likely to benefit from STING agonism (eg, those with “cold” tumors) versus STING
inhibition (eg, those with overactive interferon signatures) is essential for clinical success. Currently, there are no
validated biomarkers to guide such patient selection.

Emerging Strategies to Overcome Translational Barriers

To address these challenges, innovative delivery systems are being developed. Nanomedicine platforms, such as
ultrasound-activated engineered extracellular vesicles, enable tumor-specific delivery of STING agonists, inducing
immunogenic PANoptosis while minimizing systemic toxicity.'*® Similarly, stimuli-responsive nanoparticles can be
designed to release cGAS-STING modulators only in response to disease-specific microenvironments (eg, low pH,
specific enzymes), enhancing precision. Additionally, targeting downstream effectors like ZBP1 may offer more context-
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specific intervention. For example, the ZBP1 agonist CBL0137 can rescue antiviral PANoptosis even in STING-deficient
conditions, while ZBP1 inhibition might be a more selective strategy to block PANoptosis without fully abrogating all
cGAS-STING functions.”®

Finally, combination therapies represent a promising avenue. In cancer, STING agonists are being combined with
immune checkpoint inhibitors (eg, anti-PD-L1, anti-LAG3) to synergistically enhance T-cell-mediated antitumor
immunity.*'*® In inflammatory diseases, combining ¢cGAS-STING inhibitors with agents that stabilize mitochondria
(eg, lycopene) or restore cellular homeostasis may provide additive or synergistic benefits.'*

In summary, the therapeutic modulation of the cGAS-STING-PANoptosis axis holds immense promise but requires
a nuanced approach. Future success will depend on the development of precision delivery systems, identification of
predictive biomarkers, and a deeper mechanistic understanding of the cell-type- and context-specific roles of this axis in

human disease.

Conclusions and Perspectives

The intricate interplay between the cGAS-STING pathway and PANoptosis represents a rapidly evolving frontier in
immunology and cell biology, with profound implications for understanding disease pathogenesis and developing novel
therapeutic strategies. This review has systematically delineated the molecular architecture of the cGAS-STING signal-
ing cascade and the core mechanisms of PANoptosis (as detailed in Section 3.1), highlighting their individual and
synergistic roles across a spectrum of diseases, particularly in cancer. The cGAS-STING axis, initially recognized as
a sentinel of cytosolic DNA and a cornerstone of innate immunity, is now appreciated as a central regulator of tissue
homeostasis, inflammation, and cell fate. Concurrently, PANoptosis has emerged as a unique, coordinated cell death
pathway that integrates the key features of pyroptosis, apoptosis, and necroptosis, governed by multifaceted
PANoptosome complexes. The convergence of these two powerful biological processes forms a critical regulatory
node that significantly influences disease outcomes, from cancer progression and therapy resistance to acute tissue injury
and chronic inflammatory disorders.

A paramount theme elucidated throughout this review is the predominant role of the cGAS-STING pathway as
a crucial upstream activator of PANoptosis in numerous pathological contexts. Evidence from diverse models—including
cancer, respiratory diseases, neurological conditions, hepatic ischemia-reperfusion injury, and septic immune dysfunction
—consistently demonstrates that cGAS-STING activation, often triggered by cytosolic DNA released under conditions of
cellular stress, genomic instability, or infection, serves as a potent initiator of PANoptosome assembly and subsequent
PANoptosis. This recurring motif underscores a fundamental biological principle: the sensing of intracellular nucleic acid
threats by cGAS-STING can escalate into a robust, inflammatory cell death program designed to eliminate damaged or
infected cells and alert the immune system.

However, the relationship is not universally unidirectional. As noted in specific contexts like heme-induced sepsis,
c¢GAS-STING activation and PANoptosis can be parallel, co-incident events both downstream of a common upstream
trigger (eg, mitochondrial damage), without a strict hierarchical relationship. This nuance highlights the context-
dependent nature of this interplay and cautions against oversimplification. The dysregulation of either pathway can
lead to severe pathology. Uncontrolled cGAS-STING signaling can drive excessive inflammation and tissue damage,
while aberrant PANoptosis can contribute to the destruction of healthy tissues in ischemic injuries, neurodegenerative
diseases, and organ failure. Therefore, a precise understanding of the spatiotemporal regulation of this crosstalk is
essential for therapeutic targeting.

The therapeutic potential of leveraging the cGAS-STING-PANoptosis axis is immense, particularly in oncology. The
limitations of conventional STING agonists—such as poor bioavailability, rapid clearance, and systemic toxicity—have
spurred the development of innovative nanomedicine approaches. Engineered nanoparticles and extracellular vesicles
show remarkable promise in achieving tumor-specific delivery of STING agonists, thereby locally activating the path-
way, inducing immunogenic PANoptosis, and reshaping the tumor microenvironment to be more permissive to immune
attack. These strategies can effectively turn immunologically “cold” tumors “hot” and synergize with existing immu-
notherapies. Furthermore, natural compounds and small-molecule inhibitors that modulate specific nodes within this axis
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(eg, Lycopene stabilizing mtDNA, Oridonin targeting SIRT2/NLRP3) offer additional avenues for intervention, demon-
strating efficacy in mitigating injury in models of kidney, liver, and lung diseases.

Despite significant progress in elucidating the cGAS-STING-PANoptosis axis, several critical questions remain
unresolved, presenting key avenues for future investigation. A primary challenge is the identification of novel
molecular regulators that govern the crosstalk between these two pathways. While the central roles of cGAS,
STING, ZBP1, and core PANoptosome components are established, it is highly likely that additional sensors, adaptors,
and post-translational modifications modulate the intensity, duration, and context-specific outcomes of this interplay.
For instance, how distinct DNA damage signatures or mitochondrial stress signals differentially engage the
PANoptosome machinery remains poorly understood. Unbiased proteomic and genetic screens will be essential to
map the full interactome and identify new nodes of regulation. Second, achieving cell-type- and context -specific
modulation of this axis is a major therapeutic hurdle. The ubiquitous expression of cGAS-STING and PANoptosis
components means that systemic activation or inhibition could lead to unintended on-target off-tissue effects, such as
autoimmunity, chronic inflammation, or impaired host defense. Developing strategies to precisely target this axis in
disease-relevant cell populations—for example, tumor cells versus immune cells in the tumor microenvironment, or
specific neuronal subsets in neurodegeneration—is a pressing need. Advances in nanomedicine, cell-type -specific
delivery vehicles (eg, engineered extracellular vesicles), and the use of disease-responsive prodrugs offer promising
avenues, but their translational potential requires rigorous validation. Third, the lack of robust, clinically applicable
biomarkers for pathway activation represents a significant barrier to patient stratification and therapeutic monitoring.
Measuring pathway activity in patient tissues or biofluids is challenging due to the transient nature of these signaling
events and the limited accessibility of affected tissues. Identifying and validating stable, easily detectable biomarkers
—such as circulating cGAMP levels, cell death-associated breakdown products, or specific transcriptional signatures
in peripheral blood mononuclear cells—will be crucial for selecting patients most likely to benefit from agonists or
inhibitors and for assessing pharmacodynamic responses in clinical trials. Fourth, the precise mechanistic relationship
between cGAS-STING signaling and PANoptosis in chronic, low-grade inflammatory conditions remains under-
explored. Most evidence derives from acute disease models, whereas the dynamics of this crosstalk in chronic settings
such as metabolic dysfunction -associated steatotic liver disease, atherosclerosis, or age-related neurodegeneration
may involve distinct molecular mechanisms and feedback loops. Longitudinal studies using sophisticated in vivo
models that better recapitulate chronic disease are needed to dissect the temporal sequence and causal contributions of
this axis over disease progression. Finally, how the cGAS-STING-PANoptosis interplay integrates with other stress
responses —including autophagy, ferroptosis, mitochondrial dynamics, and the gut microbiome —constitutes a vast
and largely uncharted territory. Understanding these complex networks will be critical for predicting therapeutic
outcomes and avoiding unexpected resistance or compensatory mechanisms.

Another critical frontier is the translation of preclinical findings into human applications. Most current evidence
derives from animal models, which may not fully recapitulate the complexity of human diseases. Robust biomarker
development is needed to identify patient populations most likely to benefit from therapies targeting the cGAS-STING-
PANoptosis axis. Moreover, investigating the potential feedback loops and adaptive resistance mechanisms that tumors
or diseased tissues might employ to evade this form of immunogenic cell death will be vital for designing effective
combination therapies and preventing relapse.

A critical dimension of the cGAS-STING-PANoptosis axis that warrants further exploration is its intersection with
autophagy and cellular senescence. Although introduced as key downstream processes in the Introduction, these path-
ways are intimately linked to the core mechanisms discussed throughout this review. Autophagy, for instance, can both
positively and negatively regulate cGAS-STING signaling: while autophagic degradation of damaged mitochondria
(mitophagy) limits mtDNA release and thus suppresses STING activation, certain autophagy components can also
facilitate STING trafficking or, as shown in the context of sepsis, ribophagy-mediated clearance of ribosomal RNA
can curtail cGAS activation and subsequent PANoptosis.?” Conversely, chronic or dysregulated cGAS-STING activation
is a well-established driver of cellular senescence, contributing to the inflammatory secretome characteristic of aging and
age-related diseases.® The interplay between senescence and PANoptosis remains incompletely understood, but
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emerging evidence suggests they may operate as parallel or sequential responses to mitochondrial damage, as observed in
heme-induced Kupffer cell dysfunction during sepsis."* From a therapeutic perspective, these connections offer
additional nodes for intervention: modulating autophagy may fine-tune cGAS-STING activation thresholds, while
targeting senescence-associated inflammation could complement strategies aimed at limiting PANoptosis. Future studies
integrating these interconnected processes will be essential for developing more precise and context -dependent
therapeutic approaches.

Another critical frontier is the translation of preclinical findings into human applications. Most current evidence
derives from animal models, which may not fully recapitulate the complexity of human diseases. A key caveat lies in
the marked species differences between mouse and human cGAS-STING pathway components. Notably, murine
STING (mSTING) exhibits higher basal activity and stronger responsiveness to cyclic dinucleotides compared with
human STING (hSTING), and the two orthologs differ substantially in their ligand-binding affinities, oligomerization
dynamics, and downstream signaling outcomes. Moreover, human STING displays considerable genetic polymorphism
(eg, the common R232H variant) that profoundly influences agonist responsiveness and disease susceptibility, features
not captured in standard inbred mouse strains. Similarly, although key PANoptosome components such as ZBP1,
AIM2, and RIPK1 are evolutionarily conserved, their regulatory networks and the relative contribution of pyroptosis,
apoptosis, and necroptosis to the integrated PANoptotic response may differ between species due to variations in
inflammasome architecture, caspase redundancy, and interferon signaling strength. These interspecies disparities
underscore that findings from mouse models and in vitro cell lines should be interpreted with caution and may not
directly predict human pathophysiology. Therefore, future studies should prioritize human-relevant experimental
systems, including humanized mouse models, organoids, and primary human tissue validation, alongside careful
consideration of genetic background when evaluating the translational potential of targeting the cGAS-STING-
PANoptosis axis.

In conclusion, the dialogue between the cGAS-STING pathway and PANoptosis constitutes a fundamental regulatory
layer in health and disease. It embodies the complex interplay between innate immune sensing and inflammatory cell
death, a relationship that can be either protective or pathogenic depending on the context. The strategic manipulation of
this axis, particularly through the sophisticated toolkit of nanomedicine, opens up a new paradigm for treating a wide
array of intractable diseases, with cancer at the forefront. As we continue to unravel the molecular intricacies of this
crosstalk and overcome the existing pharmacological hurdles, the prospect of developing targeted, effective, and safer
therapeutics that harness the power of this potent biological duo moves from a compelling possibility to an attainable
reality, promising to make a significant impact on future medical practice.
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