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Highlights

What are the main findings?

o  cGAS-STING signaling has context-dependent roles in metastasis.
e Dormant disseminated tumor cells repress STING signaling and related immune
ligands in perivascular niches, enabling immune evasion and long-term persistence.

What are the implications of the main findings?

e  Temporal, cell-type, and spatial control of STING activation are critical for STING-
targeted therapies and biomarker development.

e Rational combination strategies are needed to harness acute STING-mediated immu-
nity while avoiding chronic, tumor-promoting inflammation.

Abstract

Cancer cells survive, proliferate, and metastasize in part because the immune system fails to
detect and eliminate them. Moreover, the tumor microenvironment (TME) that surrounds
the tumor supports cancer cell survival and resistance to chemo- and immunotherapies by
inhibiting antitumor immune responses and thereby reducing the efficacy of immunother-
apeutic interventions. cGAS-STING signaling senses cytoplasmic DNA and coordinates
innate immune responses that shape tumor-intrinsic outcomes and the TME. Emerging
evidence reveals a context-dependent, dualistic role for cGAS-STING in metastatic progres-
sion and cancer dormancy. Acute, robust activation in antigen-presenting cells promotes
type I interferon responses, leading to suppression of tumor growth. By contrast, chronic,
low-level cancer-intrinsic STING signaling can engage inflammatory programs that foster
immune suppression and therapy resistance. Dormant disseminated tumor cells exploit
niche cues to downregulate STING signaling and evade immune detection, whereas re-
activation of dormant cells often involves restoration of STING activity that can promote
immune elimination. In this article, we review mechanisms linking genome instability and
cytoplasmic DNA to STING activation, summarize evidence for tumor-suppressive versus
tumor-promoting functions across metastatic niches, and discuss how STING agonists and
combination strategies may be optimized to maximize antitumor immunity while avoiding
protumorigenic effects.
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1. Introduction

Cancer cells acquire uncontrolled proliferative capacity, invade surrounding tissues,
and eventually disseminate to distant organs to form metastases [1,2]. Since metastasis
involves multiple cellular and environmental stresses, successful metastatic colonization
depends on interactions between disseminated tumor cells (DTCs) and the microenviron-
ment of distant organs [3,4]. During metastasis, epithelial-mesenchymal transition (EMT)
promotes cancer cell dissemination by enhancing migratory and invasive properties [5,6].
Following intravasation, circulating tumor cells (CTCs) travel through the bloodstream
and seed distant metastatic sites [7]. Extravasation of CTCs requires transendothelial mi-
gration (TEM) across the endothelial barrier to enter distant tissues [8]. CTCs are exposed
to various physical and immune stresses during circulation, including shear stress in the
bloodstream and NK cell-mediated attack [9,10]. Following extravasation, DTCs encounter
unfamiliar microenvironments in distant organs, and many fail to survive or establish
metastatic lesions [11]. To survive in distant organs, some DTCs enter a dormant state to
evade immune surveillance and adapt to the metastatic microenvironment. Cancer cell
dissemination has been shown to occur not only in advanced tumors but also during the
early stages of tumor development [12]. Notably, early disseminated cancer cells are prone
to enter a dormant state [13,14]. Cancer dormancy is characterized by a prolonged state of
growth arrest in which disseminated tumor cells persist in distant organs without form-
ing clinically detectable metastases [15]. Dormant cancer cells can survive in a reversible
GO-like state with reduced metabolic activity for years or even decades before re-entering
the cell cycle and causing metastatic recurrence [16]. Dormant DTCs frequently localize to
perivascular niches in distant organs, where the microenvironment supports their survival
and maintains growth arrest [17]. Consistently, dormant DTCs have been observed in
perivascular niches in multiple organs, including the brain, suggesting a critical role for the
perivascular microenvironment in sustaining metastatic dormancy [18].

During metastatic colonization, cancer cells are exposed to diverse intrinsic and ex-
trinsic stresses, including oxidative stress, replication stress, and immune surveillance [19].
These cellular stresses can induce DNA damage and chromosomal instability (CIN).
Genome instability is one of the hallmarks of cancer, and elevated mutation burdens associ-
ated with defective DNA repair contribute to various hereditary and sporadic cancers [20].
During cancer progression, chronic hypoxic stress in the process of cancer metastasis might
also contribute to genomic instability and deregulate DNA-damage response pathways [21].
In addition, oncogene activation and subsequent replication stress promote double-strand
break formation, thereby fueling CIN [22]. CIN has been recognized as a feature of many tu-
mors and it is associated with poor prognosis, metastasis, and therapeutic resistance [23,24].
Furthermore, genome instability and CIN lead to the generation of cytosolic DNA that
activates the cGAS-STING pathway.

The cGAS-STING pathway plays a central role in host defense against microbial infec-
tions as well as in antitumor immunity, cellular senescence, autophagy, and autoimmune
and inflammatory diseases, owing to its ability to recognize double-stranded DNA in a
sequence-independent manner [25,26]. When DNA is present in the cytoplasm, cGAS
binds to it, inducing a conformational change in the active site. This conformational change
catalyzes the synthesis of cyclic GMP-AMP (cGAMP) from ATP and GTP. cGAMP func-
tions as a second messenger that binds to the endoplasmic-reticulum (ER)-membrane
adaptor STING and induces a conformational change that results in STING activation [27].
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STING is a ~42 kDa protein composed of an N-terminal four-transmembrane domain
associated with the ER membrane and a C-terminal ligand-binding domain (LBD) fol-
lowed by a C-terminal tail facing the cytosol. Upon cGAMP binding to STING, the LBD
wings rotate, resulting in closure of the central pocket via a four-stranded 3-sheet lid.
This conformational change leads to an expanded conformation of the transmembrane
domain and the side-by-side assembly of STING dimers into oligomers [28]. Activated
STING dimers translocate to the trans-Golgi network through COP-coated vesicle, where
Cys88 and Cys91 of STING are palmitoylated [29-31]. Palmitoylated STINGs form clus-
ters as a scaffold of its downstream effector TANK-binding kinase 1 (TBK1), facilitating
TBK1 trans-autophosphorylation [32-34]. Phosphorylated TBK1, in turn, phosphorylates
adjacent STING molecules at multiple sites, which serve as a hallmark of STING activa-
tion. Phosphorylated STING oligomers act as a platform that recruits the transcription
factor interferon regulatory factor 3 (IRF3), leading to IRF3 phosphorylation, dimerization,
and nuclear translocation [35]. Additionally, activation of STING leads to NF-«kB nuclear
translocation via recruitment of IKK kinases, which induce the expression of interferons
(IFNs) and proinflammatory cytokines, including TNF, IL-1, and IL-6 [36]. To prevent
excessive inflammatory responses, STING further moves to recycling endosomes. Ac-
tivated STINGs at recycling endosomes are polyubiquitinated and terminated through
transport-dependent lysosomal microautophagy, which mediates its degradation at the
lysosomal membrane [37,38].

Nucleic acid sensing is a fundamental mechanism for detecting microbial pathogens and
maintaining innate immune homeostasis [39]. Among these pathways, the cGAS-STING
axis functions as a central cytosolic DNA-sensing system and has recently been implicated
in a variety of autoinflammatory diseases as well as cancer [40]. Given that metastatic
dissemination and cancer dormancy are accompanied by persistent cellular stress, genomic
instability, and cytosolic DNA accumulation, the cGAS-STING pathway has emerged as
a critical regulator of metastatic progression, dormancy, and the interactions between dis-
seminated tumor cells and the metastatic microenvironment. In this review, we summarize
the current understanding of the multifaceted roles of cGAS-STING signaling in metastasis
and cancer dormancy, with a particular focus on its context-dependent functions in tumor
progression and immune regulation.

2. Cancer Metastasis and STING
2.1. Tumor-Suppressive Functions of cGAS-STING Signaling

Activation of the cGAS-STING pathway in tumor cells may suppress early tumor
progression through the induction of type I IFNs and other inflammatory genes [41]. Loss
of STING signaling has been associated with increased tumor incidence. In agreement
with this, reduced STING expression has been observed in several melanoma and colorec-
tal adenocarcinoma cell lines [42,43]. Importantly, the cGAS-STING pathway has been
strongly implicated in the induction of cancer cell senescence, thereby exerting tumor-
suppressive effects [44]. cGAS-STING-mediated senescence is associated with the produc-
tion of senescence-associated secretory phenotype (SASP) factors, including chemokines,
proinflammatory cytokines, growth factors, and proteases [45]. These immune-stimulatory
factors can promote tumor suppression either through tumor cell-intrinsic mechanisms
or by activating antitumor immune responses [46]. In addition, activation of the STING
pathway promotes T cell infiltration into tumors by inducing chemokine expression and
normalizing the tumor vasculature [36]. The cGAS-STING pathway enhances antitumor
immunity by promoting both T cell- and NK cell-mediated tumor eradication. In several
cancers, including melanoma, suppression of cGAS-STING signaling impairs MHC class I
expression and facilitates immune evasion, whereas activation of STING restores antigen
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presentation and enhances cytotoxic T lymphocyte (CTL)-mediated tumor killing [47]. In
addition, STING activation promotes the recruitment and activation of cytotoxic T cells and
NK cells through the induction of chemokines such as CXCL9, CXCL10, and CCL5, thereby
facilitating antitumor immune responses [48-50]. Genome instability frequently induces
micronuclei formation in cancer cells, leading to cGAS activation and STING-dependent
tumor-suppressive immune responses. These findings suggest that cGAS-mediated sens-
ing of micronuclei functions as a cell-intrinsic surveillance mechanism linking genome
instability to innate immunity [51].

2.2. Protumorigenic Roles of cGAS-STING Signaling

Although the cGAS-STING pathway is widely recognized as a mediator of antitu-
mor immunity, accumulating evidence suggests that STING signaling can paradoxically
promote tumor progression [52]. For example, reduced or absent STING expression in
small-cell lung cancer (SCLC) compromises type I IFN signaling and adaptive immu-
nity [53]. In contrast, persistent activation of the cGAS-STING pathway can be exploited
by tumors to promote tumor growth, metastasis, drug resistance, and immune suppres-
sion [54]. DNA damage induced by carcinogens can lead to cytosolic DNA accumulation
and activation of STING-dependent innate immune signaling, thereby contributing to
inflammation-associated tumorigenesis [55]. Chronic activation of the cGAS-STING path-
way promotes immune suppression by inducing T cell exhaustion and recruitment of
immunosuppressive cells, including Tregs, MDSCs, and Bregs. In addition, persistent
STING signaling upregulates immunosuppressive molecules and preferentially activates
noncanonical NF-«B signaling, thereby facilitating tumor progression [56-58]. Activation
of noncanonical NF-«B signaling promotes tumor cell survival, proliferation, and inflam-
matory responses. In highly metastatic tumors, cancer cells can transfer cGAMP to stromal
cells, activating STING signaling and inducing inflammatory cytokine production, which
in turn enhances tumor survival, proliferation, and chemoresistance through STAT1 and
NF-«B signaling [59]. In addition, oncogenic viruses such as HPV suppress cGAS-STING
signaling to evade innate immunity [60]. Collectively, these findings suggest that chronic
or dysregulated cGAS-STING signaling can remodel the tumor microenvironment and
promote malignant phenotypes that support tumor progression and metastasis.

3. Cancer Cell Dormancy and STING
3.1. STING Signaling and Metastatic Dissemination

The cGAS-STING pathway is a critical innate immune pathway that influences mul-
tiple stages of tumor progression, including metastasis [61]. CIN-induced micronuclei
activate chronic cGAS-STING signaling in cancer cells, preferentially inducing noncanon-
ical NF-kB signaling rather than type I IFN responses. This pathway promotes EMT,
invasion, and metastatic dissemination, highlighting a protumorigenic role of chronic
STING activation [62]. Esophageal adenocarcinoma is also characterized by CIN, which
drives chronic cGAS-STING activation and chemokine-mediated recruitment of protumor
inflammatory infiltrates, thereby fostering tumor survival and metastasis [63]. In the case
of the brain, metastatic cells selectively establish Cx43-mediated gap junctions with as-
trocytes through protocadherin 7 (PCDHY), enabling the transfer of cGAMP from cancer
cells to astrocytes and subsequent activation of the STING pathway. STING activation
in astrocytes induces the production of IFN-« and TNF-«, which promote the growth
and chemoresistance of brain metastatic cells [64]. Given the prometastatic functions of
chronic STING activation, tight regulation of STING signaling appears to be critical during
tumor progression. In colorectal cancer, SEL1L3 inhibition stabilizes STING signaling by
endoplasmic reticulum-associated degradation, thereby suppressing growth and migra-
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tion [65]. Collectively, these findings indicate that chronic cGAS-STING signaling promotes
metastatic progression through both tumor cell-intrinsic mechanisms and remodeling of
the metastatic microenvironment.

3.2. Cellular Stress in Metastatic Dormancy

Metastatic cancer cells are exposed to multiple stresses during dissemination, dor-
mancy, outgrowth, and therapy resistance, and only a small fraction ultimately establish
distant metastases [66]. Following extravasation, disseminated cancer cells encounter ox-
idative stress, nutrient deprivation, and insufficient growth signals, while tissue resident
immune cells, including macrophages, NK cells, and T cells, actively suppress metastatic
outgrowth. Under these conditions, disseminated cancer cells survive in a quiescent state
until they are either eliminated or eventually resume proliferative growth [67]. Therefore,
cancer cells enter a dormant state to escape from physical, metabolic, and immune bar-
riers [68]. Recent studies have revealed that dormant metastatic cells undergo a distinct
TGFpB-induced epithelial-mesenchymal transition (EMT) program that differs from the
classical invasive EMT observed in proliferating metastatic cells [69]. In the perivascular
niche, TGFf induces a reversible quiescent state accompanied by suppression of MHC-I
molecules, NK cell-activating ligands, and STING signaling, thereby enabling dormant
cancer cells to evade immune surveillance [70]. Mechanistically, dormant metastatic pro-
genitors adopt an atypical EMT state lacking actin stress fibers through TGF(3-dependent
expression of the actin-depolymerizing protein gelsolin, resulting in reduced cell stiffness
and escape from immune mechanosurveillance. These findings suggest that EMT plasticity
contributes not only to metastatic dissemination but also to immune evasion and long-term
survival during metastatic dormancy [69].

3.3. STING Signaling Suppresses Metastatic Outgrowth

Immune surveillance has emerged as a critical barrier that prevents dormant cancer
cells from resuming metastatic outgrowth after cell cycle re-entry [71]. During dormancy,
quiescent cancer cells evade immune surveillance by downregulating NK cell-activating
ligands and MHC-I molecules, thereby reducing recognition by NK cells and T cells [72].
The cGAS-STING pathway functions as a suppressor of metastatic reactivation. STING
activity is elevated in metastatic progenitor cells that re-enter the cell cycle and promotes
NK cell and T cell infiltration. In contrast, epigenetic silencing of STING through pro-
moter hypermethylation or chromatin repression impairs NK cell migration and facilitates
metastatic outgrowth. These findings suggest that STING signaling functions as a check-
point against dormant metastatic progression (Figure 1) [73]. STING activation enhances
antitumor immune surveillance during metastatic dormancy by promoting NK cell and
T cell infiltration and activation. Consistently, the STING agonist MSA-2 augments NK
cell-mediated cytotoxicity against dormant cancer cells and suppresses metastatic out-
growth in advanced breast cancer [74]. Reactivation of dormant metastatic cells induces
STING-dependent type I INF signaling, leading to enhanced immune recognition and
elimination by cytotoxic lymphocytes. In contrast, epigenetic silencing of STING enables
dormant cancer cells to evade immune surveillance and progress toward overt metastatic
colonization, while epigenetic remodeling during the EMT-MET transition may further
influence STING activity during dormancy reactivation [73,75]. These findings suggest
that metastatic dormancy represents a dynamic equilibrium between immune-mediated
elimination and adaptive survival programs in disseminated cancer cells (Figure 1).
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Figure 1. STING activity during metastatic dissemination and cancer dormancy.

4. Tumor Microenvironment and STING
4.1. Components of the Tumor Microenvironment and Therapy Response

Although cancer research has traditionally focused on genetic and epigenetic alter-
ations of cancer cells themselves which drive malignancy, recent findings have revealed
that the tumor microenvironment (TME) greatly influences cancer physiology, particularly
response to chemotherapy and immunotherapy [76-78]. The TME consists of cancer cells,
non-malignant cellular components, and non-cellular elements that surround and interact
with cancer cells. Major cellular components include immune cells—such as dendritic
cells, macrophages, neutrophils, natural killer (NK) cells, and various T and B lympho-
cyte subsets—and non-immune stromal cells such as cancer-associated fibroblasts (CAFs),
endothelial cells forming the vasculature, and pericytes [76,79]. In addition, non-cellular
elements include the extracellular matrix (ECM), soluble mediators (cytokines, chemokines,
and growth factors), and metabolites, such as lactate and adenosine [80]. Both cellular
and non-cellular components have been reported to contribute to tumor evolution and
therapeutic response, underscoring the need to understand the TME as an integrated sys-
tem [80]. Importantly, the TME is dynamically remodeled by reciprocal signaling between
cancer cells and the other components, which could either support immune surveillance
or promote immune evasion, angiogenesis, and invasion [81,82]. In terms of response to
immune checkpoint blockade (ICB) therapies, in particular, infiltration of immune cells into
the TME is a critical factor. In general, “cold” (immune-desert or immune-excluded) tumors
are more resistant to ICB therapies than “hot” (immune-inflamed) tumors. Activating
innate immune responses in tumors is a promising way to convert cold tumors into hot
ones [48]. In this context, activation of the cGAS-STING pathway is one of the potent
approaches to induce tumor-intrinsic innate immunity, reshape the TME, and enhance the
efficacy of ICB therapies.
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4.2. Functional Differences of cGAS-STING in Cancer Cells Versus Immune Cells in the TME

The cGAS-STING pathway is an evolutionarily conserved defense mechanism de-
veloped against infection of DNA viruses [83]. It senses cytoplasmic double-stranded
DNA (dsDNA) and initiates innate immune responses via production of type I IFNs [84].
Recently, it has been revealed that not only dsDNA, but DNA/RNA hybrids derived from
unprocessed R-loops in cancer cells can also be ligands for this pathway [85]. Intriguingly,
the consequences of cGAS-STING activation may differ between cancer cells and stromal
immune cells. In major professional antigen-presenting cells (APCs) such as dendritic cells
and macrophages, which strongly express both cGAS and STING proteins, activation of
the pathway triggers robust type I IFN production [86]. In these normal cells, genomic
DNA is generally stable, unlike cancer cells, so cytoplasmic DNA sensed by cGAS typically
originates from exogenous sources. Cancer cells often undergo cell death in the TME
because of chromatin instability or hypoxia, releasing ample DNA that can be taken up by
APCs [86]. Effective antitumor immunity depends on cross-presentation of tumor antigens
by activated APCs to T lymphocytes (CD8+ T cells and CD4+ T cells) [87,88]. In addition to
the antigen presentation, the cytokines secreted from APCs also promote the recruitment,
differentiation and maturation of T lymphocytes, which leads to the subsequent adaptive
immune responses [87].

By contrast, cancer cells show heterogenous cGAS-STING status and responses. A
portion of tumors retain functional cGAS and STING molecules; accumulation of cyto-
plasmic dsDNA or DNA/RNA hybrids, which are derived from damaged nuclear or
mitochondrial DNA, activates the cGAS-STING pathway, leading to type I IEN production
and cell-autonomous outcomes such as senescence or growth arrest, which could suppress
tumor growth and survival [89]. Type I IFNs, as well as a series of cytokines downstream of
STING, also recruit and activate NK cells and T lymphocytes in the TME to eliminate cancer
cells. Cancer cells with unstable chromatin, face a challenge in which chronic accumula-
tion of cytoplasmic DNA poses a risk to activate the cGAS-STING pathway, even without
DNA-damaging agent treatment [51]. Thus, some tumors downregulate or mutate pathway
components (commonly cGAS or STING) to suppress robust innate immune responses and
evade detection from the immune cells [90]. Notably, chronic low-level cancer-intrinsic
c¢GAS-STING signaling has been linked to persistent inflammation, which can support
tumor progression [55].

Moreover, non-immune stromal cells such as cancer-associated fibroblasts (CAFs) and
endothelial cells also respond to cGAMP or DNA released from cancer cells. STING activa-
tion in these components results in context-dependent outcomes: it can facilitate immune
infiltration by inducing type I IFN signaling and T cells attracting chemokines [90,91], or
conversely promote protumor functions that limit immune access [89]. These divergent
effects may in part reflect the marked heterogeneity and plasticity of stromal cells, partic-
ularly CAFS, whose tumor-restraining or tumor-supportive functions vary according to
their cellular state, tumor type, and surrounding cytokine and extracellular matrix con-
text [91,92]. Thus, the net effect of cGAS-STING activation in the TME depends on the
balance between immune-stimulatory signaling in APCs and potential immunosuppressive
or tumor-promoting responses from tumor cells and non-immune stromal compartments
(Figure 2).
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Figure 2. Cell type and activation-dependent functions of STING signaling within the tumor microen-

vironment.

4.3. Tumor-Suppressive Effects and Tumor-Promoting Inflammation Induced by STING Activation

Acute STING activation in the TME is generally tumor-suppressive. When DNA is
severely damaged in cancer cells, cancer-intrinsic innate immune responses are induced,
or DNA released from dying cancer cells activates APCs, leading to type I IFN secretion
that recruits and activates cytotoxic CD8+ T cells and NK cells in the TME [84,93,94]. This
cascade is expected to convert immunologically cold tumors into hot ones, sensitize tumors
to ICB therapies, and induce durable antitumor responses [94]. Indeed, multiple groups
including ours have recently shown that acute induction of the cGAS-STING pathway is a
promising strategy to enhance ICB efficacy, validated in preclinical models [94-97]. Addi-
tionally, acute STING activation within cancer cells can induce senescence, growth arrest, or
apoptosis through canonical interferon-dependent and -independent mechanisms [98,99],
further supporting the therapeutic potential of cGAS-STING activation.

However, cGAS-STING signaling may also drive proinflammatory states that paradox-
ically promote tumor growth and survival, particularly when the pathway is chronically
and weakly activated due to chromosomal instability and persistent micronuclei [25,100].
Ahn and colleagues reported that tumor development induced by genotoxic stress with
7,12-dimethylbenz(a)anthracene (DMBA) treatment is efficiently suppressed in STING-/-
mice, implicating the direct contribution of STING to tumorigenesis [55]. In addition,
Bakhoum et al. reported that cytoplasmic DNA derived from unstable chromatin activates
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noncanonical NF-kB in a STING-dependent, but TBK-1-independent manner, thereby pro-
moting metastasis of breast cancer cells [62], further indicating that cGAS-STING activation
in cancer cells can be sometimes tumor-promoting. Chronic or sustained STING activation
leads to persistent type I IFN and inflammatory cytokine release, which fosters an im-
munosuppressive milieu characterized by regulatory T cell recruitment, myeloid-derived
suppressor cell expansion, and upregulation of immune checkpoint molecules such as PD-
L1, all of which have potentials to support tumor growth and survival [101,102]. Therefore,
the timing and magnitude of STING activation are critical determinants: acute, robust
activation in APCs is desirable for antitumor immunity, whereas prolonged, low-level
activation may drive immune exhaustion and tumor progression.

5. Development and Challenges of STING Agonists for Cancer Therapy
5.1. Evolution of STING Agonists: From FAA to Clinical Candidates

Because acute activation of STING in APCs is a promising means to induce antitumor
immunity in the TME, direct activation of the pathway by intratumoral injection of STING
agonists has been tested and shown impressive potential in preclinical models, indicating a
rational for STING agonists in cancer treatment [103—-105]. Earlier anticancer compounds
that induced type I interferon expression and showed antitumor effects included flavone-8-
acetic acid (FAA) and its derivative, 5,6-dimethylxanthenone-4 acetic acid (DMXAA) [106].
At the time, STING had not been identified, so researchers observed that FAA and DMXAA
disrupted the vasculatures of tumors and reduced tumor burden in mice, without knowing
that these chemicals were STING agonists [107]. However, FAA and DMXAA were unim-
pressive in clinical trials [108]. Later, it was shown that while FAA and DMXAA do bind
to mouse STING, these chemicals do not bind to human STING [109]; thus, future STING
agonists were designed and developed to target specifically the human protein.

Currently, multiple classes of human STING agonists are in development, categorized
according to their molecular structures and mechanisms of action(Table 1): cyclic dinu-
cleotide (CDN) analogs, that mimic natural cyclic GAMP binding to STING; non-CDN
STING agonists, that are structurally different from the CDN analogs but also activate
STING via a different mechanism; CDN-infused exosomes, which increase the efficiency
of CDN getting into cells; bacterial engineered vectors, which utilize modified bacteria
that preferentially grows in the tumor environment and release STING agonists to acti-
vate immune responses; small molecule-nucleic acid hybrids, that merge the stability of
small molecules with the targeting and efficiency of nucleic acids; and undisclosed types
of STING agonists, which lack structural information and mechanisms of action but are
still studied in clinical trials [110]. Each category has its advantages and limitations. In
Phase I clinical trials, the goal is to obtain data for safety, tolerability, pharmacodynamics
and pharmacokinetics, and antitumor efficiency; obtaining the correct dosage has been a
huge unresolved obstacle as too little STING agonists will have no effect and too much
STING agonists can cause extreme toxicities like systemic inflammation, autoimmunity;,
and cytokine storm, leaving a narrow window for the therapeutic dose [106]. There is
also ongoing debate as to which populations of the cells should be induced or stimulated,
STING in cancer cells or APCs, immune cells [41,111].
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Table 1. Major classes of STING agonists.

Current Classes of STING AGONISTS

STING Agonists Mechanisms in Clinical Trials Ref. No.
MK-1454, [112]
ADU-S100(MIW815), [113,114]
Cyclic dinucleotide (CDN) analogs Mimicking natural cGAMP BMS-986301, [115]
BI-1387446, [116]
TAK-676 [117]
SNX281, [118]
. . - HG-381, [119]
Non-CDN agonists Directly binding to STING GSK3745417, [120]
E-7766 [121]
CDN-infused exosomes Exosomes delivering CDNs exoSTING [122]
Bacterial engineered vectors Bacterial producing CDNs SYNB1891 [123]
Small molecule-nucleic Increasing the
acid hybrids molecular stability SB 11285 [124,125]
. . . . MK-2118, [126,127]
Undisclosed type STING agonist Undisclosed mechanism XMT-2056 [128]

5.2. Translating STING Agonists: Clinical Challenges and Solutions

The translation of STING agonists into safe and effective therapies faces several
hurdles. First, the instability of agonists such as CDN analogs has limited their utility [129].
Ectonucleotide pyrophosphatases (ENPPs) cleave and inactivate CDNs. Second, systemic
administration of potent STING agonists risks excessive inflammation and cytokine-release
syndrome [110], so delivery strategies must balance efficacy and toxicity. Intratumoral
injection has been employed to limit systemic exposure, but it is impractical for inaccessible
or metastatic lesions. Pan and colleagues identified MSA-2, an orally available non-CDN
STING agonist that produced tumor regression in mice bearing MC38 tumors with a
well-tolerated regimen [130]. Unlike CDNs, non-CDN MSA-2 does not get degraded by
ENPPs and better penetrates the cell membrane, and may bind better to some variants
of STING alleles; they further showed that the acidified condition of TME contributes to
the specificity of MSA-2 activity in tumors, not in normal tissues [130]. Targeted delivery
systems, including nanoparticles and antibody conjugates, may also help overcome these
two challenges.

Third, STING activation by agonists can provoke protumorigenic reactions in the
TME. For example, a recent report from Song et al. showed that STING agonists strongly
induce cell-intrinsic expression of PD-L1 in tumor monocytes, which causes resistance
to immunotherapy [131]; the authors also found that TLR2 activation can rewire STING
signaling to reduce PD-L1 in these monocytes, providing a rational for combination strate-
gies with TLR2 agonists [131]. Thus, understanding the mechanism in which acute STING
activation reshapes the TME is essential to mitigate such protumorigenic effects and enable
effective immune cell infiltration and function.

Fourth, STING allelic variation complicates clinical translation: single nucleotide
polymorphisms generate receptor variants (e.g., R232H) with reduced ligand bind-
ing [40,132,133]. Gain-of-function STING alleles also exist and could predispose to autoim-
munity [134], so dosing strategies may need to be tailored to STING genotype. Predictive
biomarkers for STING agonist efficacy are still limited. STING genotypes may guide ago-
nist selection, but intact downstream of the pathway (e.g., TBK1, IRF3, interferon response
genes) is also required. Another necessary component is a competent immune system
where APCs and CD8+ T cells are functional. Tumors with low baseline STING activity
typically show poor immune infiltration and weak responses to anti-PD-1. By increasing
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STING activation via delivering STING agonists into the tumor, the release of type I IFNs
recruits APCs and T cells and cause inflammation in the tumor as well. The inflammation
increases the expression of PD-L1 on tumor cells, which now become more responsive to
anti-PD1 treatment [135,136].

Currently, multiple STING agonists are being tested in clinical trials against advanced
solid tumors or refractory cancers, with most STING agonists in Phase I trial, a few in Phase
II, and none having reached Phase III due to limited durable efficacy [106]. Continued
mechanistic and translational studies focused on TME context, temporal dynamics of
STING signaling, and targeted delivery will be key to advancing STING-based therapies.

6. Discussion

Our review highlights the dualistic nature of cGAS-STING signaling in metastatic pro-
gression and dormancy: in general, acute and robust activation in antigen-presenting cells
promotes antitumor immunity and can suppress metastatic outgrowth [93,94], whereas
chronic and low-level cancer-intrinsic activation often drives noncanonical NF-«B signaling,
immunosuppression, and prometastatic phenotypes [25,100]. These context-dependent
outcomes underscore the importance of cell type, activation kinetics, and downstream
pathway engagement in determining net biological effects. Mechanistically, the balance be-
tween type I IFN-driven immune stimulation and NF-kB-mediated inflammatory programs
appears to be a critical determinant of whether STING signaling restrains or facilitates
metastasis, and emerging evidence implicates intercellular cGAMP transfer, epigenetic
regulation of pathway components, and tumor microenvironment composition as key
modulators of this balance [92,119,120].

Translating STING biology into effective therapies will require strategies that maximize
acute antitumor immunity while minimizing chronic, tumor-promoting inflammation and
autoimmunity. Rational approaches include optimized delivery modalities (e.g., targeted
or local administration) [41,106,110,111], patient stratification by STING pathway integrity
and genotype, and combination regimens that counteract downstream immunosuppressive
consequences (e.g., NF-kB modulators, or agents that limit MDSC recruitment). Future
work should prioritize spatiotemporal characterization of STING activation in metastatic
niches, identify predictive biomarkers of response and toxicity, and employ preclinical
models that recapitulate dormancy and metastatic microenvironments to guide safe and
effective clinical translation.

7. Conclusions

The cGAS-STING pathway plays context-dependent and multifaceted roles in cancer
metastasis and dormancy, with its effects determined by the magnitude and duration
of activation as well as the cell type in which the pathway is activated. While acute
and strong cGAS-STING activation can enhance antitumor immune surveillance and
suppress metastatic outgrowth, chronic and weak signaling may promote inflammation,
immune suppression, and metastatic progression. Therefore, a better understanding of the
spatial and temporal regulation of cGAS-STING signaling will be essential for developing
therapeutic strategies that maximize its tumor-suppressive effects while minimizing its
tumor-promoting consequences.
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APCs antigen-presenting cells
CAFs cancer-associated fibroblasts
CDN cyclic dinucleotide

cGAS cyclic GMP-AMP synthase
DMBA 7,12-dimethylbenz(a)anthracene
DMXAA  5,6-dimethylxanthenone-4-acetic acid

ECM extracellular matrix

EMT Epithelial-Mesenchymal Transition
FAA flavone-8-acetic acid

ICB immune checkpoint blockade
MDSC Myeloid-Derived Suppressor Cell
MET Mesenchymal-Epithelial Transition
NK natural killer

STING stimulator of interferon genes

TME tumor microenvironment
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