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Cyclic GMP-AMP synthetase (cGAS), recognized as the primary DNA sensor

within cells, possesses the capability to identify foreign DNA molecules along

with free DNA fragments. This identification process facilitates the production of

type I IFNs through the activator of the interferon gene (STING) which induces

the phosphorylation of downstream transcription factors. This action

characterizes the most archetypal biological functionality of the cGAS-STING

pathway. When treated with anti-tumor agents, cells experience DNA damage

that triggers activation of the cGAS-STING pathway, culminating in the

expression of type I IFNs and associated downstream interferon-stimulated

genes. cGAS-STING is one of the important innate immune pathways,the role

of type I IFNs in the articulation between innate immunity and T-cell antitumour

immunity.type I IFNs promote the recruitment and activation of inflammatory

cells (including NK cells) at the tumor site.Type I IFNs also can promote the

activation and maturation of dendritic cel(DC), improve the antigen presentation

of CD4+T lymphocytes, and enhance the cross-presentation of CD8+T

lymphocytes to upregulating anti-tumor responses. This review discussed the

cGAS-STING signaling and its mechanism and biological function in traditional

tumor therapy and immunotherapy.

KEYWORDS

cGAS-STING pathway, DNA damage, type I IFNs, tumor immunotherapy, immune
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Introduction

Innate immunity serves as the host’s frontline defense against foreign microbial

infections, playing a pivotal role in immune responses that clear viruses and bacteria.

The detection of “foreign” DNA stands as one of the most fundamental mechanisms of

host defense responses. Restriction endonucleases and Clustered Regularly Interspaced

Short Palindromic Repeats (CRISPR) safeguard bacteria against the invasion of plasmid

DNA and bacteriophages (1, 2). In mammalian cells, innate DNA receptors and associated
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intracellular signaling incite robust immune responses against

extrinsic pathogenic microorganisms. The cGAS-STING signaling

pathway acts as a key cellular effector, sensing and responding to

foreign double-stranded DNA (dsDNA) in the cytoplasm, which

stimulates the expression and secretion of type I IFNs and

downstream interferon-stimulated genes (ISGs). This action

contributes to establishing a natural immune defense response

(3, 4).

Double-stranded DNA(dsDNA)which is independently of the

DNA sequence can activate cGAS, Physical and chemical factors

lead to genomic DNA damage, damaged mitochondria, genomic

instability, virus and pathogen infection of cells,decreased activity of

DNA exonuclease and other factors may lead to dsDNA in the

cytoplasm. The dsDNA is identified by the DNA receptor cyclic

GMP-AMP synthase (cGAS), thereby activating the cGAS-STING

signaling pathway (5). This activated pathway encourages the

production of various immune and inflammatory mediators,

including type I IFNs and senescence-associated secretory

phenotype (SASP) (6). As part of the innate immune system, the

cGAS-STING pathway forms a critical surveillance system that

responds to widespread tissue damage and pathogen invasions. Its

dysregulation is linked with the pathogenesis of a broad range of

human diseases, including infectious diseases, autoimmune

diseases, cancer, and neurodegenerative diseases (7–11).

DNA damage acquired by precancerous cells during

tumorigenesis and exposure to classical cancer treatments

(radiotherapy or chemotherapy) induces DNA damage and

micronucleus formation, thereby activating the cGAS-STING

pathway and inducing the production of type I IFNs and other

cytokines that enhance anti-tumor immunity (12, 13). Roger A.

et al. reported that mitotic progression following dsDNA breakage

leads to the formation of micronuclei, which are recognized by

cGAS (14). The inhibition of mitotic progression or loss of pattern

recognition in cancer cells prevents micronucleus formation,

thereby suppressing the immune response (14). This review

explores the self-regulatory mechanism of the cGAS-STING

signaling pathway and expounds on its role in tumor

immunotherapy, considering DNA sensing (cGAS senses

dsDNA), the intracellular signaling cascade, and immune

response activation.
The cGAS-STING pathway

The cGAS-STING pathway is an evolutionarily conserved

mechanism prevalent in several mammals, where it mediates

immune responses against pathogens (15, 16). As a novel DNA

sensor, cGAS recognizes extracellular dsDNA (originating from

viral, bacterial, and plasmid DNA), along with cytoplasmic free

DNA fragments derived from damaged DNA and mitochondrial

DNA (17). Upon detecting cytoplasmic dsDNA, cGAS facilitates

cGAMP production, employing ATP and GTP as substrates. The

produced cGAMP binds to and activates STING on the

endoplasmic reticulum (ER) membrane (18).

The C-terminal domain (CTD) of STING forms a V-shaped

binding pocket that faces the cytoplasm. When inactive, STING is
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anchored to the ER in the form of butterfly-like dimers via several

transmembrane domains (19). cGAMP binding triggers extensive

conformational changes in the CTD, particularly in the V-shaped

dimer, which adopts a closed conformation with a “lid” covering the

cGAMP-binding site (20). This conformational change propels

STING from the ER to the Golgi complex via the ER-Golgi

intermediate compartment through an unknown mechanism (21,

22). The translocation of STING to the Golgi complex is vital for the

activation of downstream signaling components and the regulation

of type I IFNs transcription, which is a characteristic output signal

of cGAS-STING activity.

Within the Golgi complex, STING undergoes palmitoylation at

two cysteine residues (Cys88 and Cys91) (23, 24), accounting for the

necessity of STING’s translocation to the Golgi complex.

Palmitoylation further enhances STING oligomerization and

subsequent activation of TBK1. However, mere recruitment of TBK1

is insufficient to activate IRF3 (25). Instead, the phosphorylation of a

conserved consensus motif (pLxIS; where p is a hydrophilic residue,

and x represents any residue) in the STING CTD (S366), which is

mediated by TBK1, proves crucial for the STING-IRF3 interaction (26,

27). TBK1 then phosphorylates IRF3, which subsequently dimerizes

and translocates to the nucleus to initiate type I IFNs expression.

Additionally, STING can interact with nuclear factor kB (NF-kB)
kinase inhibitor (IKK), leading to the transcriptional activation of NF-

kB and thereby controlling the expression and secretion of pro-

inflammatory cytokines (28) (Figure 1).
Post-translational modification
of cGAS

Effective activation of cGAS within the innate immune pathway

is crucial for countering exogenous pathogenic infections. However,

excessive activation of cGAS might lead to immunological damage

during responses to DNA viruses (29). The primary mechanism for

cGAS activation involves its binding to dsDNA, but the regulation

of the cGAS pathway also involves other mechanisms. For instance,

post-translational modifications of the cGAS protein are pivotal in

shielding the immune system against damage during responses to

foreign pathogens (30, 31). These post-translational modifications

primarily encompass phosphorylation, acetylation, and

ubiquitination (29, 32, 33). In humans and mice, AKT can inhibit

cGAS activity by phosphorylating residues S291 and S395 (34).

Zusen Fan et al. demonstrated that mice lacking Agbl5 or Agbl6

were prone to DNA virus infection, and these proteins were

necessary for the activation of type I IFNs in macrophages.

AGBL5 catalyzes the hydrolysis of cGAS’s monoglutamate

residue, whereas AGBL6 catalyzes the deglutamylation of cGAS’s

polyglutamate side chains. Therefore, the glutamylation and

deglutamylation of cGAS proteins jointly modulate immune

responses (35). ZDHHC18-mediated palmitoylation can inhibit

the activity of cGAS after its binding to DNA through a negative

feedback mechanism, thereby negatively regulating the activation of

downstream innate immune signaling pathways. This discovery

sheds light on a novel and refined innate immune signaling

pathway (36).
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During cell division, the loss of the nuclear envelope allows

cGAS to access genomic DNA. However, cGAS does not become

hyperactivated to provoke an overly potent innate immune

response. The research team led by Andrea Ablasser reported that

the disappearance of the nuclear membrane barrier promotes

BANF1’s competitive binding to DNA, which inhibits cGAS’s

binding to genomic DNA, thereby preventing cGAS

overactivation (37). Alongside various epigenetic modifications,

cGAS activity is regulated by other genes. For instance, KU

proteins (XRCC5 and XRCC6) directly interact with cGAS and

positively regulate cGAS-mediated antiviral signaling (38). ZYG11B

boosts natural immune responses by enhancing the binding of

cGAS to exogenous free DNA (39). Further studies are imperative

to unravel the regulatory mechanisms of the cGAS-STING pathway

and to ascertain the role of this pathway in the progression of

human diseases.
Biological function of cGAMP

Cyclic GMP-AMP (cGAMP) is a second messenger synthesized

from activated cGAS using ATP and GTP as substrates. In tumor

cells, cGAMP produced following radiotherapy can function

as extracellular immune mediators (40). The interstitial

cGAMP, taken up by immune cells infiltrating the tumor

microenvironment, activates the STING pathway in these cells,

enhancing their cytotoxicity (41). Extracellular cGAMP can also

activate STING in paracancerous cells through unknown

mechanisms, further promoting natural killer (NK) cell responses

(41). In addition to stimulating cells in an autocrine manner to

trigger a signaling cascade response, cGAMP can be transferred to

adjacent cells through gap junctions (42). Recent studies have

identified that gap junctions, SLC19A1, P2X7R, LL37, and LRRC8

can facilitate the cell-to-cell or extracellular-to-intracellular transfer

of cGAMP (43–47).

cGAMP can enhance the transcription of interferon and

activate and recruit dendritic cells (DCs) (48). These DCs, along

with macrophages and tumor cells, secrete chemokines like CXCL9

and CXCL10, which aid in recruiting circulating CXCR3-expressing

CD8+ T cells to the tumor site to exert cytotoxic effects on tumor

cells (49, 50). The recruited DCs enhance the recruitment of

inflammatory cytokines and CD8+ T cells, promoting T-cell

activation in the lymph nodes, initiating an immune response,

and amplifying their cytotoxic effects against tumors (51, 52).

Various factors mediating T cell homing play a crucial role in

regulating tumor immunity (53). Interferons upregulate the

expression of multiple chemokines, such as CXCL9 and CXCL10,

promoting the migration and infiltration of cytotoxic T

lymphocytes (CTLs) (54). Stress-induced immunogenic cell death

triggers the release of cytokines like ATP, type I IFNs, IL-1b, and
annexin A1, which regulate the function of both innate and adaptive

immune cells in the tumor microenvironment (55).

Despite such a stringent immune regulatory response, some

tumor cells still possess mechanisms for evading immune

recognition by extracellular cGAMP. For instance, in the triple-

negative breast cancer cell line MDA-MB-231, tumor cells can
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hydrolyze extracellular cGAMP via ENPP1, inhibiting immune cell

activation. The adenosine produced following the hydrolysis of

cGAMP further impedes antitumor immunity and fosters tumor

metastasis (56). Nevertheless, this should not deter us from

deepening our understanding of cancer and potentially

d i scover ing new therapeut i c ta rge t s for innova t ive

cancer treatments.
Transcriptional and
epigenetic regulation of the
CGAS-STING pathway

Chronic activation of the STING pathway induced by

chromosomal instability (CIN) can promote downstream changes

in cell signal transduction, thereby inhibiting highly effective anti-

tumor immunity, which is one of the reasons why the cGAS-STING

pathway in tumor cells does not work “normally” (57). In addition,

immune escape is achieved in many different types of tumors due to

inactivation of cGAS/STING signaling due to loss-of-function

mutations or epigenetic suppression (58, 59). The activity of

cGAS is often diminished in tumor cells due to epigenetic

modifications, a process mitigated by DNA methylation inhibitors

(60). These immunomodulatory signals and genes include

interferons, with DNA methyltransferase inhibitors (DNMTis)

notably upregulating the expression of Interferon-stimulated

genes (ISGs) in various cancer cells (61, 62). Zebularine, a

DNMTi, not only inhibits tumor cell growth but also upregulates

the expression of STING by inducing cytoplasmic DNA

accumulation. Additionally, zebularine aids in the recruitment

and activation of immune cells to exert anti-tumor effects,

reducing tumor burden through the upregulation of type I IFNs,

amplification of antiviral response, and other immunomodulatory

mechanisms (60).

The research team led by David M. Ashley performed

methylated DNA sequencing (Illumina) on tumor samples from

patients with glioblastoma (GBM). This sequencing revealed that

the CpG site cg16983159 on the STING promoter was

hypermethylated, thereby inhibiting the expression of STING

mRNA (59). The hypermethylation of cg16983159 was also

observed in both healthy adult and fetal brains, suggesting that

STING promoter methylation is conserved during brain

development and tumorigenesis. Decitabine, a DNMTi, could

suppress methylation at cg16983159 and upregulate STING

expression in GBM cell lines, enabling the previously cGAMP-

insensitive cells to respond to cGAMP stimulation and promoting

the expression of type I IFNs (59, 63).

The downregulation of cGAS and STING genes through

epigenetic modification is a shared characteristic among various

tumor cells (64). Thus, it is essential to elucidate the regulatory

mechanisms of the cGAS-STING signaling pathway in tumor cells.

In STING-defective melanoma cell lines, restoration of STING

signaling through demethylation was shown to upregulate HLA

and promote the expression of MHC-I, which in turn enhances the

recognition of tumor cells by killer T cells (58). This underscores the
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importance of epigenetic modifications in the cGAS-STING

pathway, tumor immune evasion, and the development of

tolerance to T cell immunotherapy. Furthermore, the role of

DNA methylation in innate STING signal transduction

dysfunction across various tumor cells is evident. The

downregulation of cGAS-STING in diverse tumor cells may be

closely linked to epigenetic modifications, offering a novel

theoretical foundation for reactivating the cGAS-STING pathway

to enhance anti-tumor immune responses.
Apoptosis activates the
CGAS-STING pathway

Apoptosis, an intrinsic process of cellular self-destruction,

encompasses various biological changes such as nuclear

membrane rupture, gene expression modulation, and genomic

DNA breakage (65), each of which may activate the cGAS-STING

signaling pathway. This mechanism serves to eliminate excessive,

aged, and damaged cells, thereby preserving the body’s

physiological functionality (66, 67). type I IFNs can induce tumor

cell apoptosis via both the exogenous death receptor-mediated

pathway and the endogenous mitochondrion-mediated

pathway (68).

In breast cancer, paclitaxel can induce the activation of cGAS

and release IFNb and TNFa, thereby driving other cell apoptosis in

a paracrine manner. Mechanically, these cytokines can induce the

apoptosis regulator Noxa to increase the mitochondrial

outermembrane permeabilization (MOMP) (69). At the same

time, apoptotic cells may also be able to activate the cGAS-

STING pathway in surrounding cells. In patients with advanced

hepatocellular carcinoma (HCC), STAT3 knockdown promotes

endoplasmic reticulum stress-induced apoptosis induced by

sorafenib. Importantly, the DNA released by dying HCC cells

stimulates the cGAS-STING signaling pathway in CD103+ DC

and promotes type I IFNs production, thereby enhancing the

anti-tumor function of CD8+ T and NK cells (70). Moreover, type

I IFNs can activate CD8+ T cells and extend the overall survival of

tumorigenic mouse models by impeding breast cancer cell

metastasis (71).

Rautela et al. blocked endogenous type I IFNs and its

downstream signaling pathways in wild-type mice by knocking

out the type I IFNs receptor (creating C57BL/6Ifnar1−/− mice).

Consequently, the cytotoxicity of NK cells against tumor cells was

markedly attenuated in these mice, leading to an accelerated bone

metastasis of breast cancer (41). This underlines the crucial role of

type I IFNs in lymphocyte activation, strengthening tumor immune

surveillance, and inhibiting tumor metastasis.
The cGAS-STING pathway and
cellular senescence

Cellular senescence, a process marked by the gradual decline in

a cell’s proliferation, differentiation capacity, and physiological
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function over time, can be triggered by various stressors such as

exogenous stress, drug stimulation, and genomic instability (72, 73).

These stressors induce a state of replicative cycle arrest, preventing

the transmission of damaged DNA to subsequent generations while

staving off potential cellular deterioration (73). Beyond inducing

cycle arrest, senescent cells also secrete a plethora of inflammatory

cytokines, chemokines, growth factors, and proteases, a

phenomenon referred to as the SASP (74). Chemokines and

proinflammatory factors, products of SASP, can activate and

recruit lymphocytes to eliminate cells harboring abnormal,

damaged DNA (74).

Cellular senescence can promote micronucleus formation,

thereby activating cGAS (75, 76). Abnormal cytoplasmic DNA

(CCFs), released due to genomic instability caused by senescence,

is recognized by cGAS, triggering the cGAS-STING pathway. This

induces pro-inflammatory factors to clear senescent cells and

prevent their transformation into tumor cells (77). Consequently,

cGAS-STING-mediated DNA damage perception is essential for

SASP. In cells where cGAS or STING is deleted, the senescence

process slows in response to various stresses (78). The absence of

cGAS expedites the spontaneous immortalization of mouse

embryonic fibroblasts (78) and eliminates SASP induced by

spontaneous immortalization or DNA damaging agents, including

radiation and etoposide (79). In patients with human lung

adenocarcinoma, low expression of cGAS is associated with

poorer survival outcomes (70).

Studies have shown that with age, the abundance of autophagy

associated proteins gradually declines and less cargo is delivered to

lysosomes, suggesting that impaired autophagy is a major feature of

aging in the body (80). Recent studies have shown that the

activation of cGAS-STING pathway is closely related to

autophagy. After DNA stimulation, STING protein was co-

located with autophagy marker LC3 (81). cGAS and Beclin-1

promoted autophagy through interaction. This interaction

inhibits cGAS catalytic activity, thereby negatively modulating the

cGAS-STING pathway to avert excessive immune activation of this

pathway (82). Furthermore, STING has been reported to activate

autophagy independently of TBK1 and interferon induction, thus

preventing tumorigenesis (21). These findings suggest that SASP

induction via the cGAS-STING pathway may avert cancer by

instigating senescence processes that enhance lymphocyte-

mediated clearance of abnormal cells through proliferation.
cGAS-STING and chromosome
instability in tumor cells

In DNA mismatch repair-deficient (MMRd) tumor cells, DNA

leakage into the cytoplasm occurs (83). Upon DNA damage and

spillage, cGAS recognizes and activates the expression of interferon

and other immune factors, which, in conjunction with anti-

inflammatory cytokine release, can recruit lymphocyte infiltration

to effectuate tumor cell eradication (84). Given that persistent

chronic inflammation in chromosomally unstable tumors can

foster tumor development, it has been discovered that cGAS-
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STING signaling inactivation can selectively inhibit the survival of

chromosomally unstable (CIN) triple-negative breast cancer cells

(85). CIN instigates IL-6-STAT3 mediated signaling via the cGAS-

STING pathway and the noncanonical NF-kB pathway, thus

promoting tumor cell growth and metastasis. When DNA

damage is detected in cells, cGAS can be translocated to the

nucleus and recruited to DNA damage sites. By interfering with

the formation of the PARP1/Timeless complex, cGAS inhibits DNA

homologous recombination repair, reducing genomic stability and

fostering tumorigenesis (86). These studies have shown that the

cGAS-STING pathway exerts multifaceted effects on tumors, with

different tumor types influencing distinct mechanisms of cGAS-

STING action. Hence, comprehensive exploration of these diverse

mechanisms offers promising avenues for the development of

targeted therapeutics and may significantly improve the prognosis

of patients with various types of cancer.
The CGAS-STING and radiotherapy
of cancer

Radiation therapy, an essential cancer treatment method

alongside surgery and chemotherapy, employs ionizing radiation

to instigate intracellular DNA double-strand breaks, thus leading to

cell death (87). In addition to directly killing tumor cells,

radiotherapy exerts distant effects to reduce tumor size (87).
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Throughout this process, weakened and damaged tumor cells

release immune-stimulating proteins and cancer antigens.

Macrophages and dendritic cells (DCs) present these antigens,

thereby activating cytotoxic T-lymphocytes (CTLs) which seek

out and assault cancer cells unexposed to radiation (88). This

suggests that DNA damage-induced cell death is not the sole

anticancer mechanism at play in radiation therapy.

Radiation induces an increase in the number of intracellular

micronucleus, and micronucleus rupture leads to double-stranded

DNA accumulation, which can be sensed by the cGAS-STING

pathway (89). This mechanism links genomic instability to innate

immune responses.A wealth of prior research indicates that

immune cells, especially CD8+ T cells, are pivotal in determining

the therapeutic efficacy of radiotherapy (90). Moreover,

Radiotherapy induced the activation of intracellular cGAS-STING

pathway and upregulated the expression of type I IFNs and other

cytokines.the activation of type I IFNs at tumor sites and type I IFNs

receptor activation on immune cells, both induced by radiation, are

crucial to the efficacy of radiotherapy (91). Various studies have

illustrated that radiation-induced DNA damage and subsequent cell

death can trigger antitumor immune responses via the activation of

the cGAS-STING pathway (92, 93).

However, while high radiation doses during radiotherapy serve

to exterminate tumor cells, they can also inadvertently inflict DNA

damage on immune cells, a common side effect of radiotherapy

(94). At radiation doses of 12–18 Gy, the DNA exonuclease TREX1
FIGURE 1

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon gene (STING) pathway. In host cells, cGAS recognizes cytoplasmic free DNA and
catalyzes the formation of cyclic GMP-AMP (cGAMP), a second messenger. cGAMP activates STING to recruit TBK1, which phosphorylates IRF3,
inducing the expression of type I IFNs. STING can also bind to nuclear factor kB (NF-kB) kinase inhibitor (IKK), which induces the transcriptional
activation of NF-kB and regulates the expression and secretion of pro-inflammatory cytokines.
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present in tumor cells can degrade the DNA that has accumulated

within the nucleus, thereby reducing immunogenicity. This action

of TREX1 inhibits the cGAS-STING-mediated expression of type I

IFNs, in turn attenuating the cytotoxic effects of CD8+ T cells on

tumor cells (95, 96). Clinical studies have demonstrated that

combining radiotherapy with immune checkpoint inhibitors can

enhance therapeutic efficacy by upregulating PD-L1 expression and

activating the cGAS-STING pathway (96, 97). To illuminate the

immunomodulatory mechanism of tumor radiotherapy and

evaluate its potential for combination with other forms of

immunotherapy, clinical trials involving the concomitant use of

immune checkpoint inhibitor therapy and radiotherapy are

currently in progress. Such trials are poised to provide novel

insights into alternative treatment options for tumors.
The cGAS-STING and chemotherapy

Chemotherapy, as a principal therapeutic strategy for cancer,

was once thought to only exert cytotoxic effects directly. However,

emerging studies suggest that chemotherapy can also activate anti-

tumor immunity (98). Chemotherapeutic drugs can induce cellular

DNA damage, resulting in the upregulation of downstream

chemokines such as CXCL10 and CXCL9 through the cGAS-

STING pathway. This consequently augments the number of

dendritic cells (DCs) and circulating tumor antigen-specific CD8+

T cells within the tumor microenvironment (99). Additionally,

chemotherapeutic drugs can synergize with immune checkpoint

inhibitors, enhancing survival and establishing enduring anti-tumor

immune memory (64). It is noteworthy that micronuclei formation

during chemotherapy can activate cGAS, thereby triggering anti-

tumor immune responses (100). These insights have opened new

frontiers in anti-cancer drug development, showing that

chemotherapeutic drugs exert immunostimulatory effects in

addition to their cytotoxic capabilities.

Specific chemotherapy drugs, such as cyclophosphamide, can

promote the exhaustion of regulatory T cells (Tregs) and restore the

effector function of T cells and natural killer (NK) cells (101).

Cisplatin has the ability to upregulate MHC-I expression, thereby

directly enhancing T cell function (102). Doxorubicin is strongly

linked to the inhibition of myeloid-derived suppressor cells

(MDSCs), the upregulation of type I IFNs, and the induction of

immunogenic cell death (103). Importantly, low-dose

chemotherapy or radiotherapy can stimulate anti-tumor immune

responses. Prior studies have demonstrated that radiation can

induce type I IFNs production via the cGAS-STING signaling

pathway, thereby enhancing T cell priming.

In the context of BRCA-deficient triple-negative breast cancer

models, the therapeutic efficacy of PARP inhibitors hinges on the

recruitment of CD8+ T cells to the tumor through the activation of

the STING pathway. This recruitment results in an upregulation of

PD-L1 expression on cancer cells upon treatment with PARP

inhibitors (104). Consequently, PARP inhibitors can increase

tumor sensitivity to anti-PD-L1 immunotherapy. PARP inhibitors

also have the capacity to activate the cGAS-STING pathway in
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immune cells, thereby inducing anti-tumor immunity by effectively

exterminating cancer cells and promoting the release of tumor-

derived DNA (105). Moreover, when tumor cells sustain DNA

damage response pathways or lack cGAS, the combination of

STING agonists and PARP inhibitors can be utilized to further

bolster anti-tumor immunity, effectively broadening the

applicability of PARP inhibitors (Figure 2).
cGAS-STING pathway and immune
checkpoint inhibitor therapy

The emergence of cGAS-STING mediated cancer immune

surveillance coupled with the application of immunotherapy have

inaugurated a new epoch in cancer treatment. Immunotherapy, by

bolstering the immune system’s capacity to recognize and eradicate

specific cancer cells, provides a novel modality to combat cancer

(106). Both radiotherapy and chemotherapy can facilitate the

release of free DNA from damaged cells and instigate anti-tumor

immunity through the activation of the cGAS-STING signaling

pathway, an integral part of cancer treatment (4, 86, 107) (Figure 3).

Activation of STING can induce downstream gene products and

improve tumor immune microenvironment, the downstream type I

IFNs can enhances the cytotoxic activity of immune cells such as

macrophages, dendritic cells (DCs), B cells, and T cells against

tumor cells (108). Numerous studies have shown that activation of

STING and anti-PD-1/PD-L1 combination therapy show

synergistic tumor growth inhibition in animal models such as

breast cancer and melanoma (109, 110). In addition, a variety of

STING agonists have entered the stage of clinical research, and

activation of STING pathway as a promising cancer treatment will

be further elaborated in this paper.

Moreover, type I IFNs can trigger CD8+ T cells and NK cells

and escalate tumor antigen levels (41). Activated DCs present

tumor surface antigens to T lymphocytes, bolstering the cytotoxic

impact of CD8+ T cells on tumor cells. Within the immune system,

regulatory T (Treg) cells contribute to anergy and immune

suppression (111). Treg cells can impede lymphocyte recognition

of tumor cells through various mechanisms. An upsurge in Treg

cells can facilitate tumor immune escape, while activation of

FOXP3+CD25+CD4+ Treg cells can markedly dampen tumor

immune response (112). Type I IFNs can curb the proliferation of

Treg cells, reduce the number of myeloid-derived suppressor cells

(MDSCs), and inhibit their suppressive effects on immune

activation (113).

Endogenous cGAS-STING signals can promote the

differentiation of naive T cells into stem cell-like memory T cell

(Tscm) subsets, which display traits of both memory cells and stem

cells. The phenotype of Tscms in cancer patients is characterized as

CCR7+CD62L+CD45RO−CD95+ (114, 115). Activation of the

endogenous cGAS-STING pathway can amplify the cytotoxic

effects of lymphocytes on tumors. Furthermore, the endogenous

cGAS-STING pathway can significantly enhance the therapeutic

efficacy of human chimeric antigen receptor T cells in solid

tumors (64).
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FIGURE 3

Type I IFNs are the bridge between innate immunity and T cell-based anti-tumor immunotherapy. The activation of the cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon gene (STING) pathway can induce the expression of Type I IFNs, which can recruit inflammatory cells and natural
killer cells to tumor tissues. Chemokines, such as CXCL10 and CXCL9 can also enhance the cytotoxic effect of tumor-specific CD8+ T cells on
tumors. Type I IFNs enhance lymphocyte-mediated tumor immune responses and promote the cytotoxic effects of lymphocytes in combination
with tumor immune checkpoint inhibitors, which inhibit the interaction between tumor cells and lymphocytes, resulting in immune escape.
FIGURE 2

Radiotherapy and chemotherapy enhance the cytotoxic effects of lymphocytes against tumors. Chemotherapy and radiotherapy can induce DNA
damage and consequently promote tumor cell death. The damaged DNA can activate the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
gene (STING) signaling pathway, inducing the expression of type I IFNs and promoting the infiltration and cytotoxic effects of CD8+ T cells.
Frontiers in Immunology frontiersin.org07

https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1200245
Activation of innate immunity in
tumor therapy

Immune checkpoint inhibitor therapy represents an innovative

treatment avenue within oncology (116). The utilization of different

antibodies that target immune checkpoints, such as PD-1, PD-L1,

and CTLA-4, has produced beneficial outcomes for cancer patients

(117, 118). This therapy enhances the immune responses of T cells

against tumors characterized by low immunogenicity. The absence

of tumor antigens, activated T cells, and lymphocyte homing,

coupled with defective antigen-presenting cells (108), results in

diminished T cell immune responses, thereby reducing the efficacy

of immune checkpoint therapy (119).

A promising strategy to enhance the efficacy of tumor

immunotherapy involves bolstering the response rate of patients

by increasing T cell infiltration via tumor immune checkpoint

inhibitors. Mouse tumor-bearing models lacking cGAS or STING

were more prone to tumor growth, and in models (120, 121), the

deficiency of cGAS and STING impaired the response of mouse

models to immune checkpoint inhibitor therapy (122, 123). Tumor

cells are absorbed by dendritic cells and macrophages, and tumor

DNA may enter the cytoplasm from the phagosomes of antigen-

presenting cells to activate the cGAS-STING pathway.Activation of

cGAS by cancer cell DNA leads to the production of type I IFNs and

chemokines, as well as the upregulation of co-stimulatory molecules

such as CD80 and CD86, which jointly stimulate the proliferation

and recruitment of tumor-specific T cells into the tumor,thus

enhancing the anti-tumor immune response (124).
Application of STING agonists in
cancer research

The administration of STING agonists, either independently or

in combination with immune checkpoint inhibitors, presents a

novel therapeutic strategy for cancer. Several STING agonists are

currently under clinical investigation (Table 1). STING agonists,

which include cyclic dinucleotides (CDNs) and their derivatives

(125), non-CDN small-molecule agonists (126), and antibody-drug

conjugates, represent a groundbreaking class of small-molecule

intrinsic immune agonists (127). The low molecular weight of

STING agonists enables high tumor distribution through systemic

administration. Furthermore, STING agonists have the potential to

overcome the limitations of immune checkpoint inhibitors and

exert robust anti-tumor effects on “cold tumors” by facilitating the

initiation and recruitment of tumor-specific CD8+ T cells. The

synergistic effect of STING agonists and immune checkpoint

inhibitors can be beneficial for patients with cancer.

CDNs, as the first-generation agonist of STING, are small

molecule ligands that can bind to STING proteins and activate

immune pathways for tumor immunotherapy (128, 129). The

GL261 and CT-2A cell lines were employed to construct

glioblastoma (BGM) animal models in mouse brains. ADU-s100,

a STING agonist, and as a small molecule CDNs drug, significantly
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increased both survival and long-term survival with immune

memory in GL261 models, suggesting the therapeutic potential of

STING in BGM (130). When administered systematically, CDNs

tend to induce the secretion of inflammatory cytokines in both

tumor and normal tissues. Given their short half-life and poor

metabolic stability, CDNs-based STING activators are primarily

administered via direct intratumoral injection in clinical trials.

However, intratumoral injection also limits their application in a

broader range of tumor therapies (131, 132).

MSA-2, reported by Merck, is an oral non-nucleotide STING

agonist that activates STING in the form of a non-covalent dimer to

appear in a “closed” structure. MSA-2 demonstrated favorable

antitumor effects in mouse models of colorectal cancer and was

able to confer long-term anti-tumor immunity (133). In addition, it

was found that MSA-2 and TGF-b/PD-L1 bispecific antibody

YM101 can activate the innate immune system and overcome

immunotherapy resistance (134). SR717, a non-nucleotide small

molecule STING agonist obtained by large-scale drug screening

targeting the cGAS-STING pathway in THP1 cells, also showed

notable anti-tumor activity in mouse tumor models. SR717 was able

to promote the activation of lymphocytes and cross-presentation of

antigens (135).

Antibody-drug conjugate (ADC), which leverages the specificity

of antibodies to couple STING agonists to tumor-specific

antibodies, concentrates the payload on the tumor and is thus

capable of reducing unnecessary exposure to normal tissue cells.

Zhijian J. Chen et al. conjugated cGAMP analogue IMSA172 into

mu-aEGFR antibody, and the ADC drug exhibited a potent anti-

tumor effect in a melanoma mouse model. When further combined

with an anti-PD-L1 antibody, an exceptional anti-tumor effect was

observed (127). The utilization of bacteria to deliver STING

agonists to tumor interiors is also under active investigation

(136, 137).

As a natural STING agonist, manganese can lead to the release

in organelle when cells are infected by virus, which activates the

cGAS-STING pathway of cells, greatly improves its response to

cytoplasmic DNA, and even enables it to be activated at the level of

DNA that is originally not active (138). As STING agonist, Mn2+

can up-regulate antigen-presenting cells’ ability to present tumor

antigens through cGAS-STING, and promote tumor tissue invasion

and specific killing ability of CD8+T cells. When Mn2+ is combined

with PD-1 antibody, the tumor therapeutic effect of PD-1 antibody

can be significantly enhanced in a variety of tumor models (139),

and the synergistic effect of manganese and TGF-b/PD-L1 bispecific
antibody YM101 can also show significant tumor inhibition (140).

Pharmacological activation of STING has been demonstrated to be

an effective cancer immunotherapy approach in a variety of preclinical

models (141). Importantly, overactivation of STING results in the

sustained production of cytokines, leading to uncontrolled

inflammation and cytokine storms, tissue toxicity, autoimmunity,

and an inflammatory tumor microenvironment that promotes tumor

growth (142, 143). As research continues to advance, the development

of systemic STING agonist administration strategies and the targeting

of drugs under systemic administration mode bear significant

research implications.
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TABLE 1 Clinical trials on stimulator of interferon gene (STING) agonists.

Types of
drugs

Sponsor
Drug

administration
NCT

number
Condition or disease Status

Route of
Delivery

Bacterial
Vectors

Synlogic SYNB1891 NCT04167137 Metastatic Solid Neoplasm; Lymphoma
I

(Recruiting)
Intratumoral

CDN
compounds

Chinook
Therapeutics

ADU-S100

NCT03937141
Metastatic Head and Neck Cancer; Recurrent Head

and Neck Cancer
II

(Terminated)
Intratumoral

Chinook
Therapeutics

NCT02675439 Advanced/Metastatic Solid Tumors or Lymphomas
I

(Terminated)
Intratumoral

Novartis
Pharmaceuticals

NCT03172936 Solid Tumors and Lymphomas
Ib

(Terminated)
Intratumoral

Bristol-Myers
Squibb

BMS-986301 NCT03956680 Advanced Solid Cancers
I

(Active, not
recruiting)

Intramuscular

Merck Sharp &
Dohme LLC

MK-1454

NCT04220866 Head and Neck Squamous Cell Carcinoma
II

(Completed)
Intratumoral

Merck Sharp &
Dohme LLC

NCT03010176 Solid Tumors; Lymphoma
I

(Completed)
Intratumoral

F-star
Therapeutics

SB11285 NCT04096638
Melanoma; Head and Neck Squamous Cell

Carcinoma; Solid Tumor
I

(Recruiting)
Intravenous

ImmuneSensor
Therapeutics Inc

IMSA-101 NCT04020185 Solid Tumor, Adult
I

(Recruiting)
Intratumoral

Merck Sharp &
Dohme LLC

MK-2118 NCT03249792 Solid Tumor; Lymphoma
I

(Completed)
Intratumoral

Neoplasms BI-1387446 NCT04147234 Boehringer Ingelheim
I

(Active, not
recruiting)

Intratumoral

Takeda TAK-676 NCT04879849
Carcinoma of non-small cell lung; Triple Negative
Breast Neoplasms; Squamous Cell Carcinoma of

Head and Neck
Recruiting Intravenous

Eisai Inc E-7766 NCT04144140 Lymphoma; Advanced Solid Tumors
I

(Completed)
Intratumoral

Shanghai De Novo
Pharmatech

dn-015089
CTR20212462

(china)
Solid tumour

I
(Recruiting)

Subcutaneous,
Intratumoral

Non-CDN
small

molecules

Eisai

E7766

NCT04144140 Lymphoma; Advanced Solid Tumors
I

(Completed)
Intratumoral

Eisai NCT04109092 Urinary Bladder Neoplasms
I (

Withdrawn)
Intravesical

Merck Sharp &
Dohme LLC

MK-2118 NCT03249792 Solid Tumor; Lymphoma
I

(Completed)
Intratumoral

Stingthera SNX281 NCT04609579 Advanced Solid Tumor
I

(Recruiting)
Intravenous

Takeda TAK676 NCT04879849
Non-small-cell lung Cancer; Triple-negative Breast
Cancer; Squamous-cell carcinoma of the head and

neck

I
(Recruiting)

Intravenous

GlaxoSmithKline TTI-10001 NCT05424380 Acute Myeloid Leukemia
I

(Recruiting)
Intravenous

HitGen Inc. GSK-3745417 NCT04998422 Advanced Solid Neoplasm
I

(Recruiting)
Intravenous

Sichuan Kelun-
Biotech

Biopharmaceutical
HG-381

CTR20221772
(china)

Solid tumour
I

(Recruiting)
Intratumoral

(Continued)
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Conclusions and future directions

Zhijian J. Chen and other researchers have underscored the

critical role of the cGAS-STING pathway in immune responses to a

broad spectrum of DNA pathogens and retroviruses (3, 5). This

review presents the cGAS-STING signaling pathway, examines its

primary regulatory role and function in anti-tumor responses, and

explores tumor immunotherapy strategies that could pave the way

for future research. Beyond inducing cell death, radiotherapy,

chemotherapy, and other therapeutic interventions can provoke

DNA damage in tumor cells, leading to the formation of

micronuclei as a result of reactive oxygen species accumulation,

radiation stress, chromosomal segregation errors, and replication

pressure (4, 144). Micronuclei disintegration can expose genomic

DNA to the cytoplasm, which can then be recognized and seized by

cGAS. type I IFNs, secreted via the cGAS-STING pathway, augment

antigen presentation through dendritic cells and amplify the

cytotoxic effects of T lymphocytes.

The cGAS-STING pathway explains the immunomodulatory

function of classical cancer therapy,The cGAS-STING pathway

enhances the anti-tumor immune response by detecting the

formation of micronucleus induced by DNA damage and

chromatin fragments present in the cytoplasm. cGAS-STING

pathway connects the cytotoxic effect and immune response into

a new tumor treatment model. Classical cancer therapy combined

with immune checkpoint inhibitor therapy showed synergistic

antitumor effects. Activation of cGAS-STING pathway further

promotes the infiltration of lymphocytes in the tumor immune

microenvironment to enhance anti-tumor immunity (144, 145).

The upregulation of the cGAS-STING signaling pathway to

augment the cytotoxic activity of lymphocytes presents a novel

strategy for tumor immune checkpoint inhibitor therapy. Inhibiting

the interaction of PD-1/PD-L1, CTLA4, and other immune

checkpoints on tumor cells and lymphocytes, coupled with

activating the cGAS-STING signaling pathway and its

downstream type I IFNs signaling pathway using STING agonists

or other pathways, opens a new approach to increase the sensitivity

of tumors to immune checkpoint inhibitors.

In conclusion, our understanding of the cGAS-STING pathway

has been greatly enriched, extending beyond its function as a

cytoplasmic nucleic acid sensor, and highlighting the relationship
Frontiers in Immunology 10
between the DNA receptor cGAS and immune responses against

pathogens and tumors (146). However, persistent activation of

cGAS-STING led to a reduction in type I IFNs production and an

increase in atypical NF-kB signaling in tumor cells with chromosomal

instability (147). Chronic activation of the cGAS-STING pathway can

promote tumor formation and metastasis by inducing inflammation.

Recent findings suggest that STING signaling activation fosters the

expansion of a subset of B regulatory cells with immunosuppressive

functions (148). Therefore, a thorough understanding of the oncogenic

or tumor-suppressive effects of cGAS-STING could assist in stratifying

cancer patients for treatment. The cGAS-STING signaling pathway

represents a promising immunotherapeutic target for inflammatory

diseases and cancer. This review provides a valuable reference for the

development of innovative clinical treatment strategies for cancer.
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TABLE 1 Continued

Types of
drugs

Sponsor
Drug

administration
NCT

number
Condition or disease Status

Route of
Delivery

Nanovaccines
Mersana

Therapeutics
ONM-500 NCT05514717

Advanced/recurrent Solid tumors that express
HER2

I
(Suspended)

Intravenous

Antibody-
drug

conjugate

Mersana
Therapeutics

XMT-2056 NCT05514717
Advanced/recurrent Solid tumors that express

HER2
I

(Suspended)
Intravenous

Takeda TAK-500 NCT05070247 Locally advanced or metastatic solid tumors
I

(Recruiting)
Intravenous

Codiak
BioSciences

CDK-002 NCT04592484 Advanced Solid Neoplasm
I/II

(Completed)
Intratumoral
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1200245
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Immunology 11
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Meeske AJ, Nakandakari-Higa S, Marraffini LA. Cas13-induced cellular
dormancy prevents the rise of CRISPR-resistant bacteriophage. Nature (2019) 570
(7760):241–5. doi: 10.1038/s41586-019-1257-5

2. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, et al.
CRISPR provides acquired resistance against viruses in prokaryotes. Science (2007) 315
(5819):1709–12. doi: 10.1126/science.1138140

3. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science (2013) 339(6121):786–
91. doi: 10.1126/science.1232458

4. Mackenzie KJ, Carroll P, Martin CA, Murina O, Fluteau A, Simpson DJ, et al.
cGAS surveillance of micronuclei links genome instability to innate immunity. Nature
(2017) 548(7668):461–5. doi: 10.1038/nature23449

5. Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-AMP is an
endogenous second messenger in innate immune signaling by cytosolic DNA. Science
(2013) 339(6121):826–30. doi: 10.1126/science.1229963

6. Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that
facilitates innate immune signalling. Nature (2008) 455(7213):674–8. doi: 10.1038/
nature07317

7. Xie X, Ma G, Li X, Zhao J, Zhao Z, Zeng J. Activation of innate immune cGAS-
STING pathway contributes to Alzheimer’s pathogenesis in 5×FAD mice. Nat Aging
(2023) 3(2):202–12. doi: 10.1038/s43587-022-00337-2

8. Erttmann SF, Swacha P, Aung KM, Brindefalk B, Jiang H, Härtlova A, et al. The
gut microbiota prime systemic antiviral immunity via the cGAS-STING-IFN-I axis.
Immunity (2022) 55(5):847–861.e10. doi: 10.1016/j.immuni.2022.04.006

9. Kessler N, Viehmann SF, Krollmann C, Mai K, Kirschner KM, Luksch H, et al.
Monocyte-derived macrophages aggravate pulmonary vasculitis via cGAS/STING/
IFN-mediated nucleic acid sensing. J Exp Med (2022) 219(10):e20220759.
doi: 10.1084/jem.20220759

10. Zhao X, Hu S, Zeng L, Liu X, Song Y, Zhang Y, et al. Irradiation combined with
PD-L1-/- and autophagy inhibition enhances the antitumor effect of lung cancer via
cGAS-STING-mediated T cell activation. iScience (2022) 25(8):104690. doi: 10.1016/
j.isci.2022.104690

11. Ghosh M, Saha S, Li J, Montrose DC, Martinez LA. p53 engages the cGAS/
STING cytosolic DNA sensing pathway for tumor suppression. Mol Cell (2023) 83
(2):266–280.e6. doi: 10.1016/j.molcel.2022.12.023

12. Shen R, Liu D, Wang X, Guo Z, Sun H, Song Y, et al. DNA damage and
activation of cGAS/STING pathway induce tumor microenvironment remodeling.
Front Cell Dev Biol (2022) 9:828657. doi: 10.3389/fcell.2021.828657

13. Watkins TBK, Lim EL, Petkovic M, Elizalde S, Birkbak NJ, Wilson GA, et al.
Pervasive chromosomal instability and karyotype order in tumour evolution. Nature
(2020) 587(7832):126–32. doi: 10.1038/s41586-020-2698-6

14. Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA. Mitotic
progression following DNA damage enables pattern recognition within micronuclei.
Nature (2017) 548(7668):466–70. doi: 10.1038/nature23470

15. Wischnewski M, Ablasser A. Interplay of cGAS with chromatin. Trends Biochem
Sci (2021) 46(10):822–31. doi: 10.1016/j.tibs.2021.05.011

16. Jenson J, Chen ZJ. Bacteria sting viral invaders. Nature (2020) 586(7829):363–4.
doi: 10.1038/d41586-020-02712-8

17. Xia P, Wang S, Gao P, Gao G, Fan Z. DNA sensor cGAS-mediated immune
recognition. Protein Cell (2016) 7(11):777–91. doi: 10.1007/s13238-016-0320-3

18. Liu Y, Xu P, Rivara S, Liu C, Ricci J, Ren X, et al. Clathrin-associated AP-1
controls termination of STING signalling. Nature (2022) 610(7933):761–7.
doi: 10.1038/s41586-022-05354-0

19. Ablasser A. Structures of STING protein illuminate this key regulator of
inflammation. Nature (2019) 567(7748):321–2. doi: 10.1038/d41586-019-00707-8

20. Ergun SL, Fernandez D, Weiss TM, Li L. STING polymer structure reveals
mechanisms for activation, hyperactivation, and inhibition. Cell (2019) 178(2):290–
301.e10. doi: 10.1016/j.cell.2019.05.036

21. Gui X, Yang H, Li T, Tan X, Shi P, Li M, et al. Autophagy induction via STING
trafficking is a primordial function of the cGAS pathway. Nature (2019) 567
(7747):262–6. doi: 10.1038/s41586-019-1006-9

22. Dobbs N, Burnaevskiy N, Chen D, Gonugunta VK, Alto NM, Yan N. STING
activation by translocation from the ER is associated with infection and
autoinflammatory disease. Cell Host Microbe (2015) 18(2):157–68. doi: 10.1016/
j.chom.2015.07.001
23. Mukai K, Konno H, Akiba T, Uemura T, Waguri S, Kobayashi T, et al. Activation
of STING requires palmitoylation at the Golgi. Nat Commun (2016) 7:11932.
doi: 10.1038/ncomms11932

24. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING pathway
of cytosolic DNA sensing. Nat Immunol (2016) 17(10):1142–9. doi: 10.1038/ni.3558

25. Tanaka Y, Chen ZJ. STING specifies IRF3 phosphorylation by TBK1 in the
cytosolic DNA signaling pathway. Sci Signal (2012) 5(214):ra20. doi: 10.1126/
scisignal.2002521

26. Zhao B, Du F, Xu P, Shu C, Sankaran B, Bell SL, et al. A conserved PLPLRT/SD
motif of STING mediates the recruitment and activation of TBK1. Nature (2019) 569
(7758):718–22. doi: 10.1038/s41586-019-1228-x

27. Zhao B, Shu C, Gao X, Sankaran B, Du F, Shelton CL, et al. Structural basis for
concerted recruitment and activation of IRF-3 by innate immune adaptor proteins.
Proc Natl Acad Sci U.S.A. (2016) 113(24):E3403–12. doi: 10.1073/pnas.1603269113

28. Guo Q, Chen X, Chen J, Zheng G, Xie C, Wu H, et al. STING promotes
senescence, apoptosis, and extracellular matrix degradation in osteoarthritis via the
NF-kB signaling pathway. Cell Death Dis (2021) 12(1):13. doi: 10.1038/s41419-020-
03341-9

29. Dai J, Huang YJ, He X, Zhao M, Wang X, Liu ZS, et al. Acetylation blocks cGAS
activity and inhibits self-DNA-induced autoimmunity. Cell (2019) 176(6):1447–
1460.e14. doi: 10.1016/j.cell.2019.01.016

30. Wang F, Zhao M, Chang B, Zhou Y, Wu X, Ma M, et al. Cytoplasmic PARP1
links the genome instability to the inhibition of antiviral immunity through PARylating
cGAS. Mol Cell (2022) 82(11):2032–2049.e7. doi: 10.1016/j.molcel.2022.03.034

31. Ma D, Yang M, Wang Q, Sun C, Shi H, Jing W, et al. Arginine methyltransferase
PRMT5 negatively regulates cGAS-mediated antiviral immune response. Sci Adv
(2021) 7(13):eabc1834. doi: 10.1126/sciadv.abc1834

32. Hu MM, Yang Q, Xie XQ, Liao CY, Lin H, Liu TT, et al. Sumoylation promotes
the stability of the DNA sensor cGAS and the adaptor STING to regulate the kinetics of
response to DNA virus. Immunity (2016) 45(3):555–69. doi: 10.1016/
j.immuni.2016.08.014

33. Seo GJ, Kim C, Shin WJ, Sklan EH, Eoh H, Jung JU. TRIM56-mediated
monoubiquitination of cGAS for cytosolic DNA sensing. Nat Commun (2018) 9
(1):613. doi: 10.1038/s41467-018-02936-3

34. Seo GJ, Yang A, Tan B, Kim S, Liang Q, Choi Y, et al. Akt kinase-mediated
checkpoint of cGAS DNA sensing pathway. Cell Rep (2015) 13(2):440–9. doi: 10.1016/
j.celrep.2015.09.007

35. Xia P, Ye B, Wang S, Zhu X, Du Y, Xiong Z, et al. Glutamylation of the DNA
sensor cGAS regulates its binding and synthase activity in antiviral immunity. Nat
Immunol (2016) 17(4):369–78. doi: 10.1038/ni.3356

36. Shi C, Yang X, Liu Y, Li H, Chu H, Li G, et al. ZDHHC18 negatively regulates
cGAS-mediated innate immunity through palmitoylation. EMBO J (2022) 41(11):
e109272. doi: 10.15252/embj.2021109272

37. Guey B, Wischnewski M, Decout A, Makasheva K, Kaynak M, Sakar MS, et al.
BAF restricts cGAS on nuclear DNA to prevent innate immune activation. Science
(2020) 369(6505):823–8. doi: 10.1126/science.aaw6421

38. Tao X, Song J, Song Y, Zhang Y, Yang J, Zhang P, et al. Ku proteins promote
DNA binding and condensation of cyclic GMP-AMP synthase. Cell Rep (2022) 40
(10):111310. doi: 10.1016/j.celrep.2022.111310

39. Zhang J, Zhou EC, He Y, Chai ZL, Ji BZ, Tu Y, et al. ZYG11B potentiates the
antiviral innate immune response by enhancing cGAS-DNA binding and
condensation. Cell Rep (2023) 42(3):112278. doi: 10.1016/j.celrep.2023.112278

40. Carozza JA, Böhnert V, Nguyen KC, Skariah G, Shaw KE, Brown JA, et al.
Extracellular cGAMP is a cancer cell-produced immunotransmitter involved in
radiation-induced anti-cancer immunity. Nat Cancer (2020) 1(2):184–96.
doi: 10.1038/s43018-020-0028-4

41. Marcus A, Mao AJ, Lensink-Vasan M, Wang L, Vance RE, Raulet DH. Tumor-
derived cGAMP triggers a STING-mediated interferon response in non-tumor cells to
activate the NK cell response. Immunity (2018) 49(4):754–763.e4. doi: 10.1016/
j.immuni.2018.09.016

42. Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, et al. Carcinoma-
astrocyte gap junctions promote brain metastasis by cGAMP transfer. Nature (2016)
533(7604):493–8. doi: 10.1038/nature18268

43. Zhou C, Chen X, Planells-Cases R, Chu J, Wang L, Cao L, et al. Transfer of
cGAMP into bystander cells via LRRC8 volume-regulated anion channels augments
frontiersin.org

https://doi.org/10.1038/s41586-019-1257-5
https://doi.org/10.1126/science.1138140
https://doi.org/10.1126/science.1232458
https://doi.org/10.1038/nature23449
https://doi.org/10.1126/science.1229963
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/s43587-022-00337-2
https://doi.org/10.1016/j.immuni.2022.04.006
https://doi.org/10.1084/jem.20220759
https://doi.org/10.1016/j.isci.2022.104690
https://doi.org/10.1016/j.isci.2022.104690
https://doi.org/10.1016/j.molcel.2022.12.023
https://doi.org/10.3389/fcell.2021.828657
https://doi.org/10.1038/s41586-020-2698-6
https://doi.org/10.1038/nature23470
https://doi.org/10.1016/j.tibs.2021.05.011
https://doi.org/10.1038/d41586-020-02712-8
https://doi.org/10.1007/s13238-016-0320-3
https://doi.org/10.1038/s41586-022-05354-0
https://doi.org/10.1038/d41586-019-00707-8
https://doi.org/10.1016/j.cell.2019.05.036
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1016/j.chom.2015.07.001
https://doi.org/10.1016/j.chom.2015.07.001
https://doi.org/10.1038/ncomms11932
https://doi.org/10.1038/ni.3558
https://doi.org/10.1126/scisignal.2002521
https://doi.org/10.1126/scisignal.2002521
https://doi.org/10.1038/s41586-019-1228-x
https://doi.org/10.1073/pnas.1603269113
https://doi.org/10.1038/s41419-020-03341-9
https://doi.org/10.1038/s41419-020-03341-9
https://doi.org/10.1016/j.cell.2019.01.016
https://doi.org/10.1016/j.molcel.2022.03.034
https://doi.org/10.1126/sciadv.abc1834
https://doi.org/10.1016/j.immuni.2016.08.014
https://doi.org/10.1016/j.immuni.2016.08.014
https://doi.org/10.1038/s41467-018-02936-3
https://doi.org/10.1016/j.celrep.2015.09.007
https://doi.org/10.1016/j.celrep.2015.09.007
https://doi.org/10.1038/ni.3356
https://doi.org/10.15252/embj.2021109272
https://doi.org/10.1126/science.aaw6421
https://doi.org/10.1016/j.celrep.2022.111310
https://doi.org/10.1016/j.celrep.2023.112278
https://doi.org/10.1038/s43018-020-0028-4
https://doi.org/10.1016/j.immuni.2018.09.016
https://doi.org/10.1016/j.immuni.2018.09.016
https://doi.org/10.1038/nature18268
https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1200245
sting-mediated interferon responses and anti-viral immunity. Immunity (2020) 52
(5):767–81. doi: 10.1016/j.immuni.2020.03.016

44. Ablasser A, Schmid-Burgk JL, Hemmerling I, Horvath GL, Schmidt T, Latz E,
et al. Cell intrinsic immunity spreads to bystander cells via the intercellular transfer of
cGAMP. Nature (2013) 503(7477):530–4. doi: 10.1038/nature12640

45. Luteijn RD, Zaver SA, Gowen BG, Wyman SK, Garelis NE, Onia L, et al.
SLC19A1 transports immunoreactive cyclic dinucleotides [published correction
appears in Nature. Nature (2019) 573(7774):434–8. doi: 10.1038/s41586-019-1553-0

46. Zhou C, Chen X, Planells-Cases R, Chu J, Wang L, Cao L, et al. Transfer of
cGAMP into Bystander Cells via LRRC8 Volume-Regulated Anion Channels
Augments STING-Mediated Interferon Responses and Anti-viral Immunity.
Immunity (2020) 52(5):767–781.e6. doi: 10.1016/j.immuni.2020.03.016

47. Wei X, Zhang L, Yang Y, Hou Y, Xu Y, Wang Z, et al. LL-37 transports
immunoreactive cGAMP to activate STING signaling and enhance interferon-mediated
host antiviral immunity. Cell Rep (2022) 39(9):110880. doi: 10.1016/j.celrep.2022.110880

48. Jneid B, Bochnakian A, Hoffmann C, Delisle F, Djacoto E, Sirven P, et al.
Selective STING stimulation in dendritic cells primes antitumor T cell responses. Sci
Immunol (2023) 8(79):eabn6612. doi: 10.1126/sciimmunol.abn6612

49. Reschke R, Gajewski TF. CXCL9 and CXCL10 bring the heat to tumors. Sci
Immunol (2022) 7(73):eabq6509. doi: 10.1126/sciimmunol.abq6509

50. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM, Murphy KM, et al. Host
type I IFN signals are required for antitumor CD8+ T cell responses through CD8
{alpha}+ dendritic cells. J Exp Med (2011) 208(10):2005–16. doi: 10.1084/jem.20101159

51. Fu C, Jiang A. Dendritic cells and CD8 T cell immunity in tumor
microenvironment. Front Immunol (2018) 9:3059. doi: 10.3389/fimmu.2018.03059

52. Shi W, Yang X, Xie S, Zhong D, Lin X, Ding Z, et al. A new PD-1-specific
nanobody enhances the antitumor activity of T-cells in synergy with dendritic cell
vaccine. Cancer Lett (2021) 522:184–97. doi: 10.1016/j.canlet.2021.09.028

53. Dangaj D, Bruand M, Grimm AJ, Ronet C, Barras D, Duttagupta PA, et al.
Cooperation between constitutive and inducible chemokines enables T cell engraftment
and immune attack in solid tumors. Cancer Cell (2019) 35(6):885–900.e10.
doi: 10.1016/j.ccell.2019.05.004

54. Jie X, Chen Y, Zhao Y, Yang X, Xu Y, Wang J, et al. Targeting KDM4C enhances
CD8+ T cell mediated antitumor immunity by activating chemokine CXCL10
transcription in lung cancer. J Immunother Cancer (2022) 10(2):e003716.
doi: 10.1136/jitc-2021-003716

55. Demaria O, Cornen S, DaëronM,Morel Y, Medzhitov R, Vivier E. Harnessing innate
immunity in cancer therapy. Nat vol (2019) 574:45–56. doi: 10.1038/s41586-019-1593-5

56. Li J, Duran MA, Dhanota N, Chatila WK, Bettigole SE, Kwon J, et al. Metastasis
and immune evasion from extracellular cGAMP hydrolysis. Cancer Discov (2020) 11
(5):1212–27. doi: 10.1158/2159-8290.CD-20-0387

57. Li J, Hubisz MJ, Earlie EM, Duran MA, Hong C, Varela AA, et al. Non-cell-
autonomous cancer progression from chromosomal instability. Nat vol (2023)
620:1080–8. doi: 10.1038/s41586-023-06464-z

58. Falahat R, Berglund A, Putney RM, Perez-Villarroel P, Aoyama S, Pilon-Thomas
S, et al. Epigenetic reprogramming of tumor cell-intrinsic STING function sculpts
antigenicity and T cell recognition of melanoma. Proc Natl Acad Sci U S A (2021) 118
(15):e2013598118. doi: 10.1073/pnas.2013598118

59. Low JT, Chandramohan V, Bowie MLBrown MC, Waitkus MS, Briley A, et al.
Epigenetic STING silencing is developmentally conserved in gliomas and can be rescued by
methyltransferase inhibition. Cancer Cell (2022) 40(5):439–40. doi: 10.1016/j.ccell.2022.04.009

60. Lai J, Fu Y, Tian S, Huang S, Luo X, Lin L, et al. Zebularine elevates STING
expression and enhances cGAMP cancer immunotherapy in mice. Mol Ther (2021) 29
(5):1758–71. doi: 10.1016/j.ymthe.2021.02.005

61. Li H, Chiappinelli KB, Guzzetta AA, EaswaranH, Yen RW, Vatapalli R, et al. Immune
regulation by low doses of the DNA methyltransferase inhibitor 5-azacitidine in common
human epithelial cancers. Oncotarget (2014) 5(3):587–98. doi: 10.18632/oncotarget.1782

62. Chiappinelli KB, Strissel PL, Desrichard A, Li H, Henke C, Akman B, et al. Inhibiting
DNA Methylation Causes an Interferon Response in Cancer via dsRNA Including
Endogenous Retroviruses. Cell (2015) 162(5):974–86. doi: 10.1016/j.cell.2015.07.011

63. Morehouse BR, Govande AA, Millman A, Keszei AFA, Lowey B, Ofir G, et al.
STING cyclic dinucleotide sensing originated in bacteria. Nature (2020) 586
(7829):429–33. doi: 10.1038/s41586-020-2719-5

64. Li W, Lu L, Lu J, Wang X, Yang C, Jin J, et al. cGAS-STING-mediated DNA
sensing maintains CD8+ T cell stemness and promotes antitumor T cell therapy. Sci
Transl Med (2020) 12(549):eaay9013. doi: 10.1126/scitranslmed.aay9013

65. Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev Clin
Oncol (2020) 17(7):395–417. doi: 10.1038/s41571-020-0341-y

66. Zhao X, Fang K, Liu X, Yao R, Wang M, Li F, et al. QSER1 preserves the
suppressive status of the pro-apoptotic genes to prevent apoptosis. Cell Death Differ
(2022) 30(3):779–93. doi: 10.1038/s41418-022-01085-x

67. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cell Mol Immunol (2021) 18(5):1106–21. doi: 10.1038/
s41423-020-00630-3

68. Pokrovskaja K, Panaretakis T, Grandér D. Alternative signaling pathways
regulating type I interferon-induced apoptosis. J Interferon Cytokine Res (2005) 25
(12):799–810. doi: 10.1089/jir.2005.25.799
Frontiers in Immunology 12
69. Lohard S, Bourgeois N, Maillet L, Gautier F, Fétiveau A, Lasla H, et al. STING-
dependent paracriny shapes apoptotic priming of breast tumors in response to anti-
mitotic treatment. Nat Commun (2020) 11(1):259. doi: 10.1038/s41467-019-13689-y

70. Wang X, Hu R, Song Z, Zhao H, Pan Z, Feng Y, et al. Sorafenib combined with
STAT3 knockdown triggers ER stress-induced HCC apoptosis and cGAS-STING-
mediated anti-tumor immunity. Cancer Lett (2022) 547:215880. doi: 10.1016/
j.canlet.2022.215880

71. Bidwell BN, Slaney CY, Withana NP, Forster S, Cao Y, Loi S, et al. Silencing of
Irf7 pathways in breast cancer cells promotes bone metastasis through immune escape.
Nat Med (2012) 18(8):1224–31. doi: 10.1038/nm.2830

72. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of senescence.
Genes Dev (2010) 24(22):2463–79. doi: 10.1101/gad.1971610

73. Campisi J, d’Adda di Fagagna F. Cellular senescence: when bad things happen to
good cells. Nat Rev Mol Cell Biol (2007) 8(9):729–40. doi: 10.1038/nrm2233

74. Gasek NS, Kuchel GA, Kirkland JL, Xu M. Strategies for targeting senescent cells
in human disease. Nat Aging (2021) 1(10):870–9. doi: 10.1038/s43587-021-00121-8

75. Wang H, Fan Y, Chen W, Lv Z, Wu S, Xuan Y, et al. Loss of CMTM6 promotes
DNA damage-induced cellular senescence and antitumor immunity. Oncoimmunology
(2022) 11(1):2011673. doi: 10.1080/2162402X.2021.2011673

76. Miller KN, Victorelli SG, Salmonowicz H, Dasgupta N, Liu T, Passos JF, et al.
Cytoplasmic DNA: sources, sensing, and role in aging and disease. Cell (2021) 184
(22):5506–26. doi: 10.1016/j.cell.2021.09.034

77. Fafián-Labora JA, O’Loghlen A. Classical and nonclassical intercellular
communication in senescence and ageing. Trends Cell Biol (2020) 30(8):628–39.
doi: 10.1016/j.tcb.2020.05.003

78. Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is essential for cellular
senescence. Proc Natl Acad Sci U.S.A. (2017) 114(23):E4612–20. doi: 10.1073/
pnas.1705499114

79. Yu Q, Katlinskaya YV, Carbone CJ, Zhao B, Katlinski KV, Zheng H, et al. DNA-
damage-induced type I interferon promotes senescence and inhibits stem cell function.
Cell Rep (2015) 11(5):785–97. doi: 10.1016/j.celrep.2015.03.069

80. Aman Y, Schmauck-Medina T, Hansen M, Morimoto RI, Simon AK, Bjedov I,
et al. Autophagy in healthy aging and disease. Nat Aging (2021) 1(8):634–50.
doi: 10.1038/s43587-021-00098-4

81. Liu D, Wu H, Wang C, Li Y, Tian H, Siraj S, et al. STING directly activates
autophagy to tune the innate immune response. Cell Death Differ (2019) 26(9):1735–49.
doi: 10.1038/s41418-018-0251-z

82. Liang Q, Seo GJ, Choi YJ, Kwak MJ, Ge J, Rodgers MA, et al. Crosstalk between
the cGAS DNA sensor and Beclin-1 autophagy protein shapes innate antimicrobial
immune responses. Cell Host Microbe (2014) 15(2):228–38. doi: 10.1016/
j.chom.2014.01.009

83. Lu C, Guan J, Lu S, Jin Q, Rousseau B, Lu T, et al. DNA sensing in mismatch
repair-deficient tumor cells is essential for anti-tumor immunity. Cancer Cell (2021) 39
(1):96–108.e6. doi: 10.1016/j.ccell.2020.11.006

84. Amodio V, Lamba S, Chilà R, Cattaneo CM, Mussolin B, Corti G, et al. Genetic and
pharmacological modulation of DNA mismatch repair heterogeneous tumors promotes
immune surveillance. Cancer Cell (2023) 41(1):196–209.e5. doi: 10.1016/j.ccell.2022.12.003

85. Hong C, Schubert M, Tijhuis AE, Requesens M, Roorda M, van den Brink A,
et al. cGAS-STING drives the IL-6-dependent survival of chromosomally instable
cancers. Nature (2022) 607(7918):366–73. doi: 10.1038/s41586-022-04847-2

86. Liu H, Zhang H, Wu X, Ma D, Wu J, Wang L, et al. Nuclear cGAS suppresses
DNA repair and promotes tumorigenesis. Nature (2018) 563(7729):131–6.
doi: 10.1038/s41586-018-0629-6

87. Delaney G, Jacob S, Featherstone C, Barton M. The role of radiotherapy in
cancer treatment: estimating optimal utilization from a review of evidence-based
clinical guidelines. Cancer (2005) 104(6):1129–37. doi: 10.1002/cncr.21324

88. Kroon P, Frijlink E, Iglesias-Guimarais V, Volkov A, van Buuren MM,
Schumacher TN, et al. Radiotherapy and cisplatin increase immunotherapy efficacy
by enabling local and systemic intratumoral T-cell activity. Cancer Immunol Res (2019)
7(4):670–82. doi: 10.1158/2326-6066.CIR-18-0654

89. Constanzo J, Faget J, Ursino C, Badie C, Pouget JP. Radiation-induced immunity
and toxicities: the versatility of the cGAS-STING pathway. Front Immunol (2021)
12:680503. doi: 10.3389/fimmu.2021.680503

90. Walker JM, Rolig AS, Charych DH, Hoch U, Kasiewicz MJ, Rose DC, et al.
NKTR-214 immunotherapy synergizes with radiotherapy to stimulate systemic CD8+T
cell responses capable of curing multi-focal cancer. J Immunother Cancer (2020) 8(1):
e000464. doi: 10.1136/jitc-2019-000464

91. Nakamura K, Karmokar A, Farrington PM, James NH, Ramos-Montoya A,
Bickerton SJ, et al. Inhibition of DNA-PK with AZD7648 sensitizes tumor cells to
radiotherapy and induces type I IFN-dependent durable tumor control. Clin Cancer Res
(2021) 27(15):4353–66. doi: 10.1158/1078-0432.CCR-20-3701

92. Storozynsky Q, Hitt MM. The impact of radiation-induced DNA damage on
cGAS-STING-mediated immune responses to cancer. Int J Mol Sci (2020) 21(22):8877.
doi: 10.3390/ijms21228877

93. Fenech M, Kirsch-Volders M, Natarajan AT, Surralles J, Crott JW, Parry J, et al.
Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear bud
formation in mammalian and human cells. Mutagenesis (2011) 26(1):125–32.
doi: 10.1093/mutage/geq052
frontiersin.org

https://doi.org/10.1016/j.immuni.2020.03.016
https://doi.org/10.1038/nature12640
https://doi.org/10.1038/s41586-019-1553-0
https://doi.org/10.1016/j.immuni.2020.03.016
https://doi.org/10.1016/j.celrep.2022.110880
https://doi.org/10.1126/sciimmunol.abn6612
https://doi.org/10.1126/sciimmunol.abq6509
https://doi.org/10.1084/jem.20101159
https://doi.org/10.3389/fimmu.2018.03059
https://doi.org/10.1016/j.canlet.2021.09.028
https://doi.org/10.1016/j.ccell.2019.05.004
https://doi.org/10.1136/jitc-2021-003716
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1158/2159-8290.CD-20-0387
https://doi.org/10.1038/s41586-023-06464-z
https://doi.org/10.1073/pnas.2013598118
https://doi.org/10.1016/j.ccell.2022.04.009
https://doi.org/10.1016/j.ymthe.2021.02.005
https://doi.org/10.18632/oncotarget.1782
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1126/scitranslmed.aay9013
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1038/s41418-022-01085-x
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1089/jir.2005.25.799
https://doi.org/10.1038/s41467-019-13689-y
https://doi.org/10.1016/j.canlet.2022.215880
https://doi.org/10.1016/j.canlet.2022.215880
https://doi.org/10.1038/nm.2830
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1038/nrm2233
https://doi.org/10.1038/s43587-021-00121-8
https://doi.org/10.1080/2162402X.2021.2011673
https://doi.org/10.1016/j.cell.2021.09.034
https://doi.org/10.1016/j.tcb.2020.05.003
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1016/j.celrep.2015.03.069
https://doi.org/10.1038/s43587-021-00098-4
https://doi.org/10.1038/s41418-018-0251-z
https://doi.org/10.1016/j.chom.2014.01.009
https://doi.org/10.1016/j.chom.2014.01.009
https://doi.org/10.1016/j.ccell.2020.11.006
https://doi.org/10.1016/j.ccell.2022.12.003
https://doi.org/10.1038/s41586-022-04847-2
https://doi.org/10.1038/s41586-018-0629-6
https://doi.org/10.1002/cncr.21324
https://doi.org/10.1158/2326-6066.CIR-18-0654
https://doi.org/10.3389/fimmu.2021.680503
https://doi.org/10.1136/jitc-2019-000464
https://doi.org/10.1158/1078-0432.CCR-20-3701
https://doi.org/10.3390/ijms21228877
https://doi.org/10.1093/mutage/geq052
https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1200245
94. RückertM, Flohr AS, HechtM, Gaipl US. Radiotherapy and the immune system:More
than just immune suppression. Stem Cells (2021) 39(9):1155–65. doi: 10.1002/stem.3391

95. Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM, Schneider
RJ, et al. DNA exonuclease Trex1 regulates radiotherapy-induced tumour
immunogenicity. Nat Commun (2017) 8:15618. doi: 10.1038/ncomms15618

96. Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti-PD-L1 treatment synergistically promote antitumor immunity in
mice. J Clin Invest (2014) 124(2):687–95. doi: 10.1172/JCI67313

97. Ban Y, Markowitz GJ, Zou Y, Ramchandani D, Kraynak J, Sheng J, et al.
Radiation-activated secretory proteins of Scgb1a1+ club cells increase the efficacy of
immune checkpoint blockade in lung cancer. Nat Cancer (2021) 2(9):919–31.
doi: 10.1038/s43018-021-00245-1

98. Kareva I, Waxman DJ, Lakka Klement G. Metronomic chemotherapy: an
attractive alternative to maximum tolerated dose therapy that can activate anti-
tumor immunity and minimize therapeutic resistance. Cancer Lett (2015) 358
(2):100–6. doi: 10.1016/j.canlet.2014.12.039

99. Sriram G, Milling LE, Chen JK, Kong YW, Joughin BA, Abraham W, et al. The
injury response to DNA damage in live tumor cells promotes antitumor immunity. Sci
Signal (2021) 14(705):eabc4764. doi: 10.1126/scisignal.abc4764

100. Zitvogel L, Kepp O, Kroemer G. Immune parameters affecting the efficacy of
chemotherapeutic regimens. Nat Rev Clin Oncol (2011) 8(3):151–60. doi: 10.1038/
nrclinonc.2010.223

101. Scurr M, Pembroke T, Bloom A, Roberts D, Thomson A, Smart K, et al. Low-
dose cyclophosphamide induces antitumor T-cell responses, which associate with
survival in metastatic colorectal cancer. Clin Cancer Res (2017) 23(22):6771–80.
doi: 10.1158/1078-0432.CCR-17-0895

102. de Biasi AR, Villena-Vargas J, Adusumilli PS. Cisplatin-induced antitumor
immunomodulation: a review of preclinical and clinical evidence. Clin Cancer Res
(2014) 20(21):5384–91. doi: 10.1158/1078-0432.CCR-14-1298

103. Alizadeh D, Trad M, Hanke NT, Larmonier CB, Janikashvili N, Bonnotte B,
et al. Doxorubicin eliminates myeloid-derived suppressor cells and enhances the
efficacy of adoptive T-cell transfer in breast cancer. Cancer Res (2014) 74(1):104–18.
doi: 10.1158/0008-5472.CAN-13-1545

104. Reisländer T, Lombardi EP, Groelly FJ, Miar A, Porru M, Di Vito S, et al.
BRCA2 abrogation triggers innate immune responses potentiated by treatment with
PARP inhibitors. Nat Commun (2019) 10(1):3143. doi: 10.1038/s41467-019-11048-5

105. Pantelidou C, Sonzogni O, De Oliveria Taveira M, Mehta AK, Kothari A, Wang
D, et al. PARP inhibitor efficacy depends on CD8+ T-cell recruitment via intratumoral
STING pathway activation in BRCA-deficient models of triple-negative breast cancer.
Cancer Discovery (2019) 9(6):722–37. doi: 10.1158/2159-8290.CD-18-1218

106. Abbott M, Ustoyev Y. Cancer and the immune system: the history and
background of immunotherapy. Semin Oncol Nurs (2019) 35(5):150923.
doi: 10.1016/j.soncn.2019.08.002

107. Lee Y, Auh SL, Wang Y, Burnette B, Wang Y, Meng Y, et al. Therapeutic effects
of ablative radiation on local tumor require CD8+ T cells: changing strategies for cancer
treatment. Blood (2009) 114(3):589–95. doi: 10.1182/blood-2009-02-206870

108. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity
cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

109. Cho W, Won S, Choi Y, Yi S, Park JB, Park JG, et al. Targeted protein
upregulation of STING for boosting the efficacy of immunotherapy. Angew Chem Int
Ed Engl (2023) 62(18):e202300978. doi: 10.1002/anie.202300978

110. Chen X, Meng F, Xu Y, Li T, Chen X, Wang H. Chemically programmed
STING-activating nano-liposomal vesicles improve anticancer immunity. Nat
Commun (2023) 14(1):4584. doi: 10.1038/s41467-023-40312-y

111. Luu K, Patwardhan MV, Zeng Q, Wickström SL, Lundqvist A, Schwarz H.
Regulatory T cells inhibit T cell activity by downregulating CD137 ligand via CD137
trogocytosis. Cells (2021) 10(2):353. doi: 10.3390/cells10020353

112. Xydia M, Rahbari R, Ruggiero E, Macaulay I, Tarabichi M, Lohmayer R, et al.
Common clonal origin of conventional T cells and induced regulatory T cells in
breast cancer patients. Nat Commun (2021) 12(1):1119. doi: 10.1038/s41467-021-
21297-y

113. Antony PA, Piccirillo CA, Akpinarli A, Finkelstein SE, Speiss PJ, Surman DR,
et al. CD8+ T cell immunity against a tumor/self-antigen is augmented by CD4+ T
helper cells and hindered by naturally occurring T regulatory cells. J Immunol (2005)
174(5):2591–601. doi: 10.4049/jimmunol.174.5.2591

114. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A human
memory T cell subset with stem cell-like properties. Nat Med (2011) 17(10):1290–7.
doi: 10.1038/nm.2446

115. Gattinoni L, Speiser DE, Lichterfeld M, Bonini C. T memory stem cells in health
and disease. Nat Med (2017) 23(1):18–27. doi: 10.1038/nm.4241

116. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer (2012) 12(4):252–64. doi: 10.1038/nrc3239

117. Ai L, Xu A, Xu J. Roles of PD-1/PD-L1 pathway: signaling, cancer, and beyond.
Adv Exp Med Biol (2020) 1248:33–59. doi: 10.1007/978-981-15-3266-5_3

118. Lee HT, Lee SH, Heo YS. Molecular interactions of antibody drugs targeting
PD-1, PD-L1, and CTLA-4 in immuno-oncology. Molecules (2019) 24(6):1190.
doi: 10.3390/molecules24061190
Frontiers in Immunology 13
119. Bonaventura P, Shekarian T, Alcazer V, Valladeau-Guilemond J, Valsesia-
Wittmann S, Amigorena S, et al. Cold tumors: A therapeutic challenge for
immunotherapy. Front Immunol (2019) 10:168. doi: 10.3389/fimmu.2019.00168

120. Hu S, Fang Y, Chen X, Cheng T, Zhao M, Du M, et al. cGAS restricts colon
cancer development by protecting intestinal barrier integrity. Proc Natl Acad Sci U S A
(2021) 118(23):e2105747118. doi: 10.1073/pnas.2105747118

121. Zhang L, Jiang C, Zhong Y, Sun K, Jing H, Song J, et al. STING is a cell-intrinsic
metabolic checkpoint restricting aerobic glycolysis by targeting HK2. Nat Cell Biol
(2023) 25(8):1208–22. doi: 10.1038/s41556-023-01185-x

122. Ghaffari A, Peterson N, Khalaj K, Vitkin N, Robinson A, Francis JA, et al.
STING agonist therapy in combination with PD-1 immune checkpoint blockade
enhances response to carboplatin chemotherapy in high-grade serous ovarian cancer.
Br J Cancer (2018) 119(4):440–9. doi: 10.1038/s41416-018-0188-5

123. Li K, Gong Y, Qiu D, Tang H, Zhang J, Yuan Z, et al. Hyperbaric oxygen
facilitates teniposide-induced cGAS-STING activation to enhance the antitumor
efficacy of PD-1 antibody in HCC. J Immunother Cancer (2022) 10(8):e004006.
doi: 10.1136/jitc-2021-004006

124. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, et al. Cytoplasmic
chromatin triggers inflammation in senescence and cancer. Nature (2017) 550
(7676):402–6. doi: 10.1038/nature24050

125. Burdette DL, Vance RE. STING and the innate immune response to nucleic
acids in the cytosol. Nat Immunol (2013) 14(1):19–26. doi: 10.1038/ni.2491

126. Zheng YF, Wu JJ. Overcoming STING agonists barriers: peptide, protein, and
biomembrane-based biocompatible delivery strategies. Chem Asian J (2022) 17(6):
e202101400. doi: 10.1002/asia.202101400

127. Wu YT, Fang Y, Wei Q, Shi H, Tan H, Deng Y, et al. Tumor-targeted delivery of
a STING agonist improvescancer immunotherapy. Proc Natl Acad Sci U S A (2022) 119
(49):e2214278119. doi: 10.1073/pnas.2214278119

128. Wilson DR, Sen R, Sunshine JC, Pardoll DM, Green JJ, Kim YJ. Biodegradable
STING agonist nanoparticles for enhanced cancer immunotherapy. Nanomedicine
(2018) 14(2):237–46. doi: 10.1016/j.nano.2017.10.013

129. Che X, Zhang J, Quan H, Yang L, Gao YQ. CDNs-STING interaction
mechanism investigations and instructions on design of CDN-derivatives. J Phys
Chem B (2018) 122(6):1862–8. doi: 10.1021/acs.jpcb.7b12276

130. Berger G, Knelson EH, Jimenez-Macias JL, Nowicki MO, Han S, Panagioti E,
et al. STING activation promotes robust immune response and NK cell-mediated
tumor regression in glioblastoma models. Proc Natl Acad Sci U.S.A. (2022) 119(28):
e2111003119. doi: 10.1073/pnas.2111003119

131. Corrales L, Glickman LH, McWhirter SM, Kanne DB, Sivick KE, Katibah GE, et al.
Direct activation of STING in the tumormicroenvironment leads to potent and systemic tumor
regression and immunity. Cell Rep (2015) 11(7):1018–30. doi: 10.1016/j.celrep.2015.04.031

132. Sivick KE, Desbien AL, Glickman LH, Reiner GL, Corrales L, Surh NH, et al.
Magnitude of therapeutic STING activation determines CD8+ T cell-mediated anti-tumor
immunity. Cell Rep (2018) 25(11):3074–3085.e5. doi: 10.1016/j.celrep.2018.11.047

133. Pan BS, Perera SA, Piesvaux JA, Presland JP, Schroeder GK, Cumming JN, et al.
An orally available non-nucleotide STING agonist with antitumor activity. Science
(2020) 369(6506):eaba6098. doi: 10.1126/science.aba6098

134. Yi M, Niu M, Wu Y, Ge H, Jiao D, Zhu S, et al. Combination of oral STING
agonist MSA-2 and anti-TGF-b/PD-L1 bispecific antibody YM101: a novel immune
cocktail therapy for non-inflamed tumors. J Hematol Oncol (2022) 15(1):142.
doi: 10.1186/s13045-022-01363-8

135. Chin EN, Yu C, Vartabedian VF, Jia Y, Kumar M, Gamo AM, et al. Antitumor
activity of a systemic STING-activating non-nucleotide cGAMP mimetic. Science
(2020) 369(6506):993–9. doi: 10.1126/science.abb4255

136. Leventhal DS, Sokolovska A, Li N, Plescia C, Kolodziej SA, Gallant CW, et al.
Immunotherapy with engineered bacteria by targeting the STING pathway for anti-
tumor immunity. Nat Commun (2020) 11(1):2739. doi: 10.1038/s41467-020-16602-0

137. Makarova AM, Iannello A, Rae CS, King B, Besprozvannaya M, Faulhaber J,
et al. Abstract 5016: STACT-TREX1: A systemically-administered STING pathway
agonist targets tumor-resident myeloid cells and induces adaptive anti-tumor
immunity in multiple preclinical models. Am Assoc Cancer Res (2019) 79:5016. doi:
10.1158/1538-7445.AM2019-5016

138. Wang C, Guan Y, Lv M, Zhang R, Guo Z, Wei X, et al. Manganese Increases the
Sensitivity of the cGAS-STING Pathway for Double-Stranded DNA and Is Required for
the Host Defense against DNA Viruses. Immunity (2018) 48(4):675–687.e7.
doi: 10.1016/j.immuni.2018.03.017

139. Lv M, Chen M, Zhang R, Zhang W, Wang C, Zhang Y, et al. Manganese is critical
for antitumor immune responses via cGAS-STING and improves the efficacy of clinical
immunotherapy. Cell Res (2020) 30(11):966–79. doi: 10.1038/s41422-020-00395-4

140. Yi M, Niu M, Zhang J, Li S, Zhu S, Yan Y, et al. Combine and conquer:
manganese synergizing anti-TGF-b/PD-L1 bispecific antibody YM101 to overcome
immunotherapy resistance in non-inflamed cancers. J Hematol Oncol (2021) 14(1):146.
doi: 10.1186/s13045-021-01155-6

141. Sun X, Zhou X, Lei YL, Moon JJ. Unlocking the promise of systemic STING
agonist for cancer immunotherapy. J Control Release (2023) 357:417–21. doi: 10.1016/
j.jconrel.2023.03.047

142. Barber GN. STING: infection, inflammation and cancer. Nat Rev Immunol
(2015) 15(12):760–70. doi: 10.1038/nri3921
frontiersin.org

https://doi.org/10.1002/stem.3391
https://doi.org/10.1038/ncomms15618
https://doi.org/10.1172/JCI67313
https://doi.org/10.1038/s43018-021-00245-1
https://doi.org/10.1016/j.canlet.2014.12.039
https://doi.org/10.1126/scisignal.abc4764
https://doi.org/10.1038/nrclinonc.2010.223
https://doi.org/10.1038/nrclinonc.2010.223
https://doi.org/10.1158/1078-0432.CCR-17-0895
https://doi.org/10.1158/1078-0432.CCR-14-1298
https://doi.org/10.1158/0008-5472.CAN-13-1545
https://doi.org/10.1038/s41467-019-11048-5
https://doi.org/10.1158/2159-8290.CD-18-1218
https://doi.org/10.1016/j.soncn.2019.08.002
https://doi.org/10.1182/blood-2009-02-206870
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1002/anie.202300978
https://doi.org/10.1038/s41467-023-40312-y
https://doi.org/10.3390/cells10020353
https://doi.org/10.1038/s41467-021-21297-y
https://doi.org/10.1038/s41467-021-21297-y
https://doi.org/10.4049/jimmunol.174.5.2591
https://doi.org/10.1038/nm.2446
https://doi.org/10.1038/nm.4241
https://doi.org/10.1038/nrc3239
https://doi.org/10.1007/978-981-15-3266-5_3
https://doi.org/10.3390/molecules24061190
https://doi.org/10.3389/fimmu.2019.00168
https://doi.org/10.1073/pnas.2105747118
https://doi.org/10.1038/s41556-023-01185-x
https://doi.org/10.1038/s41416-018-0188-5
https://doi.org/10.1136/jitc-2021-004006
https://doi.org/10.1038/nature24050
https://doi.org/10.1038/ni.2491
https://doi.org/10.1002/asia.202101400
https://doi.org/10.1073/pnas.2214278119
https://doi.org/10.1016/j.nano.2017.10.013
https://doi.org/10.1021/acs.jpcb.7b12276
https://doi.org/10.1073/pnas.2111003119
https://doi.org/10.1016/j.celrep.2015.04.031
https://doi.org/10.1016/j.celrep.2018.11.047
https://doi.org/10.1126/science.aba6098
https://doi.org/10.1186/s13045-022-01363-8
https://doi.org/10.1126/science.abb4255
https://doi.org/10.1038/s41467-020-16602-0
https://doi.org/10.1158/1538-7445.AM2019-5016
https://doi.org/10.1016/j.immuni.2018.03.017
https://doi.org/10.1038/s41422-020-00395-4
https://doi.org/10.1186/s13045-021-01155-6
https://doi.org/10.1016/j.jconrel.2023.03.047
https://doi.org/10.1016/j.jconrel.2023.03.047
https://doi.org/10.1038/nri3921
https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.1200245
143. Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-STING
pathway in health and disease. Nat Rev Genet (2019) 20(11):657–74. doi: 10.1038/
s41576-019-0151-1

144. Sen T, Rodriguez BL, Chen L, Corte CMD, Morikawa N, Fujimoto J, et al.
Targeting DNA damage response promotes antitumor immunity through STING-
mediated T-cell activation in small cell lung cancer. Cancer Discovery (2019) 9(5):646–
61. doi: 10.1158/2159-8290.CD-18-1020

145. Li T, Cheng H, Yuan H, Xu Q, Shu C, Zhang Y, et al. Antitumor Activity of
cGAMP via Stimulation of cGAS-cGAMP-STING-IRF3 Mediated Innate Immune
Response. Sci Rep (2016) 6:19049. doi: 10.1038/srep19049
Frontiers in Immunology 14
146. Zheng J, Mo J, Zhu T, Zhuo W, Yi Y, Hu S, et al. Comprehensive elaboration of
the cGAS-STING signaling axis in cancer development and immunotherapy. Mol
Cancer (2020) 19(1):133. doi: 10.1186/s12943-020-01250-1

147. Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy CJ, Ly P, et al.
Chromosomal instability drives metastasis through a cytosolic DNA response. Nature
(2018) 553(7689):467–72. doi: 10.1038/nature25432

148. Li S, Mirlekar B, Johnson BM, Brickey WJ, Wrobel JA, Yang N, et al.
STING-induced regulatory B cells compromise NK function in cancer
immunity. Nature (2022) 610(7931):373–80. doi: 10.1038/s41586-022-
05254-3
frontiersin.org

https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.1158/2159-8290.CD-18-1020
https://doi.org/10.1038/srep19049
https://doi.org/10.1186/s12943-020-01250-1
https://doi.org/10.1038/nature25432
https://doi.org/10.1038/s41586-022-05254-3
https://doi.org/10.1038/s41586-022-05254-3
https://doi.org/10.3389/fimmu.2023.1200245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	GAS-STING: a classical DNA recognition pathways to tumor therapy
	Introduction
	The cGAS-STING pathway
	Post-translational modification of cGAS
	Biological function of cGAMP
	Transcriptional and epigenetic regulation of the cGAS-STING pathway
	Apoptosis activates the cGAS-STING pathway
	The cGAS-STING pathway and cellular senescence
	cGAS-STING and chromosome instability in tumor cells
	The cGAS-STING and radiotherapy of cancer
	The cGAS-STING and chemotherapy
	cGAS-STING pathway and immune checkpoint inhibitor therapy
	Activation of innate immunity in tumor therapy
	Application of STING agonists in cancer research
	Conclusions and future directions
	Author contributions
	Funding
	References


