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Abstract: As a key sensor of double-stranded DNA (dsDNA),
cyclic GMP-AMP synthase (cGAS) detects cytosolic dsDNA
and initiates the synthesis of 2′3′ cyclic GMP-AMP (cGAMP)
that activates the stimulator of interferon genes (STING).
This finally promotes the production of type I interferons
(IFN-I) that is crucial for bridging innate and adaptive im-
munity. Recent evidence show that several antitumor ther-
apies, including radiotherapy (RT), chemotherapy, targeted
therapies and immunotherapies, activate the cGAS-STING
pathway to provoke the antitumor immunity. In the last
decade, the development of STING agonists has been amajor
focus in both basic research and the pharmaceutical in-
dustry. However, up to now, none of STING agonists have
been approved for clinical use. Considering the broad
expression of STING in whole body and the direct lethal
effect of STING agonists on immune cells in the draining
lymph node (dLN), research on the optimal way to activate
STING in tumor microenvironment (TME) appears to be a
promising direction. Moreover, besides enhancing IFN-I
signaling, the cGAS-STING pathway also plays roles in
senescence, autophagy, apoptosis, mitotic arrest, and DNA
repair, contributing to tumor development and metastasis.
In this review, we summarize the recent advances on
cGAS-STING pathway’s response to antitumor therapies and
the strategies involving this pathway for tumor treatment.
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Introduction

Despite cancer remaining a significant contributor to global
mortality [1], the past few decades have witnessed new
milestones in clinical antitumor therapies which substan-
tially increase tumor survival. Notably, the emergence of
immune checkpoint blocking therapy (ICB) and chimeric
antigen receptor (CAR)-T cell therapy have ushered in a new
era in the field of clinical cancer treatment. Unfortunately,
immunotherapies yield tumor remission for only a small
fraction of patients. Therefore, it is imperative to increase
the response rate of ICB therapy and resolve the bottleneck
issue of CAR-T therapy in solid tumor treatment [2, 3].

The activation of innate immune sensing serves as a
crucial mechanism for inducing adaptive antitumor im-
mune responses inside the tumor microenvironment (TME);
therefore, the therapeutic effect heavily relies on innate
immune sensing pathways. Mechanistically, innate immune
sensing, generally initiating in antigen-presenting cells
(APCs) or macrophages, facilitating antigen processing and
presentation to prime tumor-specific CD8+ T cells by pro-
moting the production of type I interferons (IFN-I) and other
proinflammatory cytokines [4–9]. Moreover, innate immune
sensing could also recruit APCs and CD8+ T cells to the TME
and activate CD8+ T cells or natural killer (NK) cells to
eliminate tumor cells. Activation of innate immune sensing
pathways has consistently been linked to better prognosis
and improved overall survival in cancer patients receiving
conventional therapies or immunotherapies [10–12]. Up to
now, several tactics have been devised with the objective of
activating intrinsic sensing pathways, and certain ap-
proaches have demonstrated the potential to enhance the
efficacy of conventional anticancer treatments. However,
innate immune sensing pathways are intended to be the first
line of defense against pathogen invasion and thus are
broadly expressed across the whole body. This not only
predicts how toxicity is induced, but also highlights the sig-
nificance of localizing the innate immune sensing activation
in TME.

*Corresponding authors: Chuanhui Han, Peking University International
Cancer Institute, Peking University Cancer Hospital and Institute, Health
Science Center, Peking University, Beijing 100143, China,
E-mail: chuanhui.han@bjmu.edu.cn. https://orcid.org/0000-0002-7634-8471;
and Sirui Li, Department of Genetics, Lineberger Comprehensive Cancer
Center, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA,
E-mail: lsr519@ad.unc.edu. https://orcid.org/0000-0002-1645-6868
Zheqi Zhou, Sanling Huang and Yan Xu, Peking University International
Cancer Institute, Peking University Cancer Hospital and Institute, Health
Science Center, Peking University, Beijing, China
Fangying Fan, Department of Interventional Ultrasound, Chinese PLA
General Hospital, Beijing, China
Casey Moore, Departments of Immunology, Pathology, UT Southwestern
Medical Center, Dallas, Texas, USA

Med. Rev. 2024; 4(3): 173–191

Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License.

https://doi.org/10.1515/mr-2023-0061
mailto:chuanhui.han@bjmu.edu.cn
https://orcid.org/0000-0002-7634-8471
mailto:lsr519@ad.unc.edu
https://orcid.org/0000-0002-1645-6868


Innate immune sensing is mediated by pattern-
recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs) releasing from treated tumor
tissues to trigger the innate and adaptive antitumor
immunity [9, 13–15]. In the past decade, cytoplasmic dou-
ble-stranded DNA (dsDNA) sensing pathway via cyclic
GMP-AMP synthase (cGAS) stimulator of interferon genes
(STING) has received more and more attention in basic
research and clinical practice. Numerous studies have
uncovered the critical role of cGAS-STING in traditional
antitumor therapies and immunotherapy [16–20]. The
cGAS, as a cytoplasmic dsDNA sensor, recognizes various
exogenous dsDNA and also self-derived dsDNA to resist
pathogen infection and reject cancer, also contributes to
autoimmune disorders [21–28]. Following its recognition
of dsDNA, cGAS assembles into a dimer or oligomer ladder
to synthesize cyclic GMP-AMP (cGAMP), which binds
to STING in the endoplasmic reticulum (ER), and trans-
locates to endoplasmic reticulum (ER)-Golgi intermediate
compartment (ERGIC) and Golgi [29]; furthermore,
activated STING will activate downstream signaling. Dur-
ing STING transport activation, armadillo-like helical
domain-containing protein 3 (ARMH3) recruits phospha-
tidylinositol 4-kinase beta (PI4KB) to synthesize phospha-
tidylinositol 4-phosphate (PI4P), which directs STING
Golgi-to-endosome trafficking, and helps STING activate
more stably and efficiently [30]. This will lead to produc-
tion of pro-inflammatory cytokines, especially IFN-I and
interleukin (IL)-1β, to initiate inflammatory responses and
activate CD8+ T cells [4–7, 31–33]. In the classical frame-
work of tumor immunology, radiotherapy (RT) and
immunotherapy activate innate immune sensing path-
ways, particularly the cGAS-STING pathway, controlling
tumors through immune activation beyond the direct
killing effect [15, 16, 33–46]. Nevertheless, recent works
provided evidence supporting that cGAS-STING could
also trigger the initiation of autophagy and suppress
the RT-mediated repair of DNA damage to diminish the
RT-induced antitumor immunity [47, 48]. Additionally,
persistent activation of cGAS-STING signaling leads to a
pro-tumor effect by reshaping an immunosuppressive
TME, thus helping tumor evade immunosurveillance and
promoting metastasis [49, 50]. Therefore, the cGAS-STING
pathway exhibits dual functionality in the TME: one to be
hijacked by tumor cells to resist therapeutic interventions
and facilitate tumor progression, the other to provoke
anti-tumor immunity by innate immune sensing. Here, we
review the advances of cGAS-STING mediated dsDNA
sensing in tumor study and emphasize the significance of
local activation of cGAS-STING signaling in TME.

Regulatory mechanisms of the
cGAS-STING pathway

As one of the primary cytosolic DNA sensors, cGAS exhibits a
particular ability to detect cytosolic dsDNA [51] or RNA-DNA
hybrids [52] in a sequence independent manner and cata-
lyzes the conversion of GTP and ATP to 2′3′-cGAMP. The
activation of STING by 2′3′-cGAMP triggers an inflammatory
response via the TANK-binding kinase 1 (TBK1)-Interferon
Regulatory Factor 3 (IRF3) pathway, ultimately leading to the
production of IFN-I [5, 23]. Importantly, the IFN-I further
bridges the innate and adaptive immune response by pro-
moting the maturation, activation and migration of DC,
T cells and NK cells, while also impeding regulatory T (Treg)
cells and inhibitory macrophage differentiation [4, 6, 53].
Intriguingly, both cGAS and STING are IFN-stimulated genes
(ISGs), indicating a positive feedback loop in this pathway.
Persisting cytosolic dsDNA will thereafter augment IFN-I
response by boosting local cGAS production and subsequent
cGAS activation via positive feedback [54]. In parallel, STING
also activates I kappa B kinase (IKK) tomediate the induction
of Nuclear factor Kappa-B (NF-κB)-driven pro-inflammatory
cytokines production, such as tumor necrosis factor-α
(TNF-α), IL-1β and IL-6 [8, 9, 55].

Mutual regulation of cGAS-STING and cell
death pathways

The cGAS-STING pathway not only enhances the production
of proinflammatory cytokines, but it also plays a crucial role
in initiating cell death through many mechanisms. Intact
cGAS-STING pathway is activated by treatment to regulate
tumor cell growth, senescence and immune surveil-
lance [55]. Therefore, in multiple cancers, cancer cells often
exhibit abnormalities in the cGAS-STING pathway as a result
of epigenetic hypermethylation [56, 57]. Additionally, cell
death pathways can also be hijacked by tumor cells or
pathogens to suppress the activation of cGAS-STINGpathway
and diminish the immune response [58, 59] (Figure 1).

Persistent stimulation of cGAS-STING signaling can
directly induce cell death in a variety of machineries.
Importantly, STING-mediated IRF-3 activation enhances the
interaction between IRF-3 and the pro-apoptotic protein Bcl2-
associated X gene (Bax) and thereby triggers the mitochon-
drial apoptotic pathway [60]. In addition, IFN-I could upre-
gulate apoptosis inducers, such as TNF-related apoptosis-
inducing ligand (TRAIL), initiating cell death [61–63].
Furthermore, STING can also activate autophagy through a
mechanism independent of TBK1 and IFN-I [47, 64], which also
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involves in negatively regulating the activation of cGAS-STING
pathway and cell death. Upon binding cGAMP, STING trans-
locates to the ERGIC and Golgi resulting in the lipidation of
microtubule-associated protein 1 light chain 3 (MAP1LC3,
hereafter referred to as LC3) and the fomation of autopha-
gosomes, to defend against viral infection or degradation of
damaged organelles [47]. Moreover, the cGAS-STING pathway
activates receptor-interacting protein kinase 3 (RIPK3) to
initiate necroptosis, which is coordinated by the actions of
with IFN-I and TNF-α [65]. Meanwhile, cGAS-STING also reg-
ulates necroptosis by maintaining the expression of the key
necroptosis executor mixed-linage kinase domain like
(MLKL) [66], or through the Z-DNA binding protein 1 (ZBP1)-
RIPK3 axis [65, 67–69]. Recent studies have also shown that
STING could facilitate the activation of pyroptosis by initiating
potassium efflux and upregulating and maintaining expres-
sion of NLR family pyrin domain containing 3 (NLRP3) [70, 71].

Caspase 9 (CASP9) is critical to initiate intrinsic apoptosis.
In 2014, Richard A. Flavell and Benjamin T. Kile groups
separately reported that viral infection or stress-induced
cell apoptosis could trigger mitochondrial membrane per-
meabilization, thereby resulting in mitochondrial DNA

(mtDNA) release into the cytosol and activation of CASP9
signaling. However, the activation of CASP9/3/7 further sup-
presses the mtDNA-mediated cGAS-STING activation [72, 73].
It was later discovered that CASP3 can cleave cGAS and other
key factors to limit cGAS-mediated IFN-I production [74].
However, tumor cells seem toutilize a differentmechanism to
hijack apoptosis and suppress tumor-intrinsic cGAS-STING
activation. We previously reported that blocking CASP9
signalingwith Emricasan or Q-VD-OPh could facilitatemtDNA
mediated cGAS-STING activation after radiation treatment;
however, blocking caspases does not further raise cGAS-
STING axis protein expression level, indicating that cleavage
of cGASmaynot be themajormechanismof caspasemediated
cGAS-STING inhibition in tumor cells [58]. Furthermore, Jiang
et al. demonstrated that the activation of key enzymes in
pyroptosis, caspase-1, -4, -5, and -11 cleaved cGAS, reduces
cGAMP levels, and inhibits IFN-I production [75]; Rathinam
et al. reported that gasdermin D (GSDMD) forms membrane
pores after inflammasome activation depletes cytosolic po-
tassium that is essential for activation of cGAS-STING
signaling [76]. However, unlike pyroptosis, MLKL mediated
necroptosis seems to trigger cGAS-STING activation by

Figure 1: cGAS-STING and cell death pathways. cGAS recognizes cytosolic dsDNA released from the nucleus,mitochondria or exogenous pathogens, and
then catalyzes the conversion of GTP and ATP to cGAMP. cGAMP initiates an inflammatory response via the SITNG-TBK1-IRF3-IFN and IKK-NF-κB
pathways. cGAS-STING also involves in regulating cell death pathways. Chronic activation of STING increases the mitochondrial apoptotic pathway by
enhancing the interaction of IRF-3 and Bax. STING also activates pyroptosis by initiating potassium efflux and upregulating and maintaining NLRP3. On
the contrary, activated CASP9/3/7/1 will suppress the activation of cGAS-STING pathway and avoid to awaking the antitumor immunity. Moreover, STING
also regulates necroptosis through ZBP1-RIPK3-MLKL axis. Furthermore, STING also activate autophagy independent of TBK1 and IFN by translocating to
ERGIC and Golgi, which leads to LC3 lipidation and autophagosome formation. cGAS, GMP-AMP synthase; dsDNA, double-stranded DNA; cGAMP, cyclic
GMP-AMP; SITNG, stimulator of interferon genes; TBK1, TANK-binding kinase 1; IRF3, Interferon Regulatory Factor 3; IFN, interferons; IKK, I kappa B
kinase; NF-κB, nuclear factor Kappa-B; CASP, caspase; ZBP1, Z-DNA binding protein 1; MLKL, mixed-linage kinase domain like; ERGIC, endoplasmic
reticulum-Golgi intermediate compartment.

Zhou et al.: Targeting cGAS-STING for cancer treatment 175



facilitating the release of mtDNA into the cytosol [77].
Considering the critical role of caspases in regulating the cell
death, the regulatory network between caspases and cGAS-
STING signaling still needs to be further validated. Thus,
cGAS-STING bridges the innate immune sensing pathways
and the cell death pathways. However, tumor could hijack the
cell death pathways to regulate the activation of cGAS-STING
pathway and influence antitumor immunity.

Additionally, some other variables affecting the activa-
tion of the cGAS-STING pathway have also been recently
identified. These factors are related to cytoplasmic accu-
mulation of mitochondrial DNA. DNA methyltransferase 3
alpha (DNMT3A) and TET methylcytosine dioxygenase 2
(TET2) maintain mtDNA integrity by regulating the expres-
sion of transcription factor A mitochondria (TFAM), and
deletion or mutation of both causes damage to mtDNA
integrity and activation of cGAS signaling [78]. Oxidized DNA
in the mitochondria is repaired by 8-oxoguanine DNA gly-
cosylase (OGG1), or cleaved into fragments by endonuclease
flap endonuclease (FEN1). The fragment of mtDNA leaks into

cytosol via mitochondrial permeability transition pore
(mPTP)- and voltage dependent anion channel (VDAC)-
dependent channels to initiate cGAS-STING activation [79].
Instability in the mitochondrial genome also promotes the
accumulation of Z-type DNA, upregulation of ZBP1 expres-
sion, and nucleates a cytosolic complex containing cGAS,
RIPK1, and RIPK3 to sustain IFN-I signaling [80]. In addition,
the loss of fumarate hydratase (FH1) also leads to the release
of mtDNA into the cytoplasm throughmitochondrial derived
vesicles (MDVs), promoting the activation of the cGAS-STING
pathway [81]; however, whether the apoptosis pathway is
involved in the cGAS-STING activation in FH1 deficient cells
remains unclear.

Posttranslational modifications of
cGAS-STING

Posttranslational modifications (PTMs), including phosphor-
ylation, ubiquitination, SUMOylation and others, can also

Figure 2: Regulation of cGAS-STING signaling pathway. Different PTMs of cGAS-STING, including ubiquitylation, palmitoylation, acetylation, can directly
trigger the function of cGAS-STING. DNA-PK, as a DNA sensor, has multiple roles in regulating the cGAS-STING pathway. In addition to direct regulation,
DNA-PK can promote cytoplasmic translocation of PARP1, and inhibits cGAS-DNA-binding ability through PARylating cGAS. TREX1 and DNAse1L3 degrade
the dsDNA, and ENPP1 hydrolyzes extracellular cGAMP, thereby all inhibit the activation of downstreamSTING. NucleosomeDNA can also inhibit the cGAS
activation throughH2A-B binding to the cGAS andmaintain cGAS in amonomeric state. PTMs, posttranslational modifications; cGAS, GMP-AMP synthase;
SITNG, stimulator of interferon genes; DNA-PK, DNA-dependent protein kinase; PARP1, polymerase 1; TREX1, 3′ repair exonuclease 1; ENPP1, ecto-
nucleotide pyrophosphatase phosphodiesterase 1.
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directly regulate cGAS-STING signaling (Figure 2). The E3
ubiquitin ligase membrane associated ring-CH-type finger 8
(MARCH8) ubiquitinates cGAS atLys411, inhibiting the binding
of cGAS to DNA, thereby reducing the production of cGAMP
and IFN-I [82]. Moreover, ovarian-tumor-domain-containing
deubiquitinase 3 (OTUD3) binds to cGAS and targets Lys279 to
deubiquitinate K48-linked ubiquitination, thereby enhancing
the stability of the cGAS protein and its DNA-binding abil-
ity [83]. Similarly, Death-associated protein kinase 3 (DAPK3)
facilitates the K63-linked ubiquitination and stabilizes the
interaction of STING and TBK1 [84]. Tripartite motif 10
(TRIM10) binds to STING, catalyzing the polyubiquitination of
STING at K289 and K370 sites at K27- and K29-, thereby pro-
moting theGolgi transport and activation of STING [85]. On the
contrary, myb-like SWIRM and MPN domains 1 (MYSM1) and
ubiquitin specific peptidase 35 (USP35) suppress the activation
of STING by cleaving STING K63-linked ubiquitination [86, 87].
Besides, phosphorylation, SUMOylation, methylation, gluta-
mylation, acetylation and palmitoylation can also regulate the
activities of cGAS-STING. It has been reported that the
epidermal growth factor receptor (EGFR) and Akt (protein
kinase B, PKB) axis inhibits cGAS activity by phosphorylating
S291 or S305 residues [88]. Phosphorylation also involves in
regulating cGAS sensing genomic DNA. As a cytosolic dsDNA
sensor, it is not surprising that cGAS recognizes cytosolic DNA,
including micronuclei DNA in cytoplasm. However, how
genomic DNA avoids activating cGAS during nuclear envelope
disappearing in mitosis has attracted more attention. In 2019,
the Funabiki lab reported that nucleosome DNA traps more
cGAS during mitotic envelope breakdown; unlike naked
dsDNA, nucleosome DNA inhibits cGAS activation through
H2A-B binding to cGAS [89]. However, during mitotic arrest,
cGAS is slightly activated and promotes the aggregation
of IRF3 to initiate cell apoptosis [89]. Later, multiple studies
uncovered the structure of nucleosome-cGAS and revealed
that nucleosome traps the cGAS in H2A-B to block dsDNA
binding and maintains cGAS in a monomeric state [90–94].
Besides, cGAS could also be hyperphosphorylated by mitotic
kinases, including Aurora kinase B and DNA-dependent pro-
tein kinase (DNA-PK), to suppress genomic DNA recogni-
tion [95, 96]. Notably, TBK1 is also involved in regulating STING
by through phosphorylation. TBK1 phosphorylates the Ser366
residues of STING in a conserved pLxIS motif that is also
necessary for STING activity [97, 98].

SUMOylation is also vital to the activation of cGAS. Viral
infection first facilitates the SUMOylation of both cGAS and
STING by tripartite motif protein 38 (TRIM38), increasing
the stability of cGAS and STING. However, in the late phase
of viral infection, cGAS and STING are deSUMOylated
by Sentrin/SUMO-specific protease 2 (SENP2) [99] and
SENP7 [100], leading to their degradation. Similarly, gluta-
minylation is also reversibly regulated by multiple

enzymes to balance the activation of cGAS. Tubulin tyrosine
ligase-like 6 (TTLL6) and TTLL4 inhibit the activity of cGAS
by glutaminylation, whereas cytosolic carboxypeptidase 6
(CCP6) and CCP5 remove the glutaminylation of cGAS,
jointly regulating the activation of cGAS [101]. Acetylation
of cGAS in different domains has different effects on its
activity. Acetylation of the C-terminal catalytic domain
(CCD) of cGAS is regulated by multiple PTMs to influence its
enzymatic activity; for example, aspirin could also promote
the acetylation of the C-terminal of cGAS and inhibit
its function [24]. Meanwhile, acetylation of N-terminal
unstructured domain (NUD) by lysine acetyltransferase
5 (KAT5) enhances the binding ability of cGAS to
DNA [24, 102]. Besides, other kinds of PTMs also involve in
cGAS regulation. Protein arginine methyltransferase 5
(PRMT5) was reported to methylate cGAS, thereby blocking
its DNA-binding ability [103]. More recently, Yin et al.
also found that palmitoyltransferase ZDHHC18 negatively
regulates the function of cGAS through palmitoyla-
tion [104]. In contrast, palmitoylation of STING at Cys resi-
dues (Cys88/91) promotes its activation [105].

The DNA repair system is not only involve in DNA
generation, but also participates in regulating the cGAS
pathway. Recently, it has been found that DNA virus infec-
tion facilitates the activation of DNA-PK, which promotes
cytoplasmic translocation of poly (ADP-ribose) polymerase 1
(PARP1). PARP1 thereafter inhibits cGAS-DNA-binding ability
through PARylating cGAS [106]. However, the role of DNA-PK
in regulating cGAS-STING signaling is complicated; DNA-PK,
itself as a DNA sensor [107], has been reported to trigger
cGAS-STING activation, but in some case also inhibits
cGAS-STING [96, 108]. Besides, the degradation of cGAMP
also represents a formof negative regulation that suppresses
cGAS-STING signaling. Ecto-nucleotide pyrophosphatase
phosphodiesterase 1 (ENPP1) hydrolyzes extracellular
cGAMP and thus prevents extensive spread, thereby inhib-
iting the activation of downstream STING [109].

Metalloimmunotherapy and cellular
localization regulates the function of
cGAS-STING pahtway

The activity of cGAS-STING pathway can also be regulated
by metal ions. Mg2+ is revealed to be a cofactor for cGAS
enzyme [110]; later, the Jiang lab reported that Mn2+ releases
into the cytosol and promotes the cGAS-STING activation
during virus infection [111]; furthermore, they also validated
that Mn2+ activates the cGAS-STING in a dsDNA-independent
manner to potentiate the immunotherapies [112, 113]. More-
over, the Chen lab revealed that binding of dsDNA also induces
a cGAS liquid phase separation, which is critical to cGAS
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synthesizing cGAMP, while zinc ions promote DNA-induced
phase separation to activate the cGAS [114]. Notably, stimula-
tion with cGAMP or Mn2+ also promotes the STING to form a
liquid–liquidphase-separation (LLPS) and a gel-like transition;
however, condensation of ER-resident STING could form a
puzzle-like structure to limit the overactivation of STING-TBK1
signaling [115]. Additionally, potassium is also required for the
full activation of cGAS-STING pathway; therefore, inflamma-
some pathway could trigger the cytosolic potassium efflux to
block the activation of cGAS-STING signaling [70, 76].

In addition to directly regulating the function of cGAS
or STING, the activation of cGAS-STING pathway could also
be regulated by adjusting the formation of cytosolic
dsDNA [116]. DNA 3′ repair exonuclease 1 (TREX1) is a 3′-5′
single strand exonuclease with Mg2+ as a cofactor that is
reported to degrade dsDNA and DNA-RNA hybrid in cases
where it exhibits helicase activity [117, 118]. It is reported
that TREX1 can degrade damaged cytosolic DNA, inhibiting
the activation of cGAS [119, 120]. However, the activated
cGAS-dsDNA complex could resist TREX1-mediated degra-
dation by forming the phase separation [121]. Moreover, it
is found that p53 induces degradation of TREX1, resulting
in cytosolic dsDNA accumulation, then engages the cGAS/
STING cytosolic DNA sensing pathway for tumor suppres-
sion [122]. Besides TREX1, DNase1L3 is also reported to
degrade the serum vascular dsDNA and prevent the self-
DNA mediated autoimmune disease [123–125]. However,
the role of other nucleases is also under evaluation.

In addition to molecules that regulate the release of
mtDNA, the amino terminal (N terminal) of cGAS also has an
influence on the DNA reactivity of the catalytic domain. The
activity of the human cGAS catalytic domain was inhibited
by the N-terminal. In contrast, the N-terminal of mouse cGAS
promotes its own DNA reactivity [126]. And there are other
molecules that affect the stability of STING. Adaptor protein
complex 1 (AP-1) sorted phosphorylated STING into clathrin-
coated transport vesicles for delivery to the endolysosomal
system, leading to degradation of STING, and thereby
inhibiting long-term activation of STING [127]. STING has
also recently been reported to act as a proton channel to
mediate the outflow of hydrogen ions in Golgi, resulting in
an increase in the pH value of the Golgi apparatus, induction
of LC3B lipidation and autophagy formation, and ultimately
degradation of STING [128].

cGAS-STING, a double-edged sword
for cancer treatments

Unlike host immune cells, tumor cells seem to hijack plenty of
pathways to suppress intrinsic cGAS-STING activation. Even

though some previous studies reported that antitumor treat-
ments could induce the slight increase of tumor-derived IFN-I
and provoke the antitumor effect in a tumor-intrinsic cGAS-
STING dependent manner [46, 84, 129–131]. However, consid-
ering the opposite role of chronic and acute production of
IFN-I in antitumor immunity, the treatment slight increasing
of IFN-I could blur the clinical outcome [16]. Therefore, it is still
under debate whether tumor-intrinsic cGAS-STING signaling
provokes antitumor immunity by increasing IFN-I or other
cell stress related pathways. Unexpectedly, chromosomal
instability (CIN) can contribute to the aggregation of cytosolic
dsDNAandactivate cGAS in tumor cells [49, 132, 133]; similarly,
the aggregation of cytosolic dsDNA is also vital to provoking
antitumor immunity in DNA mismatch repair deficiency
(dMMR) tumor models responding to ICB [130]. Tumor cells
with CIN typically undergo chromosome missegregation
during cell division, resulting in chromosomes fragments are
enveloped by primitive nuclear membranes to form micro-
nuclei. Micronuclear membranes readily decompose and
release dsDNA contained therein [134] and trigger the cGAS-
STING pathway [135]. However, the impact of tumor-intrinsic
cGAS-STING pathway varies across different tumor types.
Clinical data showed that low expression of STING in tumor
tissues is associated with poor prognosis of gastric can-
cer [136]. Multiple studies add proofs of the positive role of
tumor-intrinsic cGAS-STING in strengthening antitumor im-
munity [18, 137, 138]. However, other groups have also showed
that upregulated cGAS-STING is negatively correlated with
immune cell infiltration in some tumors and also correlates
with poor prognosis [139], thereby promotes the tumor
metastasis [49]. In summary, the cGAS-STING pathway ex-
hibits dual roles in cancer, acting both as a suppressor andas a
promoter of oncogenic processes. Therefore, identifying spe-
cific biomarkers to delineate the role of the cGAS-STING
pathway in the TME warrants further investigation.

Activation of the cGAS-STING pathway in the TME can
promote infiltration of immune cells and antitumor immu-
nity. Tumor cells or tumor cell-derived vesicles, including
exosomes and macrovesicles, can be captured by phagocytes
and antigen presenting cells. The phagocytosed dsDNA is
released into the cytosol of immune cells and activates the
cGAS-STING signaling [140, 141]. This will further enhance the
secretion of IFN-I, the presentation of tumor antigens, and
the recruitment of tumor-specific CD8+ T cells to exert anti-
tumor effects [16, 18]. In addition, IFN-I also upregulates the
expression of multiple chemokines such as C-X-C motif che-
mokine ligand 9 (CXCL9) and CXCL10, which promote the
infiltration of APCs and effector T (Teff) cells [32, 142, 143].
Interestingly, tumor-derived cGAMP is reportedly secreted
into the TME, possibly via ATP binding cassette subfamily C
member 1 (ABCC1) transporter, and enters immune cells via
the folate transporter solute carrier family 19 member 1
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(SLC19A1) [144, 145]. Delaying dead clearance by blocking
MerTK will enhance the extracellular ATP that could trigger
the macrophage capture tumor-derived cGAMP to enhance
antitumor immunity [138]. Tumor-derived cGAMP also trig-
gers STING-mediated interferon responses in non-tumor cells
to activate an NK cell mediated antitumor effect [137]. How-
ever, activation of the cGAS-STING pathway in the TME does
not always indicate a better prognosis. The Ge lab reported
that DNA damage could promote cGAS translocation into the
nucleus and inhibit homologous recombination by prevent-
ing the PARP1-Timeless complex formation [146]. Moreover,
CIN chronically activates STING-dependent noncanonical NF-
κB signaling to drive secretion of proinflammatory cytokines
and metastasis formation, thereby contributing to CIN
maintenance [49]. CIN tumors can also activate cell survival
signals and form a metastasis-promoting tumor microenvi-
ronment through NF-κB-IL-6-STAT3 pathway and endo-
plasmic reticulum stress [147, 148]. Known for its role in RNA
editing, APOBEC3A also promotes CIN and triggers the for-
mation of micronuclei to activate cGAS-STING in tumor cells;
this helps tumors to develop and metastasize [149, 150].
Another study showed that cGAS anchored to the mitochon-
drial outer membrane can promote dynamin-related protein
1 (DRP1) oligomerization, inhibiting mitochondrial ROS
accumulation and ferroptosis, and further promoting tumor
progression [151]. Therefore, it is important to avoid pro-
moting the pro-tumorigenesis functions of cGAS-STING while
endeavoring to promote antitumor immunity.

Over the past decade, immunotherapy has heralded a
new era in cancer treatment. This inspiration has led re-
searchers to progressively uncover the role of the immune
responses in traditional antitumor therapies, such as
radiotherapy, chemotherapy, and targeted therapy. Besides
directly killing tumor cells, traditional antitumor therapies
also activate innate immune sensing pathways, especially
the cGAS-STING pathway, to provoke anti-tumor immunity
in the TME [7, 15, 34–38]. However, the antitumor immunity
induced by RT and chemotherapy often proves insufficient
to maintain long-term antitumor effects; relapse remains
one of the major challenges in clinical cancer treat-
ment [152]. Therefore, identifying ways to further enhance
therapy-induced antitumor immunity remains a crucial
area of research to synergizewith traditional cancer therapy
and immunotherapy [153].

Radiation

The traditional dogmawas that RT functions only by inducing
DNA double strand breaks (DSB) to kill tumor cells [154]. The
current radioimmunology theory highlights the vital role of

antitumor immunity induced by RT. Irradiated tumor cells
can activate the cGAS-STING pathway in DCs, which then
produce IFN-I to provoke the adaptive antitumor immu-
nity [16, 140, 155, 156]. Meanwhile, several studies also
revealed that in certain settings, tumor-intrinsic cGAS could
also be activated by RT to contribute to awaking the function
of CD8+ T cells [108, 129, 140, 156, 157]. However, the slight
increase in irradiated tumor-derived IFN-I suggests that tu-
mor infiltrated immune cells should be themajor cGAS-STING
acting cells [16]. Generally, irradiated tumor cells fail to fully
activate endogenous cGAS-STING signaling. We previously
identified that RT-induced intrinsic apoptosis signaling is
hijacked by tumor cells to suppress cGAS activation. Knocking
out intrinsic apoptosis signaling switches tumor cells to be the
major source of IFN-I in tumor tissue and inhibits tumor
relapse after radiation [58]. Tumor-intrinsic TREX1 and
autophagy were also reported to limit cGAS-STING activation
after RT [129, 140]. Notably, given the high heterogeneity of
tumors, they can hijack various negative cGAS-STING regu-
lators to suppress the endogenous innate immune sensing to
avoid strengthening the antitumor immunity. Therefore, it is
valuable to map the network of tumor-intrinsic innate im-
mune sensing negative regulators, which is critical to develop
the new strategies to synergize with RT and immunotherapy.
On the other hand, RT-induced cGAS-STING activation not
only provokes the anti-tumor immune response, but also in-
duces immunosuppressive factors to limit excessive activa-
tion of the immune response. For example, RT-triggered
STING activation promotes innate immunosuppression by
recruitingmonocyte-derived suppressor cells (MDSC) into the
TME, thus playing a pro-tumor role [158]. Meanwhile, in
contrast to the antitumor effect of the canonical NF-κB
pathway, the activation of the non-canonical NF-κB pathway
in DCs inhibits the production of radiation-induced,
STING-mediated IFN-I and inhibited the therapeutic effect of
radiotherapy [159].

Generally, high dose of RT is effective in exterminating
tumor lesions; however, when a tumor is adjacent to vital
organs, such high doses and subsequent adaptive irradia-
tion may not fully control tumor cells growth. Therefore,
tumor relapse and the extremely rare abscopal effect
remain the two major challenges of RT in clinic. Previous
studies have revealed that blocking T cell infiltration after
RT does not reduce the antitumor effect of RT, indicating
the pre-existing CD8+ T cells are vital to RT [160, 161].
Consistently, a more recent study reported that RT-induced
neutrophil NETosis blocks CD8+ T cell infiltration into the
tumor area [162]. Meanwhile, combining RT with ICB can
enhance therapeutic effects, yet it still fails to completely
eradicate metastases [153, 163]. Our research demonstrated
that irradiating CASP9-deficient tumors significantly
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trigger the activation of cGAS-STING to provoke CD8+ T cell
mediated antitumor effect, and the CASP9-deficient tumor
disappeared after RT without relapse. However, irradiated
CASP9-deficient tumors failed to induce systemic antitumor
immunity to reject the distal nonirradiated tumor tissue;
combining with ICB induced an abscopal effect but still
failed to totally reject the distal nonirradiated tumors [58].
Moreover, previous studies have reported that DCs acti-
vated by local radiation mediates the activation of CD8+

T cells and contribute to tumor control by RT [156]. It is
suggested the crosstalk between TME and peripheral im-
munity seems to be interfered after RT. To date, further
research is needed to elucidate the mechanisms by which
radiotherapy seldom induces an abscopal response.
Considering the technological advancements in RT de-
livery, it is nowmore feasible to specifically irradiate tumor
tissues without damaging adjacent healthy tissues. There-
fore, there is an urgent need to refine current radio-
immunology theories and develop novel strategies that
effectively harness systemic antitumor immunity.

Chemotherapy

Chemotherapy functions to inhibit tumor cells proliferation
and directly kill the tumor cells. Similar to RT, plenty of
chemotherapeutic drugs, including anthracyclines, oxaliplatin,
doxorubicin, and teniposide, topotecan, 6-thio-dG and others,
can induce DNA DSBs and activate the cGAS-STING pathway to
provoke the anti-tumor immunity [19, 32, 43, 164–167].
Following DNA damage, tumor cells engage the DNA damage
response (DDR) mechanisms to maintain genomic integ-
rity [168, 169]. One of the earliest events in the DDR is recruit-
ment of PARP1 to various kinds of DNA lesions [170, 171]. Drugs
that target DDR proteins, including PARP inhibitors, and
checkpoint kinase 1 (CHK1) inhibitors, have been utilized in
anti-tumor therapies. These targeted therapeutics have been
shown to amplify DNA damage in tumor cells, further activate
the cGAS-STING pathway, regulate the immune microenvi-
ronment, and improve the efficacy of anti-PD-1 therapy when
used in combination [45, 46, 120, 172]. Ataxia telangiectasia
mutated (ATM) is also a component of the DDR; thus, inhibition
of ATM can further promote the activation of cGAS-STING
signaling, paving the road for synergizing with ICB ther-
apy [173, 174]. Notably, the Liu lab recently revealed that the
chemotherapy paclitaxel diminishes CXCL13+ CD8+ T cells to
limit the synergistic effect of chemotherapy and ICB [175],
indicating potential risks in using chemotherapies to awaken
anti-tumor immunity.

Immunotherapy

Immunotherapies function by awakening the antitumor
immunity; therefore, immunotherapies show a great po-
tential to synergize with RT and other antitumor therapies.
ICB therapies, as the most famous immunotherapies,
block immunosuppressive receptors on the cell surface,
including programmed cell death-1 (PD-1)/programmed cell
death ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), and specifically provoke adaptive im-
munity. Therefore, the effectiveness of immunotherapies
depends on the adaptive antitumor immunity, most notably
the recognition of tumor antigens and generation of tumor-
specific cytotoxic T cells (CTLs). The Chen lab first reported
that cGAS-deficient mice show less tumor antigen-specific
CD8+ T cells infiltration and respond worse to PD-L1
blockade, suggesting that cGAS is essential for the antitumor
effects of immune checkpoint blockade [20]. In addition, Fu
lab demonstrated that the anti-tumor effect of CD47 blockade
also requires DC-intrinsic, STING-mediated T cell activa-
tion [41, 176]. In some cases, endogenous tumor STING
signaling can also contribute to the response to ICB therapy.
The Greenberg lab revealed that irradiated B16-STING
knockout cells, as a vaccine, reduced tumor sensitivity to
anti-CTLA4 treatment [108]. Notably, considering the role of
cGAS in DNA damage repair and mitotic arrest, the mecha-
nism of how tumor-intrinsic factors influence to ICB therapy
is still under-evaluated. On the other hand, cGAS-STING
generally functions through IFN-I; however, the Zitvogel lab
also observed that IFNαR1-deficient mice respond better to
anti-PD1 therapy [177], indicating that an IFN-I-independent
role of cGAS-STING pathway may also play a role in the
effectiveness of immunotherapies.

Notably, although radiotherapy and chemotherapy can
activate the tumor-intrinsic cGAS-STING pathway in some
certain tumor cell lines or experimental setting, the activa-
tion is often not strong enough to fully awaken antitumor
immunity, and the host cGAS-STING signaling still seems to
play the major role post antitumor treatment. This is mainly
caused by the complicated negative regulation network in
tumor cells. Some factors, such as caspases, TREX1 and
autophagy, induced by antitumor therapies to initiate cell
death, can also be hijacked by tumor cells to evade
immunosurveillance [129, 140, 178–180]. Interestingly,
interfering with the major negative regulators successfully
switch tumor cells to become the major IFN-I source in the
TME and play a vital role in enhancing antitumor immu-
nity [32, 58]. These findings point out a new direction for
novel antitumor strategies development (Figure 3).
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cGAS-STING based agonists in
cancer therapies

Unlike other innate immune sensing platforms, the cGAS-
STING pathway is broadly expressed and can be activated by
small molecular cGAMP and its analogues; therefore, mul-
tiple STING agonists were developed and validated in pre-
clinical models and clinical practice. However, considering
the widespread expression of STING, high-dose local treat-
ment or systemic administration of STING agonists might
induce immune cells’ death to diminish the enhanced anti-
tumor immunity; therefore, how to specifically activate
STING in TME should be further considered as critical next-
generation STING agonist-based strategies.

STING agonist

Cytosolic dsDNA triggers cGAS to synthesize cGAMP, a cyclic
dinucleotide (CDN), to bind and activate STING. Besides

cGAMP, plenty of natural CDNs have been reported in
other organisms [181–183], indicating the conserved role of
this axis. Antitumor modulation of CDNs was revealed that
c-di-GMP could inhibit tumor cell proliferation [184].
The intratumoral injection of cGAMP has been reported to
limit tumor growth and promote the CD8+ T cell infiltration,
and this ability could be further synergized with ICB or
RT [16, 20, 185]. Beyond naturally derived CDNs, synthetic
CDNs with better properties have been developed, including
ADU-S100 and MK-1454, which have entered phase II clinical
trials for the treatment of head and neck tumors in combi-
nation with pembrolizumab [186]. Especially, MK-1454 was
developed by Merck as a STING agonist for various tumors
with an enzymatic cascade system [187] (Table 1).

Dimethyloxoxanthenyl acetic acid (DMXAA) is the first
non-CDN STING agonist, but DMXAA and its analogous
10-carboxymethyl-9-acridanone (CMA), failes in clinical tri-
als. Later, it is revealed that they can only activate mouse
STING, but not human STING [188–191]. The natural com-
pound α-mangostin is a bioflavonoid-like molecule with
antiviral activity and can activate hSTING [192]. A series of

Figure 3: Antitumor therapies awake the cGAS-STING signaling to accelerate the antitumor immunity. Features of the tumor microenvironment like
chromatin instability and growth stress can cause cytoplasmic or extracellular accumulation of dsDNA to activate the cGAS-STING pathway. Similarly, anti-
tumor therapies such as radiotherapy and chemotherapy can also cause accumulation of genomic ormitochondria-derived dsDNA in the cytosol. Tumor-
derived cGAMP can also secrete into the TME, and enter immune cells via the folate transporter SLC19A1. However, DNA damage recruits the cGAS
translocating to nuclear and inhibits the homologous recombination by interfering the PARP1-timeless complex formation. On the other hand, antitumor
therapies also upregulate negative regulators of cGAS-STING, as CASP9 signaling, to suppress the activation of the intrinsic cGAS-STING pathway.
Therefore, targeting such negative regulators or delivery of STIGN agonists could specifically activate the cGAS-STING signaling in the TME. This will help
to upregulate the expression of Th1 chemokines (CXCL9 and CXCL10) and antigen presenting molecules (MHCI), recruit CD8+T cells, and activate innate
immune cells. However, the increase of IFN secretion may also enhance the infiltration of MDSC and upregulate PD-L1 and other immunosuppressive
factors to exert an inhibitory effect. dsDNA, double-stranded DNA; cGAS, GMP-AMP synthase; SITNG, stimulator of interferon genes; cGAMP, cyclic
GMP-AMP; CASP, caspase; TME, tumor microenvironment; MDSC, monocyte-derived suppressor cells.
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oxoacridinyl acetic acid derivatives with the same skeleton
as CMA were also synthesized, which could be used as
hSTING agonists, but their antitumor effects are still being
evaluated. Thereby, several groups aim to develop systemi-
cally available STING agonists that can circumvent these
issues. Amidobenzimidazoles (ABZI), a novel STING agonist
designed for patients through systemic administration, has
significantly enhanced binding affinity using the 4-carbon
butane linker (di-ABZI) for dimerization; however, its safety

remains to be considered and the hemodynamics of patients
using these drugs need to be closely monitored [193, 194].
Furthermore, another non-nucleotide cGAMP mimetic
small-molecule STING agonist, SR-717, was developed for
oral administration [195]. SR-717 promotes the activation of
CD8+ T cells, dendritic cells and limited tumor growth, but
failed to synergize with ICB in pre-clinical models [195].
SR-717 also induces the expression of clinically relevant
targets, including PD-L1, in a STING-dependentmanner [195].

Table : STING agonists.

STING agonist Agents Targets Phase Clinical trial ID/PMID

Direct ADU-S(MIW) ADU-S STING Phase  NCT
ADU-S+/−Ipilimumab STING+/−CTLA- Phase  NCT
ADU-S + PDR STING + PD- Phase  NCT

E E STING Phase  NCT
E STING Phase  NCT

IMSA (GB) IMSA+/−PULSAR-ICI STING+/−PD- Phase  NCT
NCT

GSK GSK STING Phase  NCT
MK- MK- STING Phase  NCT

MK-+/−pembrolizumab STING + PD- Phase  NCT
MK MK-+/− pembrolizumab STING + PD- Phase  NCT
BMS- BMS- STING Phase  NCT
SB  SB  STING Phase  NCT
SNX SNX+/−pembrolizumab STING+/−PD- Phase  NCT
TAK- TAK-+/−pembrolizumab STING+/−PD- Phase  NCT
c-di-GMP c-di-GMP STING Pre-clinical PMID: 
MSA- MSA- STING Pre-clinical PMID: 
SR- SR- STING Pre-clinical PMID: 
SYNB SYNB+/−Atezolizumab STING+/−PD-L Phase  NCT
DMXAA (ASA) DMXAA STING Phase  NCT
CMA (Cridanimod) CMA + progestin STING Phase  PMID: 
α-Mangostin α-Mangostin STING Pre-clinical PMID: 
CRD-SI CRD-SI STING Phase  NCT
Compound b Compound b STING Pre-clinical PMID: 
C C STING Pre-clinical PMID: 
G G STING Pre-clinical PMID: 
C C STING Pre-clinical PMID: 

Indirect Emricasan Emricasan + anti-PD-L Caspases + PD-L Pre-clinical PMID: 
prexasertib prexasertib CHK Phase  PMID: 
Olaparib Olaparib PARP Phase  PMID: 
Rucaparib Rucaparib PARP Phase  PMID: 
Talazoparib Talazoparib PARP Phase  PMID: 
Topotecan Topotecan Topoisomerase I Phase  PMID: 
MM- MM- Topoisomerase I Phase  PMID: 
Doxorubicin Doxorubicin Topoisomerase II Phase  PMID: 
Teniposide Teniposide Topoisomerase II Phase  PMID: 
Cisplatin Cisplatin DNA replication Phase  PMID: 

PMID: 
-thio-dG -thio-dG Telomerase Phase  PMID: 

NCT
AZD AZD ATM Phase  PMID: 

NCT
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MSA-2, another orally available non-nucleotide STING
agonist with antitumor activity, is also moderately or poorly
synergistic with PD-1 blockade; combinations of MSA-2
and anti-PD-1 antibody were superior in inhibiting tumor
growth and prolonging survival over monotherapy [196].
Notably, most STING agonists only trigger the activation of
host-derived, but not tumor-intrinsic, STING signaling.
STING-deficientmice fail to increase IFN-I levels and resisted
STING agonist treatment, even in tumormodels that have an
intact cGAS-STING axis [195, 197]. This indicates that tumor
cells could hijack some negative regulators to suppress
STING signaling. Therefore, in future studies, it will beworth
to continue to explore the activation and inhibition mecha-
nisms of the cGAS-STING pathway in the TME, as well as the
mechanism of action on tumors, to develop better drugs
targeting this pathway, reduce drug toxicity and improve
bioavailability. Meanwhile, the mechanism of combined
action of STING agonists and existing immunotherapy
methodsmust be actively explored to find the best combined
treatment strategy for different tumors.

Although STING agonists have shown promising
clinical benefit, most of them can only be delivered by
intratumoral administration, in case of their poor cell
membrane permeability, low bioavailability, or high
toxicity [197–199]. Systemic administration of STING ago-
nists also induced the occurrence of Breg (regulatory
B cells), secreted IL-35, and inhibited the NK cell-mediated
anti-tumor response [200]. Notably, MSA-2 and SR-717 were
available as STING agonists by oral administration, but
toxicity could not be ignored when systemically adminis-
tered in mice [195, 196]. Therefore, preferred activation of
STING in the TME is critical for clinical benefit. The design
of systemically administered STING agonists will be crucial,
since activation of STING in normal tissues may induce
an inflammatory response, leading to side effects. For
example, diABZI, administered by intratracheal injection,
induces a neutrophil response in the bronchoalveolar
space, leading to STING-dependent acute respiratory
distress syndrome (ARDS) [194]. However, MSA-2 takes
advantage of the weak acidity of the TME to synergize with
ICB [196]. At present, there are some strategies for STING
agonist targeted activation. For example, incorporation of
cGAMP into non-infectious enveloped virus-like particles
(VLPs) can selectively activate STING in APC and reduce the
production of Treg [201]. In addition, bacterial-derived cy-
clic dimeric adenosinemonophosphate (CDA) encapsulated
in nanoscale coordination polymer to form Zinc cyclic di-
AMP nanoparticles, intravenous injection of ZnCDA can
enhance tumor accumulation by destroying endothelial
cells in the tumor vasculature, with priority targeting

tumor-associated macrophages, and then enhance anti-
tumor immune response [202]. The effective penetration of
STING agonists into the tumor can also be achieved by
delivering STING agonists by tumor-penetrating PEG-lipid
nanodiscs [203]. However, these strategies still activate
STING pathways in immune cells in the tumor microenvi-
ronment, and cannot avoid the death of immune cells
caused by overactivation of STING. Therefore, novel stra-
tegies should be considered to achieve the specific activa-
tion of STING in tumor tissues when STING agonists
are used alone or in combination with other tumor
immunotherapies.

STING agonist combined with radiation,
chemotherapy and targeted therapy

Although traditional antitumor therapies can partially acti-
vate cGAS-STING in the TME, combining these therapieswith
STING agonists can strengthen anti-tumor immunity. Fu lab
previously demonstrated that cGAMP could synergize with
RT [16]. STING agonist, diABZI, could also significantly pro-
mote apoptosis in irradiated non‐small cell lung cancer
(NSCLC) cells, and enhance radiosensitivity of NSCLC
cells [204]. ADU-S100 has the similar effect of enhancing
radiotherapy sensitivity in esophageal cancer models [205].
Besides RT, STING agonists could also synergize with
chemotherapy. Compared with carboplatin single treat-
ment, carboplatin combined with STING agonist signifi-
cantly prolonged survival of mice with high-grade serious
ovarian cancer [206]; furthermore, carboplatin combined
with STING agonist and anti-PD-1 antibody had better ther-
apeutic effects [206]. In addition, cGAMP could also synergize
withAKT 1/2 inhibitor to induce extensive apoptosis of tumor
endothelial cells and reject spontaneous tumors [207].

STING agonist combined with CAR-T therapy

CAR-T cells recognize a specific antigen on the surface of
tumor cells through their engineered single-chain variable
fragment domain [208, 209]. CAR-T cell therapy has shown
substantial activity against human CD19 or B-cell maturation
antigen (BCMA)-expressing B cell malignancies [210, 211], but
has been less successful in solid tumors [212], mainly due to
the suboptimal migration, impaired function mediated by
the immunosuppressive TME and CAR-T cell exhaustion. The
search for ways to enhance adoptive T cells in solid tumors
continues. Studies have shown that, compared with CAR-T
alone, the combination of STING agonist c-di-GMP and CAR-T
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cells can significantly activate host APCs and lymphocyte
responses, further enhancing the tumor treatment effect,
and prolonging survival in mice [213]; however, considering
the role of STING in cell death, it is still under debatewhether
STING agonist-based immunotherapy could synergize with
other cancer therapies in clinical. In addition, CAR-T cells
generated from Th/cytotoxic T (Tc) 17 cells given with the
STING agonists DMXAA or cGAMP also greatly enhanced
tumor control, allowing for more CAR-T cell infiltration in
the TME [214].

STING agonist combined with ICB treatment

Although immune checkpoint inhibitors (ICIs) has become a
pillar of cancer therapy, the actual clinical application is also
limited by low response rate. For example, cancer patients’
overall response rate to ICIs is about 20–30%, which seems to
be associated with a pre-existing pro-inflammatory TMEwith
higher immune cell infiltration or PD-L1 expression. Indeed,
“immune desert” or “cold” tumors appear to be less respon-
sive to ICIs [215–217]. Given the critical role of the cGAS-STING
pathway in activating the TME immune response, the anti-
tumor potential of combination therapy with STING agonists
and ICIs is currently being actively evaluated.

STING agonists hold the promise to switch “cold tumors”
to “hot tumors” and promote T cell infiltration, increase the
IFN-I mediated expression of antigen presenting molecules,
and improve the sensitivity of tumor cells to NK and CTL
immune killing. On the other hand, activated cGAS-STING is
accompanied by up-regulation of PD-L1 expression [218], and
anti-PD-1/PD-L1 treatment could neutralize the immuno-
suppressive effect of STING agonists. STING agonists com-
bined with ICB therapy have achieved remarkable results in
many clinically refractory tumormodels, including c-di-GMP
and low dose of ADU-S100 [219–221]. In anti-CTLA-4 treat-
ment, the combination of STING agonists can also reduce the
activation threshold of T cells and amplify the tumor-specific
immune response [222].

Notably, as mentioned above, activation of STING
signaling leads to cell death of immune cells, especially for
T cells and DCs. Consistently, high dose of ADU-S100 i.t. in-
jection could regress tumors in a CD8+ T cells independent
manner and induce immune cell death in tumor draining
lymph nodes; however, low-dose ADU-S100 treatment could
increase the cytotoxicity of CD8+ T cells and synergize with
ICB [197]. This indicates that adjustment of STING agonist
dose based on the activity is essential to avoid induction of
the immune cell death and synergize with other antitumor
therapies.

STING agonist: cancer vaccine adjuvant

Cancer vaccines are generally made up of cancer cells,
parts of cells, or pure antigens (tumor-associated anti-
gens, TAAs). Due to central and peripheral tolerance, the
immunogenicity of TAAs is always very weak [223, 224].
Appropriate adjuvants are essential to overcome toler-
ance and enhance tumor-specific immunity. Therefore,
adjuvant substances have attracted great attention from
cancer vaccinologists. Considering the role of STING in
innate immune sensing, STING agonists could be an ideal
cancer vaccine adjuvant.

The first STING agonist-based cancer vaccine, STING-
VAX, which consisted of CDNs and granulocyte-macrophage
colony-stimulating factor (GM-CSF)-secreting cancer cells,
has in vivo antitumor efficacy in several established cancer
models, and can cure established tumors that resist PD-1
blockade [225]. Compared with CDN-free GM-CSF secreting
cancer cell vaccines, STINGVAX treatment enhanced the
IFNγ response and recruited more CD8+ T cells in TME,
overall enhancing antitumor efficacy [225]. Meanwhile, after
STINGVAX treatment, the expression of PD-L1 increased,
enhancing the efficacy of anti-PD-1 therapy, and all estab-
lished tumors in the CT26 model subsided after combination
therapy [225]. In subsequent studies, the feasibility of using
different STING agonists as cancer vaccine adjuvants has
also been repeatedly verified [226, 227], indicating the
promising function of STING agonists as adjuvants for tumor
vaccines.

Concluding remarks

The cGAS-STING pathway, as a crucial intrinsic sensing
platform, has garnered significant attention in academic
research and plays a pivotal role in many anticancer
therapeutic approaches. At now, there have been several
STING agonists that have been produced for the purpose of
treating tumors, exhibiting positive clinical therapeutic
outcomes. Simultaneously, the STING agonists also syn-
ergize with immunotherapies, such as CAR-T and ICB.
Nevertheless, STING activation can lead to the over-
expression of immune checkpoints and induce immune
cell death at higher concentrations, potentially resulting
in pro-tumor consequences. Hence, effectively and spe-
cifically stimulating the cGAS-STING pathway in TME
holds promise as a therapeutic strategy for tumor treat-
ment, especially when combined with cancer immuno-
therapy in future endeavors.
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