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Abstract: As a DNA receptor in the cytoplasm, cyclic GMP-AMP synthase (cGAS) 
contributes to the recognition of abnormal DNA in the cytoplasm and contributes to the 
stimulator of interferon genes (STING) signaling pathway. cGAS could mediate the expres-
sion of interferon-related genes, inflammatory-related factors, and downstream chemokines, 
thus initiating the immune response. The STING protein is a key effector downstream of the 
DNA receptor pathway. It is widely expressed across cell types such as immune cells, tumor 
cells, and stromal cells and plays a role in signal transduction for cytoplasmic DNA sensing 
and immunity. STING agonists, as novel agonists, are used in preclinical research and in the 
treatment of various tumors via clinical trials and have displayed attractive application 
prospects. Studying the cGAS-STING signaling pathway will deepen our understanding of 
tumor immunity and provide a basis for the research and development of antitumor drugs. 
Keywords: cGAS, STING, innate immunity, tumor, immunotherapy, drug discovery

Introduction
There exists a relationship between a tumor and the immune system, and the latter 
selectively recognizes and kills tumor cells through immune surveillance.1 

Consequently, tumor cells have evolved mechanisms to bypass this process, hijack-
ing the immune system to promote tumor formation.2,3 Therefore, the dual regula-
tion of the immune system in inhibiting and promoting tumorigenesis poses great 
challenges to treatment prospects. Cyclic GMP-AMP synthase (cGAS) is 
a cytoplasmic DNA pattern recognition receptor that has been widely studied in 
recent years. It regulates downstream immune responses by sensing abnormal DNA 
in the cytoplasm and plays a dual role in tumor development.4

Oxidative stress, metabolic changes, and genetic instability lead to DNA damage in 
the nucleus and mitochondria, releasing DNA into the cytoplasm. Tumor-derived DNA 
or cyclic GMP-AMP (cGAMP) is considered to enter dendritic cells (DCs) through gap 
junctions or via endocytosis.5–7 Subsequently, the stimulator of interferon genes 
(STING) signaling pathway is stimulated, contributing to cell surface co-stimulator 
molecule expression. Furthermore, it promotes DC maturation and enhances DC 
antigen presentation.8 STING is also expressed in immune cells, such as macrophages, 
T cells, and natural killer (NK) cells; tumor cells; and stromal cells.9 This means that 
tumor cell-derived cGAMP activates the STING signaling pathway of DCs and of 
other cells in the tumor microenvironment, differentially regulating immunity. 
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Therefore, studying immune regulation by STING signaling 
pathway activation in the tumor microenvironment and 
STING agonists is essential for successful tumor therapy.

Innate Immunity of Tumors
After numerous tumor cell proliferative cycles, daughter 
cell protein and gene expression is altered, allowing tumor 
cells to evade the immune response of the body and redu-
cing their susceptibility to antitumor drugs.10 

Simultaneously, these changes lead to an inefficient host 
immune response against tumor cells.11 Enhancing the 
innate immune response to remove tumor cells will greatly 
reduce the adverse reactions caused by chemotherapy and 
radiotherapy.12 Cytokines, including interleukin-6 (IL-6), 
IL-10, tumor necrosis factor-α (TNF-α), and transforming 
growth factor-β (TGF-β), regulate immune evasion, angio-
genesis, and epithelial-mesenchymal transition in the late 
phase of tumor growth and metastasis.13,14 These pro-
cesses are affected by type interferon (IFN), signal trans-
ducer and activator of transcription 3 (STAT3), interferon 
regulatory factor 3 (IRF3), IRF7, and nuclear factor-κB 
(NF-κB). In particular, type I IFN is the most important 
factor.15 Tumor metastasis could be driven by some cyto-
kines, and the loss of host type I IFN signaling accelerates 
metastasis and impairs NK-cell antitumor function in mul-
tiple models of breast cancer.16 Studies show that STING 
is an important upstream regulator of type I IFN; this 
includes type I IFN induced by IRF3 and NF-κB nuclear 
transfer signal transduction. Ultimately, STING facilitates 
the expression of interferon stimulating gene in tumor cells 
and adjacent cells.17 Although various intracellular DNA 
receptors have been discovered, studies show that cGAS is 
a major, indispensable sensor for double-stranded DNA 
(dsDNA) in the cytoplasm.18 Upon recognition by cGAS 
activation, ATP and GTP are catalyzed to cGAMP to 
activate STING. Subsequently, STING promotes type I 
IFN expression, regulating innate immunity.19 

Downstream STING-TBK1-IRF3 is transduced through 
protein-protein interactions, and the cGAS-STING signal-
ing pathway is transduced through the transduction of 
the second messenger such as cGAMP and G-protein- 
coupled receptor (GPCR), which were catalyzed by 
cGAS and then directly transmitted to STING.20 

Moreover, cGAMP is not limited to the intrinsic cellular 
signal transduction mode and can generate a broader regio-
nal immune response through gap junction-mediated sig-
nal transduction.21

cGAS-STING Signaling Pathway
Human cGAS is composed of 522 amino acids (aa) with 
a molecular weight of 60 kD. The 130–155 aa at the 
N-terminal is a non-conservative sequence with unclear 
functions; however, 155–522 aa constitutes the C-terminal 
nucleic acid transferase domain of cGAS, containing 
a catalytic region located in the center and cationic surface 
regions dispersed on both sides.22 Through the above 
regions, cGAS combines with the sugar-phosphate backbone 
in dsDNA to form a polymer in a ratio of one to one. 
Additionally, the zinc finger region on cGAS further stabi-
lizes its binding to DNA by ionic bonding.23 DNA binding 
induces structural rearrangement of the cGAS nucleic acid 
transferase catalytic region, forming 2ʹ-5ʹ and 3ʹ-5ʹ cyclic 
GMP-AMP (2ʹ,3ʹ-cGAMP) with adenosine triphosphate 
(ATP) and guanosine triphosphate (GTP) as substrates.22

After 2ʹ,3ʹ-cGAMP binds to the downstream receptor, 
STING, signal transmission can be completed.20,24 Human 
STING consists of 379 aa, including the 1–137 aa 
N-terminal transmembrane domain (NTD), 138–340 aa 
cyclic dinucleotide-binding domain (CBD), and 341–379 
aa C-terminal tail (CTT).25 In the resting state, STING 
protein exists as a homologous dimer, and the NTD of the 
two molecules are interlocked, anchoring the protein in the 
endoplasmic reticulum. CBD areas form V-shaped pockets 
in the cytoplasm for the recognition of 2ʹ,3ʹ-cGAMP. The 
binding of 2ʹ,3ʹ-cGAMP further induces spatial conforma-
tion transformation of STING from a V-shaped to 
a u-shaped pocket, and the hat structure formed at the 
opening of the top of the pocket promotes STING dimers 
to form tetramers and poly complexes.22 Poly-aggregated 
STING is transferred from the endoplasmic reticulum to 
the Golgi body, recruiting TANK-binding kinase 1 (TBK1) 
in this process via its CTT region. Autophosphorylation 
occurs after the binding of TBK1 to the STING poly- 
aggregate (phosphorylation of serine 172, S172), which 
then activates its kinase activity, and further phosphoryla-
tion of STING protein is catalyzed (phosphorylation of 
serine 366, S366). Phosphorylated STING recruits IRF3 
via its CTT region, promoting IRF3 phosphorylation 
(phosphorylation of serine 396, S396) and dimerization 
in the nucleus, subsequently activating type I IFN-related 
gene expression.26,27 Meanwhile, STING signals TNF 
receptor associated factor 6 (TRAF6) and activates the 
NF-κB signaling pathway, further inducing the release of 
inflammatory factors such as TNF-α and IL-6.28
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In general, exogenous and endogenous DNA activate 
cGAS to generate second messenger 2ʹ,3ʹ-cGAMP. After 2ʹ,3ʹ- 
cGAMP binds to the downstream receptor protein STING, 
STING transfers to golgi body and polymerization occurs, and 
then, TBK1, IRF3 and NF-κB were recruited. This promotes 
the phosphorylation of IRF3 and NF-κB and facilitates their 
entry into the nucleus, finally, the transcription of genes asso-
ciated with inflammatory factors is activated (Figure 1).

Role of cGAS-STING Signaling 
Pathway in Tumors
Promote Tumor Development
Activation of the cGAS-STING pathway promotes tumor 
development. Chronic stimulation of the cGAS-STING path-
way may lead to inflammation-driven tumorigenesis.29 For 

example, 7,12-dimethylbenz(a)anthracene (DMBA) is 
a carcinogen that causes nucleosome release into the cyto-
plasm and triggers the activation of STING, promoting the 
development of skin tumors in mice. However, mice with 
STING deficiency are resistant to DMBA-induced skin 
cancer.30 A recent study reported that the DNA repair function 
of PARP1 was impeded by the interaction between cGAS and 
PARP1, and cGAS could respond to DNA damage in lung 
cancer models. These resulting in genomic instability, indu-
cing malignant transformation, stimulating proliferation 
in vitro, and accelerating the growth of lung cancer cells 
in vivo.31 By studying the role and mechanism of STING in 
the development of Lewis lung cancer (LLC), abnormally 
high expression of STING was found to significantly promote 
the growth and proliferation of LLC.32 These studies show that 

Figure 1 The cGAS-STING signaling pathway. Exogenous and endogenous DNA activate cGAS to generate second messenger 2ʹ,3ʹ-cGAMP. After 2ʹ,3ʹ-cGAMP binds to the 
downstream receptor protein STING, STING transfers to golgi body and polymerization occurs, and then, TBK1, IRF3 and NF-κB were recruited. This promotes the 
phosphorylation of IRF3 and NF-κB and facilitates their entry into the nucleus, finally, the transcription of genes associated with inflammatory factors is activated.
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carcinogenic damage to tumor cells leads to the release of 
substantial amounts of DNA into the cytoplasm, continuously 
activating the STING signaling pathway in tumor cells and 
promoting chemokine production. These chemokines recruit 
numerous inflammatory cells, including immunosuppressive 
cells such as myeloid-derived suppressor cells (MDSCs) and 
M2 tumor-associated macrophages (TAMs), promoting tumor 
development.33–37 Therefore, the use of STING agonists in 
such tumors may over-activate the STING signaling pathway 
and promote the development of tumors.

A study based on The Cancer Genome Atlas (TCGA) 
database assessed the correlation between STING expres-
sion and 28 tumor-infiltrating immune cells in 17 human 
malignant tumors. The results showed that the STING 
expression level in the tumor was positively correlated 
with the infiltration of most immune cell types. STING 
promotes the infiltration of antitumor immune effector 
cells (such as DCs and CD8+ T cells) and immunosuppres-
sive cells (such as MDSCs and Treg cells) to the tumor 
site.38 A similar phenomenon exists in the microenviron-
ment of mouse melanoma; the delivery of cGAMP nano-
particles to tumor sites promotes the activation of immune 
cells in the tumor microenvironment and significantly 
increases the proportion of MDSCs.39 Chronic 
Helicobacter pylori infection increases the risk of gastric 
cancer, which causes the upregulation of STING in vivo 
and the transduction of downstream IFN signals. However, 
this study also indicated that STING expression decreased 
in gastric cancer patients and was related to tumor size, 
development, and metastasis.40

Notably, in these studies, although STING agonists 
promoted the infiltration of immunosuppressive cells into 
tumors, antitumor immune cells infiltrating tumor tissues 
still dominated, implying that STING agonists still effec-
tively inhibit tumor growth. Indoleamine 2.3-dioxygenase 
(IDO) is an enzyme of interest in immuno-oncology owing 
to its immunosuppressive effects resulting from its role in 
tryptophan catabolism. Tryptophan is an essential amino 
acid for the immune function of T cells.41,42 After trypto-
phan depletion inhibits T cell proliferation, its metabolite 
kynurenine directly inhibits T cell function and promotes 
tumor immune escape.43–45 In the mouse LLC model, 
STING signal activation promotes tumor growth by indu-
cing IDO production in the tumor microenvironment. This 
effect is limited to weak antigenicity in the LLC tumor 
model, but the strong antigenicity displayed in the B16 
melanoma model allows the activation of the STING sig-
naling pathway to inhibit tumor growth.32 Thus, tumor 

antigenicity may be a crucial factor affecting the produc-
tion of STING-mediated IDO in tumors.

Inhibition of Tumors
Activation of the cGAS-STING pathway promotes antitu-
mor effects. The cGAS-STING pathway is responsible for 
the tumor response of antigen-presenting cells, leading to 
type I IFN secretion and T cell activation, inducing tumor 
recession.46 Mice deficient in STING are unable to mount 
an effective antitumor T cell immune response and inhibit 
the growth of melanocytic tumors, suggesting that STING 
signal transduction is necessary for T cell activation and 
effector function.47 In a colorectal adenocarcinoma model, 
STING activates DCs, promotes antigen presentation, and 
has an antitumor effect on CD8+ T cells; however, mice 
with STING deficiency is lack the antitumor effect of 
cGAMP.48 In antigenic tumors, DNA damage caused by 
radiation activates the initial immune response regulated 
by STING signals.49 However, STING knockout affects 
the therapeutic effect of irradiation on tumors, whereas 
cGAMP addition improves the effect of irradiation 
treatment.50 The STING agonist, 5.6-dimethylxanthe-
none-4-acetic acid (DMXAA), specifically binds to 
mouse STING instead of human STING.51 The results of 
in vivo experiments showed that DMXAA significantly 
reduces tumor volume, inhibits re-invasion by the same 
tumor cells, and inhibits tumor growth at untreated sites; 
however, these effects were dependent on the presence of 
STING.52 Additionally, the antitumor effects of STING 
were also observed in the azomethane/dextran sodium 
sulfate (AOM/DSS)-induced Escherichia coli tumor 
mouse model.29 AOM causes DNA damage and induces 
the expression of inflammatory cytokine-related genes via 
the STING signaling pathway. After STING knockout 
mice were treated with AOM/DSS, the colon displayed 
clear inflammatory cell infiltrates and the development of 
adenocarcinoma. These findings indicate that, in STING- 
deficient mice (SKO), once the innate immune sensing 
deficiency of tumor DNA will destroy the generation of 
tumor-invasive CD8+ T cells.29 STING constitutes 
a critical component of the host early response to intestinal 
damage and is essential for invigorating tissue repair path-
ways that may help prevent tumorigenesis.53 Thus, host 
cGAS-STING pathway activation in DCs and type I IFN 
induction promotes tumor antigen cross-expression, 
further activating T cells and playing an antitumor role. 
Cytoplasmic DNA activates the cGAS-STING signaling 
pathway, which plays a key role in cell senescence and is 
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a crucial mechanism of tumor inhibition. Various stress 
conditions lead to cell senescence, arresting the cell 
cycle.54,55 cGAS-STING pathway activation promotes 
the production of type I IFN and senescence-associated 
secretory phenotype factors, promoting senescence.56–58 

Notably, the cGAS-STING pathway also promotes senes-
cence induced by oncogenic Ras proteins.59 These studies 
suggest that activation of the cGAS-STING pathway inhi-
bits cancer development by inducing cell senescence. 
Injecting cGAMP into the tumor also activates the 
STING signaling pathway of macrophages and induces 
CD11bmid Ly6C+ F4/80+ MHC II+ mature macrophage 
migration to the tumor site.60 However, these macrophages 
tend to be of the M1-subtype, predominantly producing 
TNF-α, rather than the negative regulator IL-10, and show 
strong phagocytic activity.60,61 Compared with immature 
MDSCs, STING signaling pathway-activated macro-
phages express higher levels of C-X-C motif ligand 10 
(CXCL10), C-X-C motif ligand 11 (CXCL11), nitric oxide 
synthase (NOS2), and type I IFN genes.60,62,63

In addition to T cells and DCs, NK cells also play 
a vital role in the STING-mediated antitumor immune 
response. The antitumor effects of STING on NK- 
sensitive tumors such as RMA-S lymphoma and B16- 
BL6 melanoma are dependent on NK cells rather than 
T or B cells.64 A recent study also confirmed this conclu-
sion through NK cell clearance experiments, which 
showed that NK cells play an influential role in the initial 
stage of the antitumor immune response mediated by the 
STING signaling pathway.9 Additionally, DNA damage in 
tumor cells induces cGAS-STING signaling pathway acti-
vation, thus upregulating the expression of natural killer 
cell group 2D (NKG2D) ligand. After STING and IRF3 
were knocked-out in mouse tumor cells, the expression of 
an NKG2D ligand, retinoic acid early transcript (RAET1), 
was significantly reduced.65 Upregulated NKG2D ligands 
on the surface of tumor cells bind to NKG2D receptors on 
the surface of NK cells; thus, NK cell-mediated tumor cell 
killing is enhanced.66–68 Thus, NK cells play an influential 
role in the STING-mediated antitumor immune response, 
providing novel insights into the mechanism of antitumor 
immune responses mediated by STING pathway 
activation.

The activation of the STING signaling pathway in 
tumor cells promotes their apoptosis. After STING stimu-
lation by cyclic diguanylate (c-di-GMP) in 4T1 breast 
cancer cells or overexpression in McF-7 or T47D breast 
cancer cells, caspase-3 activity is enhanced, which is 

related to tumor cell apoptosis and leads to an increase 
in the apoptosis rate.69 This mechanism involves apoptosis 
due to IFN induction by STING signaling pathway activa-
tion and mitochondrial apoptosis pathway triggering and 
caspase-9 and caspase-3 induction via the promotion of 
IRF3 and Bcl-2-associated X protein (Bax) interactions in 
the mitochondria by STING in an IFN-independent 
mechanism.70

STING agonists did not promote apoptosis in all types 
of tumor cells. Recent studies showed that STING agonists 
have no pro-apoptotic effect on B16F10 melanoma, CT26 
colon cancer, HEPA 1–6 hepatoma, LL/2 Lewis lung can-
cer, human HSC-3, SCC-4 tongue squamous cell carci-
noma, or other tumor cell lines.60,71–74 Since STING 
agonists are often used as antitumor therapeutic adjuvants, 
it is necessary to study the precise molecular mechanism 
underlying STING signal transduction and apoptosis. In 
addition to apoptosis, STING agonists promote pyroptosis, 
necrosis, and autophagy in tumor cells.75–80 Reportedly, 
stimulation of p53 primes cells for the production of 
interferons (through STING upregulation) and may acti-
vate negative-feedback within this signaling system by 
enhancing the production of suppressor of cytokine signal-
ing 1 (SOCS1).

In addition to tumor cells and immune cells, another 
prominent member of the tumor microenvironment, stro-
mal cells (such as endothelial cells and fibroblasts), also 
express STING genes.81–88 Tumor-derived DNA can be 
transferred from cell to cell by phagocytosis of apoptotic 
bodies. Additionally, when apoptotic tumor cells are co- 
cultured with fibroblasts and endothelial cells, the fibro-
blasts and endothelial cells ingest tumor DNA, activating 
the cGAS-STING signaling pathway in the cytoplasm, 
inducing type I IFN production.88

Activation of the STING signaling pathway in stromal 
cells induces vascular remodeling. DMXAA, owing to its 
rapid and powerful antitumor angiogenesis activity, is used 
as an anti-vascular drug. This effectively controls tumor 
growth by regulating the vascular system in the tumor 
microenvironment but does not affect angiogenesis in nor-
mal tissues.89–91 A recent study found that, in addition to 
DMXAA, injection of other STING agonists, cGAMP, or 
ML RR-S2-CDA (mixed-linkage Rp, Rp dithio diastereo-
mer c-di-AMP) in tumors could normalize the vascular 
system of primary or transplantable tumors. In STING 
gene knockout mice, this phenomenon disappeared, indi-
cating that STING activation is essential for tumor vascu-
lar system normalization. This study showed that 
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intratumoral STING activation normalizes the tumor vas-
culature and the tumor microenvironment, providing 
a rationale for combining STING-based immunotherapy 
and anti-angiogenic therapy.92 After STING activation in 
tumors, interferon-β (IFN-β) production plays an critical 
role in angiogenesis. IFN-β, an anti-angiogenic cytokine, 
inhibits endothelial cell proliferation and capillary network 
formation, up-regulates vascular normalized gene expres-
sion, normalizes the tumor vascular system, promotes 
CD8+ T cell infiltration, and ultimately enhances antitumor 
immunity.92 Upon using the interferon receptor inhibitor to 
block type I IFN signaling, the STING-induced vascular 
changes are largely eliminated, suggesting that STING 
induces type I IFN production in the tumor vasculature 
and plays a key role in the treatment of tumors.85,92

cGAS-STING in Tumor Metastasis
In addition to its roles in oncogenesis and development, 
cGAS-STING is implicated in tumor metastasis. 
Activation of STING in tumor cells induces cell death 
through NF-κB signaling in the breast cancer environment, 
effectively limiting tumor migration and metastasis. 
STING is expressed at low levels in the MCF-7 breast 
cancer cell line; cell migration was inhibited in MCF-7 
cells with upregulated STING expression.69,93 These 
results suggest that STING inhibits the migration and 
metastasis of breast cancer cells; however, the mechanism 
of action is unclear and may be related to NF-κB 
activity.69,94,95 Similarly, after STING was silenced, the 
migration and invasion of gastric cancer cells increased 
and the activities of both cytoplasmic DNA sensing and 
cGAMP in gastric cancer were inhibited.40 Wild-type mice 
and mice with a STING gene deletion were inoculated 
with melanoma cells, and the results showed that mice 
with STING gene deletion are more likely to develop 
lung metastasis than wild-type mice. This study showed 
that DCs uptake and sense the nuclear DNA released by 
dying cells to induce type I IFN. Remarkably, this mole-
cular pathway requires STING, but not toll-like receptors 
(TLR) or NOD-like receptors (NLR) function, and results 
in the activation of IRF3 in a TBK1-dependent manner.96

IDO is activated by STING and promotes tumor 
growth. IDO catalyzes the transformation of 
L-tryptophan into N-formyl kynurenine, promotes the 
immune escape of tumor cells, and limits the proliferation 
of T cells.32,97 Notably, IDO expression increased in 
lymph nodes with tumor metastasis, and mice with defects 
in STING and IDO were more resistant to distant 

metastasis of LLC.32 Activation of the cGAS-STING sig-
nal stimulates programmed death ligand 1 (PD-L1) expres-
sion in tumor cells, thus mediating the immune escape of 
tumor cells.93 Human and mouse breast and lung cancer 
cells express protocadherin 7 (PCDH7), which promotes 
the assembly of carcinoma-astrocyte gap junctions com-
posed of connexin 43 (Cx43). Once engaged with the 
astrocyte gap-junctional network, brain metastatic cancer 
cells use these channels to transfer the second messenger 
cGAMP to astrocytes, activating the STING pathway and 
the production of inflammatory cytokines such as inter-
feron-α (IFN-α) and TNF-α. As paracrine signals, these 
factors activate the signal transducer and activator of tran-
scription (STAT1) and NF-κB pathways in brain metastatic 
cells, thereby supporting tumor growth and 
chemoresistance.94 Another study showed that chromoso-
mal instability promotes metastasis by sustaining a tumor 
cell-autonomous response to cytosolic DNA. Errors in 
chromosome segregation create a preponderance of micro-
nuclei, whose rupture spills genomic DNA into the cyto-
sol. This leads to the activation of the cGAS-STING 
cytosolic DNA-sensing pathway and downstream non- 
canonical NF-κB signaling. By subverting lethal epithelial 
responses to cytosolic DNA, chromosomally unstable 
tumor cells co-opt for chronic activation of innate immune 
pathways to spread to distant organs.98

Agonists and Inhibitors of cGAS and 
STING
The cGAS-STING signaling pathway is a double-edged 
sword in innate and adaptive immunity. Appropriate acti-
vators or inhibitors can regulate this pathway to promote 
immune function in the body. Therefore, we summarized 
the agonists and inhibitors of cGAS-STING in Table 1.

Inhibitors of cGAS
Agonists directly targeting cGAS have not been reported. 
Although some metal ions (such as manganese ions and 
zinc ions) can increase the enzymatic activity of cGAS, the 
required effective concentration is too high and is toxic 
in vivo, which is not conducive to subsequent drug 
development.18,99–102 However, there have been many stu-
dies on cGAS inhibitors. Based on high-performance 
liquid chromatography, suramin was confirmed to be an 
effective inhibitor. The results showed that suramin com-
petes with DNA for binding to cGAS, thus inhibiting 
cGAS activity. Additionally, THP-1 cells treated with 
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Table 1 Clinical Trials of STING Agonists

Treatment Agent Target Cancer Type Method of 
Administration

Phase Clinicaltrial 
ID

Exclusive 

application

ADU-S100 STING Head and neck cancer Intratumorally Phase 2 NCT03937141

E7766 STING Bladder neoplasms Intravenously Phase 1 NCT04109092

E7766 STING Lymphoma/advanced solid tumors Intratumorally Phase 1 NCT04144140

GSK3745417 STING Neoplasms Intravenously Phase 1 NCT03843359

MK-1454 STING Lymphoma/solid tumors Intratumorally Phase 1 NCT03010176

BMS-986301 STING Solid tumors Intratumorally Phase 1 NCT03956680

SB 11285 STING Solid tumors Intratumorally/ 

intravenously

Phase 1 NCT04096638

MK-2118 STING Lymphoma/solid tumors Intratumorally/ 

subcutaneously

Phase 1 NCT03249792

DMXAA STING Advanced solid tumors Intravenously Phase 1 NCT01299701

DMXAA STING Advanced solid tumors Intravenously Phase 1 NCT01278849

DMXAA STING Advanced solid tumors Not specified Phase 1 NCT01278758

DMXAA STING Solid tumors Intravenously Phase 1 NCT00856336

DMXAA STING Solid tumors Intravenously Phase 1 NCT00003697

DMXAA STING Solid tumors Intravenously Phase 1 NCT00863733

Combined with 
chemotherapy

DMXAA+docetaxel STING Advanced solid tumors Not specified Phase 1 NCT01285453

DMXAA+docetaxel STING Advanced urothelial carcinoma Intravenously Phase 2 NCT01071928

DMXAA+docetaxel STING Non-small cell lung carcinoma Intravenously Phase 3 NCT00738387

DMXAA+docetaxel STING Prostate cancer Intravenously Phase 2 NCT00111618

DMXAA+docetaxel or 

paclitaxel or carboplatin

STING Advanced solid tumors Intravenously Phase 1 NCT01240642

DMXAA+taxane-based 

chemotherapy

STING Advanced solid tumors Not specified Phase 1 NCT01290380

DMXAA+carboplatin/ 

paclitaxel

STING Non-small cell lung carcinoma Intravenously Phase 1 NCT00674102

DMXAA+carboplatin/ 

paclitaxel

STING Non-small cell lung carcinoma Not specified Phase 1/2 NCT00832494

DMXAA+carboplatin/ 

paclitaxel

STING Non-small cell lung carcinoma Intravenously Phase 3 NCT00662597

DMXAA+carboplatin, 

cetuximab and paclitaxel

STING Solid tumors Intravenously Phase 1 NCT01031212

DMXAA+carboplatin/ 

paclitaxel

STING Small cell lung carcinoma Intravenously Phase 2 NCT01057342

DMXAA+fluvoxamine (core 

phase), DMXAA+paclitaxel/ 

docetaxel or carboplatin 

(extension phase)

STING Solid tumors Not specified Phase 1 NCT01299415

(Continued)
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suramin had reduced IFN-β expression.103 Quinacrine and 
chloroquine are antimalarial drugs that decrease cGAS 
activity and have been used to treat severe debilitating 
diseases associated with type I IFNs. Through in silico 
screening of the drug library, computational analysis con-
firmed that quinacrine and chloroquine are effective inhi-
bitors of IFN-β and act by inhibiting dsDNA stimulation 
of cGAS.104–106 Other studies found that epigallocatechin 
gallate (EGCG) in tea polyphenols indirectly inhibits the 
binding of cGAS to DNA by inhibiting the activity of 
GTPase-activating protein-binding protein 1 
(G3BP1).107–109

These compounds, screened against the structure of the 
cGAS enzyme active region or the structure of the cGAS/ 
DNA complex, have weak biological activity. Establishing 
a high-throughput and high-sensitivity detection platform 
can obtain more comprehensive protein structure data and 
promote small molecule research targeting cGAS. 
Increasing evidence suggests that protein-mediated signal 
transduction can be effectively regulated by regulating 
protein post-translational modifications. Hence, the devel-
opment of compounds targeting protein post-translational 
modifications is a future research direction.

Agonists of STING
Activation of the STING signaling pathway promotes the 
expression of type I IFN, which plays a key role in anti-
tumor immunity. Therefore, the development of agonists 
that target STING is a popular research agenda in this 
field. Studies on STING agonists focus on the optimization 
of cyclic dinucleotide (CDN) analogs and the screening of 
novel small molecule agonists.110–113 CDNs, effective 
STING activators, are second messengers common in the 
immune systems of prokaryotes and eukaryotes.114–116 

There are two sources of CDNs: the cGAS pathway, 
which produces the atypical dinucleotide 2ʹ,3ʹ-cGAMP 

after the detection of cytoplasmic DNA; the other is 
found in the cytoplasm owing to the presence of 
pathogens.112,117–119 Numerous studies found that CDNs 
have strong antitumor effects and application prospects in 
the treatment of melanoma, colon cancer, and oral 
cancer.39,120–122 However, there are limitations in the use 
of CDNs as candidate drugs. The molecular weights of 
CDNs are large, the net charge and polarity distribution 
strongly limit its membrane channeling and cell absorp-
tion, and the phosphodiester bond is easily 
enzymolyzed.123,124 The core strategy for developing the 
candidate drug, ADUS100, is to modify the phosphodie-
ster group. This drug is currently in phase I clinical trials, 
primarily for use in patients with advanced/metastatic 
solid tumors or lymphomas.125

DMXAA is a non-nucleoside agonist and that is only 
effective to murine STING but not human STING, 
DMXAA induces type I IFN and has strong antitumor 
effects. After DMXAA activates the STING signaling 
pathway, it stimulates the CD8+ T cell response in the 
acute myeloid leukemia (AML) model, and improves sur-
vival time in vivo through adaptive immunity. These data 
demonstrate that STING is a promising immunotherapeu-
tic target in AML.126 In the wild-type mouse model of B16 
melanoma, 500 μg of DMXAA injected into the tumor 
induced tumor regression and rejection in most mice, 
whereas STING knockout mice did not show 
a therapeutic effect.127 In tumors of mice treated with 
DMXAA and hypoxia-inducible factor-1 alpha (HIF-1α) 
inhibitors, the numbers of M1 macrophages, CD8+ cyto-
toxic lymphocytes, NK cells, and, to a lesser extent, CD4+ 

lymphocytes were increased. Combination therapy appears 
to be an effective therapeutic option.128 DMXAA causes 
tumor site-specific vascular disruption in murine non-small 
cell lung cancer, and similar to the endogenous non- 
canonical cyclic dinucleotide STING agonist, 2ʹ,3ʹ- 

Table 1 (Continued). 

Treatment Agent Target Cancer Type Method of 
Administration

Phase Clinicaltrial 
ID

Combined with 
immunotherapy

MK-1454+pembrolizumab STING+PD-1 Head and neck cancer Intratumorally Phase 2 NCT04220866

ADU-S100+PDR001 STING+PD-1 Lymphoma/solid tumors Intratumorally 

+intravenously

Phase 1 NCT03172936

ADU-S100+/− Ipilimumab STING+/−CTLA- 

4

Lymphoma/solid tumors Intratumorally Phase 1 NCT02675439
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cGAMP, induces M2 macrophage repolarization. These 
findings demonstrate that the selection of preclinical 
model and the anatomical site of a tumor determines the 
vascular disrupting effectiveness of DMXAA, and support 
the idea that STING agonists have therapeutic utility as 
TAM repolarizing agents.36

Inhibitors of STING
Recent studies found that the abnormal activation of 
STING leads to immune dysfunction and induces autoim-
mune diseases such as Aicardi-Goutieres syndrome, sys-
temic lupus erythematosus, and STING-associated 
vasculopathy with onset in infancy (SAVI), drawing atten-
tion to the need for the development of STING 
inhibitors.129–131 Two nitrofuran derivatives, C-178 and 
C-176, covalently act on the predicted transmembrane 
cysteine residue Cys91, thus blocking activated STING 
by palmitoylation. The species-specificity of C-178 and 
C-176 indicated that the compounds were targeted to 
mouse STING (mmSTING) and not to human STING 
(hsSTING). H-151 has an inhibitory effect on hsSTING, 
inhibits type I IFN signaling, reduces TBK1 phosphoryla-
tion, and suppresses hsSTING palmitoylation.132

Application of cGAS-STING in 
Tumor Immunotherapy
Exclusive Application of cGAS-STING 
Agonists
Currently, STING agonists have shown ideal therapeutic 
effects in preclinical studies and clinical trials of a variety 
of tumors.133–138 The STING agonist DMXAA proved, in 
animal models, that it can effectively inhibit the growth of 
various solid tumors; conversely, in a phase ш clinical trial 
of human non-small cell lung cancer, DMXAA did not 
activate STING signaling pathways in the human body, 
declaring the clinical trial a failure.139,140 As a CDN that 
activates both mice and human STING, it inhibits the 
growth of melanoma, breast cancer, colon cancer, pancrea-
tic cancer, skin cancer, B-cell lymphoma, and other types 
of tumors as well as the growth of distant 
tumors.39,52,70,87,141–143 Among these, ADU-S100 (also 
known as ML RR-S2 CDA or MIW815) alters the micro-
environment of solid tumors, activates CD8+ T cells, and 
produces long-lasting antitumor effects. As a synthetic 
cyclic dinucleotide, ADU-S100 is the first STING pathway 
activator in clinical trials. In 2015, Novartis partnered with 
Aduro on the ADU-S100. This clinical trial involved more 

than 20 cancer types, all showing initial antitumor results. 
Clinical results showed that after ADU-S100 treatment, 2 
of the 40 patients had significantly reduced tumor sizes, 11 
maintained stable disease, and 1 maintained stable disease 
for more than 1 year. The total objective response rate was 
5%, and the disease control rate was 32.5%.144 However, 
in December 2019, Novartis terminated the development 
of ADU-S100 due to poor Phase I data in combination 
with Spartalizumab, an antibody against PD-1.

cGAS-STING Agonists Combined with 
Chemotherapy and Radiotherapy
Chemotherapy and radiotherapy are the primary treatment 
methods for solid tumors.145 Studies show that the toxic 
effects of radiation and traditional chemical drugs induce 
the formation of micronucleus and cytoplasmic chromatin 
fragments and activate the cGAS-STING signaling 
pathway.146,147 For example, the chemotherapeutic drugs 
cisplatin and etoposide induce the activation of the cGAS- 
STING signaling pathway through DNA damage and 
solute leakage.30 Although chemotherapy and radiation 
do not target the cGAS-STING signaling pathway, these 
therapies activate the cGAS-STING signaling pathway and 
enhance the antitumor immune response. STING agonists 
combined with radiotherapy or chemotherapy synergisti-
cally enhance the antitumor effect and reduce the toxicity 
and side effects caused by radiotherapy and chemotherapy. 
Inflammatory pathways activated by STING ligands gen-
erate powerful adjuvant activity to enhance adaptive 
immune responses against tumor antigens released by 
radiotherapy. In a murine pancreatic cancer model, com-
bining CT-guided radiotherapy with a novel ligand of 
murine and human STING synergized to control local 
and distant tumors. Mechanistic investigations revealed 
early T cell-independent and TNF-α–dependent hemorrha-
gic necrosis, followed later by CD8+ T cell-dependent 
control of residual disease.148 cGAMP improved the anti-
tumor activity of 5-FU and reduced its toxicity. These 
results demonstrated that cGAMP is a novel antitumor 
agent and has potential applications in cancer 
immunotherapy.48

cGAS-STING Agonists Combined with 
Tumor Vaccines
Owing to central and peripheral tolerance, tumor-associated 
antigen is weakly immunogenic; therefore, appropriate adju-
vants are essential for overcoming tolerability and enhancing 
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tumor-specific immune responses.149–151 STING agonists 
can be delivered with tumor antigen peptide as a vaccine 
adjuvant to overcome tolerance, enhancing antitumor 
immune responses.35 Mice with metastatic breast cancer 
(the 4T1 model) were therapeutically immunized with an 
attenuated Listeria monocytogenes (LM)-based vaccine, 
expressing the tumor-associated antigen Mage-b (LM-Mb), 
followed by multiple low doses of c-di-GMP. This treatment 
resulted in the near-elimination of metastases.35 STING- 
VAX, formed by the combination of STING agonist and 
tumor vaccine that secretes GM-CSF, has antitumor effects 
on melanoma, colon cancer, digestive tract squamous cell 
carcinoma, pancreatic cancer, and many other cancer models. 
Compared with the GM-CSF–tumor vaccine (GM-VAX) 
without the STING agonist, STING-VAX-treated mice 
showed a significantly higher number of infiltrated CD8+ 

IFNγ+ T cells.141 The STING-VAX injection in the contral-
ateral part of the B16 transplanted melanoma significantly 
inhibited tumor size in a dose-dependent manner. The com-
bined STING-VAX enhanced T cell infiltration in tumor 
tissues compared with the vaccine of single GM- 
CSF–secreting cancer cells. Furthermore, several tumor- 
bearing mouse models demonstrated the strong antitumor 
effects of STING-VAX. The feasibility of STING-based 
cancer vaccines was verified in mice bearing pancreatic 
cancer and melanoma.152,153

cGAS-STING Agonists Combined with 
Immune Checkpoint Blockade Therapy
Cytotoxic T lymphocyte antigen-4 (CTLA-4) and pro-
grammed cell death protein 1 (PD-1) are co-inhibitory mole-
cules that regulate T lymphocyte activation; they can cause 
T cell dysfunction, allowing tumor cells to evade host immune 
responses.154–156 Therefore, antagonists targeting CTLA-4 and 
PD-1/PD-L1 weaken these tumor-induced inhibitory signals 
and enhance host antitumor immunity.157–159 Due to the small 
number of infiltrating CD8+ T cells in the tumor microenviron-
ment, the therapeutic efficacy of immune checkpoint inhibitors 
remains to be improved.160–162 However, injection of STING 
agonists into the tumor induces chemokine production, includ-
ing C-C motif ligand 5 (CCL5) and C-X-C motif ligand 10 
(CXCL10), which promote T cell infiltration of the tumor; 
therefore, STING agonists are ideal sensitizers for anti–PD-1/ 
PD-L1 therapy.163 STING agonists upregulate PD-L1 expres-
sion in tumor cells and enhance the therapeutic effect of the 
anti–PD-1/PD-L1 antibody, whereas the anti–PD-1/PD-L1 

antibody neutralizes the immunosuppressive effect of STING 
agonists.141

A STING agonist, combined with anti–PD-1 and anti– 
CTLA-4 antibodies, significantly enhances antitumor effects 
against melanoma treatment.81 In the squamous cell carci-
noma model, a STING agonist combined with an anti–-PD-1 
antibody had stronger antitumor effects than single drug 
therapy.142,164 Additionally, through the method of sustained 
and controlled release, the nano-preparation promotes the 
accumulation of STING agonists in the tumor site, which 
enhances the immune activation effect of the STING agonist 
and reduces its toxic effects.39 Thus, the combination of 
STING agonists, delivered by nanoparticles, and anti–PD-1 
antibodies slows tumor growth significantly.165 Recently, the 
phase I clinical trial of the STING agonist MK-1454 and 
PD-1 immune checkpoint blockade was concluded; the 
results confirmed that intratumoral MK-1454 injection 
leads to tumor regression and enhances the effect of anti– 
PD-1 therapy.144 Another study found that an intact cGAS- 
STING pathway was indispensable to maximize anti– 
CTLA-4 treatment effects. Mice bearing the B16 melanoma 
received an injection of irradiated tumor cells and subse-
quent anti–CTLA-4 treatment. After combined treatment 
with anti–CTLA-4 and a STING agonist, no significant 
abscopal tumor elimination effect was detected in mice 
inoculated with STING-deficient B16 tumor cells. 
Meanwhile, STING deficiency markedly impaired CD8+ 

T infiltration of the tumor bed.147

cGAS-STING Agonists Combined with 
CAR-T Cell Therapy
Cancer immunotherapy using chimeric antigen receptor- 
modified T (CAR-T) cells has excellent clinical efficacy for 
hematological malignancies.166,167 Despite the progress in 
treating hematological malignancies, challenges remain in 
the use of CAR-T cell therapy for solid tumors.168 In this 
landscape, most studies focus on improving CAR-T cells and 
overcoming the unfavorable effects of the tumor microenvir-
onment in solid tumors.169,170 A recent study demonstrated 
that codelivery of STING agonists with CAR-T cell therapy 
stimulates immune responses to eliminate tumor cells that are 
not recognized by the adoptively transferred lymphocytes. 
Thus, these devices may improve the effectiveness of CAR-T 
cell therapy in immunocompetent orthotopic mouse models 
of pancreatic cancer and melanoma, and STING agonists 
may facilitate protection against the emergence of escape 
variants.171
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Concluding Remarks
The cGAS-STING signaling pathway is related to the 
occurrence, development, and metastasis of tumors, and 
the body can enhance natural antitumor immunity by acti-
vating the cGAS-STING signaling pathway. An in-depth 
study of the cGAS-STING signaling pathway will deepen 
the understanding of the innate immune antitumor 
mechanism and provide a theoretical basis for the design 
of resistance-free tumor therapies.
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