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As a DNA receptor, cyclic GMP-AMP synthase (cGAS) plays a crucial role in the immune system by recognizing abnormal DNA in the cytoplasm and activating the stimulator of interferon genes (STING) signaling pathway. This signaling cascade reaction leads to an immune response produced by type I interferon and other immune mediators. Recent advances in research have enhanced our current understanding of the potential role of the cGAS/STING pathway in anticancer therapy; however, in some cases, chronic STING activation may promote tumorigenesis. The present review article discusses the biological mechanisms of the cGAS/STING pathway, its dichotomous role in tumors, and the latest advances with respect to STING agonists and antagonists.
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1 Introduction

Cancer is the leading cause of mortality globally and a prominent obstacle in prolonging human life expectancy. Classical therapies, such as surgical resection, radiotherapy and chemotherapy, remain the most common treatment regimens for cancer. However, not all cancers respond to classical treatments, which has prompted further research to discover novel treatment strategies (1). Over the past few decades, our understanding of immunology has increased, providing hope for success in cancer immunotherapy (2). Cyclic GMP-AMP (cGAMP) synthase (cGAS) is a cytoplasmic DNA sensor that can activate the stimulator of interferon (IFN) genes (STING) protein to subsequently induce a protective immune defense against various DNA-containing pathogens and provides antitumor immunity (3). The present review article aimed to summarize the immune response mediated by cGAS and discuss its dichotomous role in tumor development and the application of STING in antitumor therapy.



2 Overview of the cGAS/STING Pathway


2.1 Structure and Signal Transduction of the cGAS/STING Pathway

cGAS is an innate immune sensor that can recognize various cytoplasmic double-stranded (ds)DNAs, including viral, bacteria, mitochondrial, micronuclei and retroelement origin DNA. The C-terminal region of cGAS exhibits nucleotide transferase activity (4), binding to dsDNA can lead to profound conformational alterations in cGAS (5), primarily affecting catalytic pockets. Subsequently, ATP and GTP in this pocket can be used as substrates to synthesize GAMP (6). Another important N-terminal domain in cGAS is responsible for maintaining the liquid phase of dsDNA and cGAS. The non-specific ion interaction between the positively charged N-terminal of cGAS and the structural contact between the C site and dsDNA enforce cGAS/DNA liquid-liquid phase separation (LLPS) (7), which is beneficial for dimerization and protects DNA from the degradation of three-prime repair exonuclease 1 (TREX1) to promote cGAS activity (8).

As a second messenger, cGAMP is detected by the cyclic-dinucleotide sensor, STING (4), a ~40-kDa dimer transmembrane protein (9) in the endoplasmic reticulum (ER). Then STING is transported to the Golgi apparatus through the ER-Golgi intermediate compartment and initiates the downstream signaling cascade (10). After reaching the Golgi apparatus, STING is palmitoylated at two cysteine residues (Cys88 and Cys91) (11), recruiting TANK-binding kinase 1 (TBK1), which in turn phosphorylates the C-terminal of STING and recruits IFN regulatory factor 3 (IRF3). Moreover, STING can bind and stimulate IκB kinase to trigger the transcriptional activation of NF-κB (9), which eventually regulates the expression and secretion of pro-inflammatory cytokines, including IFN-α and IFN-β (12). Subsequently, IFN binding with heterodimeric IFN receptor IFNAR1/IFNAR2 activates Janus kinase 1 (JAK1), which can phosphorylate members of the signal transducer and activator of transcription (STAT) family and induces the expression of IFN-stimulated genes (ISGs) (Figure 1). A number of ISGs control viral, bacterial and parasite infections by directly targeting pathogen life cycle pathways and functions (13) .




Figure 1 | Overview of the cGAS-STING pathway. In the presence of various cytoplasmic DNAs, as a natural immunosensor, cGAS can bind to dsDNA to form a 2:2 cGAS-dsDNA complex, generating a second messenger cGAMP, which activates the STING protein at the endoplasmic reticulum. STING is then transferred from the endoplasmic reticulum via ERGIC to the Golgi apparatus, palmitoylated at two cysteine residues Cys88 and Cys91. Modified STING recruits TBK1 and IRF3. At the same time, STING also binds and stimulates IKK, triggering the transcriptional activation of NF-kB. Ultimately, it regulates the expression and secretion of pro-inflammatory cytokines such as IFN. Binding of IFN to IFNAR1/IFNAR2 activates JAK1, phosphorylates STAT, and induces the expression of ISG. Created with BioRender.com.





2.2 Activation of the cGAS/STING Signaling Pathway

Pathogen infection, self-DNA damage and tumor DNA are three critical factors that induce cGAS/STING signal activation. The majority of DNA viruses, such as human cytomegalovirus (HCMV), Herpes simplex virus type 1 (HSV-1) (14) and hepatitis B virus, can activate the cGAS/STING pathway and initiate an antiviral immune response. The Dengue RNA virus has also been shown to induce cytoplasmic exposure of mitochondrial DNA (mtDNA) in infected cells to induce cGAS/STING signals (15). It has been shown that under conditions of chronic STING activation, high ISG expression in cancer cells may impose a transcriptional state on the tumor that is used to respond to aberrant dsRNA accumulation due to increased sensor levels (MDA5, RIG-I, and PKR), suggesting that cGAS may act as an indirect sensor of dsRNA and exert anti-tumor effects (16).

DNA is replicated with immense precision during each cell division cycle in normal cells, and genome maintenance systems will monitor and resolve DNA defects in real-time. The DNA damage response (DDR) can counteract endogenous and exogenous injuries and maintain genomic integrity by activating a complex signaling network that promotes transient cell cycle arrest and DNA repair. When DNA damage exceeds the ability of repair, DDR can trigger cell senescence or apoptosis (17). Micronuclei, small nuclear-like bodies composed of chromosome fragments wrapped in fragile nuclear membranes, are traditional biomarkers of DNA damage and chromosome instability (18). Due to the lack of a stable nuclear membrane, the micronucleus envelope can easily break and expose its genome contents to the cytoplasm (19), triggering the cGAS/cGAMP/STING pathway (20). However, during normal mitosis, when the nuclear membrane ruptures and the chromosome DNA expose to cytoplasmic, it is difficult for the chromosome to recognize cGAS. Existing evidence suggests that this is due to the N-terminal hyperphosphorylation and the inhibition of oligomerization caused by chromatin tethering (21).

Cancer cells have common characteristics. In addition to the classic 10 characteristics (22), a group of other markers has been proposed to describe the stress phenotype of cancer cells, including metabolic stress, mitotic stress, oxidative stress and DNA damage stress (23). Under these extreme stress conditions, nuclear and mtDNA are very fragile and are easily destroyed. At the sites of stalled replication forks, DNA structure-specific endonuclease MUS81 can cleave aberrant DNA structures, leading to the accumulation of DNA in the cytoplasm (24). In addition, the chromosome missegregation in cancer cells ultimately leads to the leakage of DNA in the form of micronuclei, chromatin fragments and/or free telomere DNA, triggering the cGAS/STING signaling pathway (25). Exposure to ionizing radiation (IR) or treatment with chemotherapeutic drugs, such as platinum drugs, can also induce DNA double-strand breaks (DSBs) according to a similar mechanism and can subsequently activate the cGAS/STING signaling pathway. In addition to nuclear DNA leakage, malignant tumor cells that have experienced oxidative stress and mitochondrial dysfunction can also release mtDNA into the cytoplasm (26). Under the inhibition of caspase, mtDNA can activate the cGAS/STING signaling by releasing it into the cytoplasm through BAX/BAK-dependent mitochondrial outer membrane permeabilization (27). Furthermore, tumors also acquire mtDNA from the extracellular environment to participate in the cGAS dsDNA-sensing cascade. Cancer cells without mtDNA exhibit a more delayed tumor growth compared with those with mtDNA. Thus, the transfer of mtDNA from host cells in the tumor microenvironment to tumor cells with impaired respiratory function can help reconstruct respiration and initiate the formation of the tumor (28). Genomic substrates from other sources, such as apoptosis-derived DNA, exosomes and transposons, may also induce cGAS/STING activation in tumors (29, 30).

Several studies have indicated that cancer-associated genomic instability can also modulate cGAS/STING signals. For example, BRAC1/2 promotes the repair of double-stranded DNA breaks (31). A statistical investigation pointed out that individuals with germline BRCA1/2 mutations have a higher risk of developing breast and ovarian cancer than bystanders (32). In such tumors, the cGAS-STING signaling pathway is activated due to the inability to cope with endogenous DNA damage or to follow exogenous DNA damage, resulting in massive lymphocytic infiltration (33). Interestingly, tumors with a BRCA1 mutation often carry amplifications in the MYC oncogene, and a recent study has shown that MYC can lead to immune escape by suppressing STING-dependent innate immunity (34). Besides, Neurofibromin 2 (NF2/Merlin/schwannomin) is a classical tumor suppressor and naturally occurring mutations in the FERM domain could transform it into a profound suppressor, which can inhibit the cGAS-STING pathway by blocking STING-mediated DNA sensing. This evidence may provide some clues to the pathogenesis of NF2-related tumors (35).



2.3 Noncanonical Activation of the cGAS/STING Signaling Pathway

Although micronucleus cGAS can detect DNA damage and induce immune responses, nuclear cGAS has recently been found to inhibit DNA repair in a STING non-dependent manner. In normal cells, homologous recombination’s accurate repair of DNA double-stranded breaks preserve genome integrity and inhibit tumorigenesis. However, stimulation of DNA damaging agents leads to dephosphorylation of cGAS. It facilitates its shuttling to the nucleus, where cGAS is recruited to the DNA double-strand break site and interacts with PARP1 via poly(ADP-ribose), hindering the formation of the PARP1-Timeless complex, thereby inhibiting homologous recombination and promoting tumorigenesis (36).

Moreover, STING can also regulate cell cycle in a cGAS-STING axis-independent manner in some tumor models. In human colon cancer cell HCT116, STING was observed to downregulate the expression of proliferation-related genes BUB1 (Budding Uninhibited by Benzimidazoles related 1) and MAD2L1 (Mitotic Arrest Deficient 2-like 1), indicating that STING may also play a role in tumor suppression in cancer cells that lack cGAS expression (37).




3 Role of cGAS/STING Pathway as a ‘Double-Edged Sword’ in Cancer


3.1 Antitumor Mechanisms of the cGAS/STING Pathway

cGAS/STING signaling plays an antitumor role in cancer cells in both an autonomous and non-autonomous manner (Figure 2). In the precancerous stage, oncogene-induced senescence signaling inhibits cancer by activating the p53 or p16-retinoblastoma protein pathway in response to carcinogenic stimuli, including carcinogenic stress, permanently inhibiting cell proliferation (38). It is characterized by the secretion of inflammatory mediators, consisting of various cytokines, chemokines, extracellular matrix proteins and growth factors, collectively known as the aging-related secretory phenotype (SASP) (39). Some studies have suggested that the cGAS/STING pathway regulates cell senescence mainly by suppressing soluble factors and inducing SASP autocrine and paracrine signal transduction. In turn, the rupture of the nuclear membrane and the appearance of cytoplasmic chromatin fragments (CCFs) caused by the loss of lamin B1 (40) in senescent cells can cause acute STING signal transduction and activation (41). The loss of ataxia telangiectasia-mutated (ATM) kinase leads to the accumulation of cytoplasmic DNA, which is partially released from the damaged mitochondria and triggers the phenotype of STING-dependent aging in the brain and in vitro (42). SASP may have both beneficial and disadvantageous effects. The reason for this is that some SASP components can maintain senescence stagnation through the autocrine cytokine network. When it exists for an extended period, the secretory activity may be harmful. Chronic SASP can induce epithelial-mesenchymal transformation and invasiveness through paracrine mechanisms dependent on the SASP factors IL-6 and IL-8 and the expression of RAS and the loss of function of p53 may significantly accelerate this phenomenon (43). The activation of the STING signaling pathway in cancer cells may also promote the apoptosis of tumor cells. When cells are affected by internal apoptosis-stimulating factors, such as the activation of oncogenes, DNA damage, hypoxia and the loss of cell growth factors, it can activate the mitochondrial apoptotic pathway, promoting apoptosis. In vertebrates, this mechanism contributes to mtDNA leakage and activation of the mtDNA-dependent cGAS-STING signaling pathway through mitochondrial outer membrane permeabilization (MOMP) induced by Bax and Bak, leading to I-IFN production. STING agonists can downregulate the anti-apoptotic protein BCL-2 and increase the proapoptotic factor Bax to drive apoptosis. It is worth noting that malignant T cells exhibit a high susceptibility to such death-induced characteristics of STING. Thus, STING agonists may help exert an antitumor effect on T cell malignant tumors (44). Besides, the activation of STING in tumor cells also promotes the transcription of downstream type I IFN, induces the maturation of dendritic cells (DCs) and recruits supportive immune cells to remove tumors (45).




Figure 2 | Antitumor mechanism of cGAS-STING pathway. cGAS-STING signaling exerts antitumor functions in cancer cells in an autonomous and non-autonomous manner. On the one hand, OIS secretes SASP in response to oncogenic stimuli to prevent cell proliferation, and activation of the STING signaling pathway in tumor cells may also promote apoptosis in tumor cells. On the other hand, STING activation in tumor cells promotes downstream type I IFN transcription and allows cross-talk between tumor and neighboring immune cells to modulate antitumor immunity. DCs can capture tumor-associated antigens and subsequently initiate tumor-killing by CD8+ T cells. Macrophages can produce TNF-α and express high levels of CxCl10, CxCl11, NOS2 and other molecules. Stromal cells can also be effective against tumor angiogenesis by expressing IFN-β. Created with BioRender.com.



In addition to tumor cells that can specifically activate the cGAS-STING pathway, some antigen-presenting cells (APCs), such as DCs and macrophages, can also initiate the body’s anti-tumor response via this pathway. In particular, activation of STING signaling in the DCs lineage driven by the basic leucine zipper transcription factor ATF-like 3 (BATF3) is a central step in the overall cancer immune cycle (46). Tumor cell DNA is a key inducer of innate immunity. It mainly includes tumor cell nuclear or mitochondrial DNA encapsulated in exosomes (47) and DNA released due to tumor cell turnover and death. Uptake of this DNA by the host APC activates the intracellular STING signaling pathway, leading to the secretion of type I interferons and chemokines, C-X-C motif chemokine ligands (CXCL)9 and CXCL10 (48). And then tumor cells with a T-cell inflammatory phenotype are phagocytosed by antigen-presenting cells which are activated by those cytokines mentioned above. Tumor-infiltrating Batf3 DCs take up tumor-associated antigens and migrate through lymphatic vessels to tumor-draining lymph nodes, where antigens are captured on major histocompatibility complex (MHC) I and MHC II molecules are presented to T cells and tumor-specific CD8+ T cells are cross-activated. Activated CD8+ T cells subsequently clone and expand in tumor-draining lymph nodes and kill cancer cells via vascular transport (49). Damaged cancer cells then release additional tumor-associated antigens (performing the first step again), increasing the breadth and depth of the response in subsequent cycles, which forms a positive feedback loop called the cancer-immune cycle (50). Although the role of intrinsic cGAS-STING activation in T cells is unknown, it has been shown that cGAS-STING-mediated type I interferon signaling enhances the stem cell-like CD8+ T cell differentiation program by inhibiting Akt activity (51). In addition, tumor cell-derived cGAMP can also transfer to host DCs through the folate transporter SLC19A1 and then directly bind to STING to activate it in DCs (52). CD8+ T cells can recognize target cells and eliminate them mainly via exocytosis-mediated apoptosis with granules containing the effector molecules, perforin and granzyme. Perforins form transmembrane pores in the cancer cells, allowing the extracellular environment (including granzymes) to directly diffuse into the cytoplasm, where they activate the apoptotic pathway through proteolytic substrate treatment (53).

Although DCs are considered the primary responders of tumor cGAMP (54), other cells, such as macrophages and stromal cells, may also have this function. In two tumor models that employed a mouse SCC cell line (mSCC1) that was generated from methylcholanthrene-induced carcinoma and a mouse CT26 colon cancer cell line, research shows that mature CD11bmid Ly6C+ F4/80+ MHC class II+ macrophages can instantly migrate to the tumor site through a STING-dependent signaling pathway in the tumor microenvironment. All these macrophages have familiar characteristics, such as the production of TNF-α; expressing CXCL10, CXCL11, NOS2, and IFNB1 at high levels; exert phagocytic activity but cannot produce IL-10, suggesting that they are effective antitumor effector cells (55).

As vital members of the tumor microenvironment, Stromal cells (such as endothelial cells and fibroblasts etc.) also express the STING gene. It is generally considered that DCs are the primary source of type I IFN in the immune response process (56). However, studies have identified endothelial cells as the most important IFN-producing cells responding to the spontaneous and enforced STING activation (57). Of note, in mouse melanoma models, researchers have found that IFN-β is expressed exclusively in the tumor microenvironment but have not detected IFN-α. This result may be related to the weak ability of endothelial cells to produce IFN-α following STING activation (57). IFN-β is an effective anti-angiogenic cytokine. It can suppress the proliferation or survival of endothelial cells and inhibit the formation of the capillary network. It has been demonstrated that intratumoral STING agonist therapy can activate type I IFN signaling and can induce the upregulation of vascular normalizing genes in Lewis lung carcinoma (LLC) models, such as angiopoietin 1 (ANGPT1), platelet-derived growth factor receptor beta (PDGFRB), melanoma cell adhesion molecule (MCAM) and cadherin 5 (CDH5). These changes lead to increased pericyte coverage, structural normalization of tumor blood vessels, and the basement membrane’s integrity, thereafter promoting the intratumoral infiltration of effector CD8+ T cells and alleviating hypoxia in the tumor microenvironment (58).

Type I INFs play multiple roles in inducing antitumor immunity. IFN-α and IFN-β produced by cancer cells bind to IFN receptors on the same cell, adjacent cells, or immune cells and induce autocrine or paracrine signals. The latter promotes the mobilization of immune cells, such as DCs and T cells, to eradicate tumors. IFN-1 is considered to increase the number of DCs and stimulate the maturation of DCs in the tumor microenvironment following cGAMP injection (57). It can also reduce the rate of endosomal-lysosomal system acidification and promote the storage of exogenous antigens in DCs. In addition, IFN-α can promote the localization of MHC I molecules in the antigen storage area of DCs and enhance the antigen presentation ability of DCs. Furthermore, IFN-1 can promote the production of chemokines (such as CXCL9 and CXCL10) and then enable the homing of antigen-presenting cells and the migration of CD8+ T and natural killer cells (48). Finally, IFN-1 suppresses the immunosuppression of regulatory T- (Treg) cells by downregulating phosphodiesterase 4 (PDE4) and upregulating cyclic adenosine monophosphate (CAMP) (45).



3.2 Tumor-Promoting Mechanism of the cGAS/STING Pathway

Based on The Cancer Genome Atlas (TCGA) dataset containing 18 types of malignant tumors, some scholars have compared the changes in the expression of critical molecules in the cGAS/STING signaling pathway between malignant and normal control tissues, including MB21D1 encoding cGAS and TMEM173 encoding STING, as well as TBK1 and IRF3. It has been found that the expression of these four essential molecular genes is significantly upregulated in almost all detected cancer types, suggesting that cGAS/STING signal transduction may be activated in all cancers (49). With further in-depth research and the presentation of new evidence (36, 59), it is generally considered that the cGAS/STING signaling cascade may play a dichotomous role in the development of tumors. In some cases, highly invasive and unstable tumors can paradoxically use cGAS/STING signals to stimulate carcinogenesis (60).

As a critical activator of the inflammatory response, NF-κB participates in regulating cell survival, proliferation and apoptosis. In addition, NF- κB promotes the occurrence and development of inflammation, immune diseases and tumors (61). Chromosome instability (CIN) can induce chronic inflammatory signal transduction by continuously activating cGAS/STING signaling and the downstream NF-κB pathway, resulting in the increased migration and invasion of cancer cells (62) (Figure 3). For example, 7,12-dimethylbenz(a)anthracene, a carcinogen of skin cancer, can cause nuclear DNA leakage into the cytoplasm to activate the STING signaling pathway, resulting in the production of inflammatory cytokines and skin inflammation and ultimately inducing skin carcinogenesis (63). Furthermore, from TCGA database analysis, it has been demonstrated that the expression level of STING in tumors is negatively correlated with the infiltration of immune cells in some tumor types, which means a high level of cGAS/STING signaling may predict a poor prognosis in patients with some cancers (49).




Figure 3 | Tumor-promoting mechanism of cGAS-STING pathway. DNA damage induces chronic inflammatory signaling through sustained activation of NF-κB downstream of the cGAS-STING signaling pathway, facilitating epithelial-to-mesenchymal transition and leading to increased migration and invasion of cancer cells. Expression of STING in tumors promotes immunosuppressive cells such as Treg and MDSC to infiltrate into tumor sites, and upregulation of IDO expression promotes immune escape of tumors in the body, creating an immunosuppressive tumor microenvironment. In addition, the second messenger, cGAMP can be transferred through the cancer-astrocyte gap junction to activate STING protein in astrocytes, thus triggering TBK1 and IRF3 activation as well as IFNα and TNFα production to promote tumor brain metastasis. Created with BioRender.com.



A characteristic of an immunosuppressive tumor microenvironment is the upregulated expression of immune checkpoint indoleamine-2,3-dioxygenase (IDO). Existing study suggest that STING can upregulate IDO expression to directly or indirectly suppress T-cell numbers and function and then promoting immune immune escape (64).

The STING signal is closely related to tumor metastasis. CIN induces the production of a large number of micronuclei. When nuclear membrane breaks, genomic DNA will overflow into the cytoplasm, activating the cGAS/STING signaling pathway and triggering irregular NF-κB signals and inflammatory responses, conducive to the transformation of epithelial-to-mesenchymal transition. It has been demonstrated that cells with a high CIN have a higher migratory and invasive ability in vitro (59). Moreover, the metastasis of tumor cells may be driven by non-autonomous cGAS/STING pathway-related mechanisms (59). It has been demonstrated that some cancer cells can selectively promote the assembly of gap junctions between cancer cells and astrocytes composed of connexin 43 (Cx43) by expressing protocadherin 7 (PCDH7). These channels allow the transfer of the second messenger, cGAMP, from cancer cells to adjacent astrocytes to activate STING, thereby triggering TBK1 and IRF3 and producing IFN-α and TNF-α. As paracrine signals, these factors can further activate the STAT1 and NF-κB pathways in metastatic brain cells, finally promoting brain metastasis and chemotherapeutic resistance in breast and lung cancer (65).



3.3 The Multiple Functions of cGAMP

cGAMP plays a crucial role in cGAS-STING signaling by binding and activating STING, which has a greater potential for immunotherapy. However, the role played by cGAMP varies among different cells.

In myeloid cells, cGAMP agonists can activate their cGAS-STING signaling pathway, thereby promoting their killing of tumor cells. For example, transient accumulation of CD11b + Ly6C + F4/80 + monocytes/macrophages at the tumor site by STING stimulation can be observed after cGAMP injection, enhance the phagocytic activity of cells for antitumor purpose (55). However, in tumor cells, cGAMP can play two quite different roles. In early preneoplastic cells, the cGAS-STING pathway acts as a tumor suppressor. Tumor-derived cGAMP can initiate antitumor immunity via downstream canonical NF-κB signaling pathway (66, 67). It can also activate cGAS-STING signaling through antigen-presenting cell, same as tumor DNA, to trigger immune cell-mediated tumor clearance. For instance, activated cGAMP within tumor cells can be transferred to host cells to trigger STING and subsequently activate the anti-tumor response of NK cells (68). In late tumor stages, sustained cGAMP expression by tumor cells leads to activation of downstream non-canonical NF-κB signaling pathways, releasing other pro-inflammatory cytokines such as IDO, thus creating an immunosuppressive tumor microenvironment that promotes tumor progression (69).

Overall, the impact of cGAMP on cancer depends on the period and type of tumorigenesis and the activated cell type, among others. This requires additional exploration to determine its exact role in oncology.




4 STING and Autophagy in Cancer

Cellular autophagy is a lysosome-based intracellular degradation process that aims to maintain the organism’s essential cell survival and homeostasis under various cellular stress conditions such as hypoxia and infection. In cells, activating the autophagy-related 1/autophagy activating kinase 1 (ATG1/ULK1) complex is essential. They can phosphorylate or recruit their downstream proteins to promote autophagosome formation and thus induce typical autophagy (70, 71). However, it was recently found that after stimulation of cGAMP production by cGAS from dsDNA generated by various causes of damage, STING can translocate to the endoplasmic reticulum-Golgi intermediate compartment (ERGIC), which could serve as a membrane source for LC3 lipidation. cGAMP can induce LC3 lipidation by relying on WIPI2 and ATG, 5 but not ULK and Vps34-Beclin kinase complexes. Subsequently, LC3-positive membranes wrap dsDNA, bacteria, or viruses and form autophagosomes, suggesting that STING can also activate atypical autophagy through a mechanism independent of interferon induction (72).

Similar to STING, autophagy plays a bidirectional role in tumor progression. A terminal response called replicative crisis occurs during early tumorigenesis, which leads to delayed mitosis, telomere deprotection amplification and cell death. Telomeric DNA damage activates the cGAS-STING pathway. The researchers found that cells with cGAS or STING removed bypassed the crisis to proliferate and exhibited a reduction in LC3-II and accumulation of P62 in the cells (73). This evidence suggests that STING-mediated autophagy may be an additional barrier to early tumor progression in normal cells. However, the endoplasmic reticulum stress response and autophagy may also allow cancer cells to survive in a stressful environment, thereby promoting the development of advanced cancer (74).



5 STING Agonists in Cancer Therapy


5.1 Overview of STING Agonists

As the activation of the cGAS/STING pathway in the tumor microenvironment can induce the effective cross-priming of tumor-specific antigens and promote the infiltration of effector T cells (45), STING agonists have been developed to simulate this activation in order to enhance the anticancer effect. Thus far, several types of stimulants have been found, mainly divided into three categories: Cyclic dinucleotides (CDNs) and their derivatives, DMXAA and its analogs, and small molecule agonists.

CDNs are divided into several CDN families, which are composed of cyclic di-GMP (c-di-GMP), cyclic di-AMP (c-di-AMP), and cyclic AMP-GMP (cGAMP) molecules. cGAMP includes 3’,3’-cGAMP, 2’,3’-cGAMP, 3’,5’-cGAMP and 2’,5’-cGAMP (75). Their antitumor regulatory effect was first found in c-di-GMP. c-di-GMP was initially regarded as an allosteric regulator of cellulose synthase in Gluconacetobacter xylinus (formerly known as Acetobacter xylinum) and is currently considered to be a ubiquitous second messenger of bacteria (76). The injection of c-di-GMP into a newborn glioma model can improve the survival rate of glioma-bearing mice in a STING-dependent manner, such as enhancing the signal of IFN-1, CXCL10, and the migration of T cells to the brain (77). c-di-GMP can also combat metastatic breast cancer via numerous methods. A mouse metastatic breast cancer model observed that a low dose of c-di-GMP provided a potent adjuvant effect with the LM-Mb vaccine by promoting the production of IL-12 derived from MDSCs and increasing the response of CD8+ T cells to the tumor-associated antigen Mage-b. Moreover, a large dose of c-di-GMP can activate caspase-3 and kill cancer cells directly (78). 2’,3’-cGAMP is the second messenger of STING signal transduction in mammalian cells. In murine colon 26 adenocarcinoma, cGAMP inhibited tumor growth mainly by activating STING and its downstream STING-IRF3 signaling. Analysis of host serum and tumor tissues showed that cGAMP significantly upregulated anti-tumor cytokines such as IFN-β and IFN-γ and activated DCs. Interestingly, cGAMP still had some tumor-suppressive activity in STING-/- mice, suggesting that cGAMP may stimulate other STING-independent pathways to suppress tumor when STING is not present growth (79). A study using a model of mouse cervical cancer demonstrated that the use of the mutant type of HPV 16 E7 protein (E7GRG) as a therapeutic vaccine candidate antigen-stimulated the cell-mediated and humoral immune response and inhibited tumor growth. The co-administration of 2’,3’-cGAMP, E7GRG and CpG-C adjuvant exerted a synergistic effect, establishing a shift towards the Th1 type immune response and decreasing tumor growth (80). In malignant B-cell tumors, 3’3’-cGAMP induces the prolonged presence of STING in the endoplasmic reticulum or Golgi apparatus to form protein complexes to activate apoptosis, without any significant association with activated IFN. This suggests that STING agonists have potential therapeutic use for the treatment of B-cell malignancies such as chronic lymphatic leukemia, multiple myeloma, etc., in addition to their immunomodulatory activity against cancer (81). It was also shown that 2’,5’-cGAMP showed stronger complex formation with both human and mouse STING compared to 3’,5’-cGAMP and was unaffected by the species specificity of the bite, just like DNA. Moreover, cGAS-dependent two-step synthetic 2’,5’-cGAMP can be used to develop specific inhibitors to treat autoimmune diseases related to cGAS/STING signaling (82).

Based on natural CDNs, synthetic CDNs have been developed with optimal performance. ADU-S100 (ML RRS2 CDA or MIW815) was the first STING agonist used in human clinical trials for cancer immunotherapy. Compared with other CDNs, ADU-S100 exhibits higher stability and lipophilicity. It has been indicated that in B16 melanoma, CT26 colon cancer, or 4T1 breast cancer models, the injection of ADU-S100 effectively triggers CD8+ T cell responses in a STING-dependent manner and leads to significant tumor regression, exerting long-lasting antitumor effects (83). Intraperitoneal injection of ADU-S100 into mouse models with peritoneal carcinomatosis of ovarian cancer (ID8) and MC38 colon carcinoma observed inhibition of peritoneal carcinomatosis and malignant ascites progression.ADU-100 effectively reduced abnormal tumor vasculature formation by activating STING-mediated type I IFN and upregulated the number of CD8+ T cells, enhancing the remaining tumor vasculature of pericyte coverage, thereby inhibiting the formation of malignant ascites in the peritoneal cavity. During peritoneal metastasis, type I IFN signaling also inhibited the recruitment of CD206+ M2-like macrophages (84). Notably, the intratumoral injection of ADU-S100 was shown to be well-tolerated in patients with advanced solid tumors and lymphomas, and no DLT was reported (85). IACS-8779 and IACS-8803 are highly efficient CDN STING agonists that introduce a group of reasonably selected and targeted modifications into the nucleobase and ribose sections of the 2’,3’ CDA structure. These two drugs manifest a superior ability to activate the STING pathway in vitro and a more prominent systemic antitumor response than the clinical benchmark agonist, ADU-S100, in a B16 murine model of melanoma (86). MK-1454 is a synthetic CDN analog developed by Merck to treat advanced/metastatic solid tumors or lymphomas. The preliminary results showed good activity and safety in a study of the drug as a monotherapy and combined with pembrolizumab entering a phase I clinical trial. PRs observed in head and neck squamous cell carcinoma, triple-negative breast cancer and undifferentiated thyroid cancer (87).

Flavone 8-acetic acid (FAA) was initially synthesized as a non-steroidal anti-inflammatory drug (88). It induces extensive hemorrhagic necrosis associated with inhibiting tumor blood flow (89) and has exhibited significant antitumor activity in preclinical studies (90). However, the results obtained for FAA in clinical trials were not positive (91). Thus, a more active FAA analog, 5,6-dimethylxanthenone-4-acetic acid (DMXAA), was developed. DMXAA, also known as ASA404 and Vadimezan, can fight tumors directly and indirectly. First of all, DMXAA can induce apoptosis in tumor endothelial cells, increase specificity, and irreversibly directly destroy the established tumor vascular system and completely block the tumor blood flow. Secondly, DMXAA can indirectly activate the innate immune system and can induce the production of inflammatory cytokines. Clinical trials have been better results in selected patients with melanoma and squamous cell carcinoma (88).

At present, amidobenzimidazole (ABZI) represents a breakthrough for STING agonists in cancer treatment. By replacing its N1-hydroxyphenethyl moiety with a 4-carbon butane linker, researchers have derived a compound named diABZI. It has been demonstrated that the binding affinity of this new compound is significantly enhanced, and in vivo, it can lead to the adaptive response of CD8+ T cells. The intravenous administration of diABZI STING agonist to mice with a normal immune function and with established homologous colon tumors has been shown to exert potent antitumor effects, diminishing the tumor completely and persistently. The diABZI compound is the first effective non-nucleotide STING agonist used globally and has immense potential to improve the immunotherapy of human cancers (92).



5.2 Combination of STING Agonists With Other Types of Cancer Treatment


5.2.1 STING Agonists and Classical Cancer Therapies

Classical therapies, such as radiotherapy and chemotherapy, are the main methods for treating human cancers (93). Radiation-induced DNA damage leads to micronuclei formation or cell death and can activate immune cells’ cGAS/STING pathway (54). For example, exposure to gamma-rays can directly induce the production of type III IFN (mainly IFNL1) in human cancer cell lines through the cGAS/STING/TBK1/IRF1 signaling pathway (94). However, radiation may also exert an adverse inhibitory effect on the immune system. It has been demonstrated that radiation can activate the immunosuppressive TGF-β cytokine (95) and can promote the accumulation of Tregs (96) and pro-tumorigenic M2 macrophages (97). cGAS is activated by radiation in a dose-dependent manner. Evidence indicates that when the radiation dose exceeds 12-18 Gy, DNA exonuclease TREX1 helps degrade the DNA accumulated in the cytoplasm to attenuate its immunogenicity and downregulate the cGAS pathway. Conversely, radiation repeatedly below the threshold dose for the induction of TREX1 stimulates IFN-β in cancer cells (98). Chemotherapy can induce DNA damage and inhibit DNA repair simultaneously. The damaged DNA activates the cGAS/STING axis to enhance DC-mediated antigen presentation and T cell response (45). For example, one of the mechanisms of cisplatin therapy is to initiate the cGAS/STING pathway via the upregulation of the protein levels of cGAS and STING (99). In addition, the anthracycline antibiotics, adriamycin and daunorubicin, which can inhibit topoisomerase II, induce an IFN response and trigger the cGAS/STING pathway in an ATM kinase-dependent manner (100). Although radiotherapy and chemotherapy do not directly target the cGAS pathway, these treatments can activate the cGAS/STING axis in a ‘roundabout’ manner and can enhance the antitumor immune response. The co-administration of STING agonists with radiotherapy or chemical drugs can enhance the antitumor effect and reduce the side-effects caused by classical therapies. It has been demonstrated that the inhalation of phosphatidylserine-coated liposomes loaded with cGAMP (NP-cGAMP), a STING agonist, in mouse models of lung metastases can rapidly distribute NP-cGAMP to the lungs and stimulate STING signal transduction in antigen-presenting cells, promoting the production of type I IFN, and the synergistic effect of NP-cGAMP and graded IR (8 Gy x 3) can suppress tumor metastasis at the site of radiotherapy and lung metastasis without radiotherapy (101). 5-Fluorouracil (5-FU) is an effective clinical anti-neoplastic drug that exerts its effects by interfering with DNA synthesis; however, it also has noticeable side effects, such as nausea, mucosal necrosis, and hematochezia. When used in combination with cGAMP, a stimulant of innate immune antitumor agents, the antitumor effect of 5-FU is enhanced, while the side effects are reduced (79).



5.2.2 STING Agonists and Immune Checkpoint Inhibitors

T cells are the primary therapeutic focus of endogenous antitumor immunity due to their ability to selectively recognize peptides from proteins in all cell compartments, directly recognize and kill cells expressing specific antigens, and coordinate various immune responses with the help of CD4+ helper T cells. Therefore, specific targeting agonists of co-stimulatory receptors or antagonists of inhibitory signals, such as targeting cytotoxic T lymphocyte-associated antigen 4 (CTLA4) and programmed cell death protein 1 (PD1), can be leading to the enhancement of the antigen-specific T cell response (102–104). The activation of STING increases the critical Th1-recruiting cytokines, CXCL9 and CXCL10, and IFN-1. Type I IFN can promote the activation and maturation of DCs, improve the antigen presentation of CD4+ T lymphocytes and enhance antigen cross-presentation to CD8+ T lymphocytes, hence, T cell priming. Therefore, STING agonists seem to be ideal partners for immune checkpoint inhibitors (105). Compared with no treatment or treatment with immune-checkpoint inhibitors alone, the co-administration of STING agonists with CTLA4 and PD1 antibodies in a preclinical HPV+ oral tumor model displayed the most significant survival advantage (106). Moreover, in B16F10- and BRAF-mutated murine models, the group treated with cGAMP encapsulated into lipid nanoparticles conjugated with mannose (LP-cGAMP) and anti-programmed death-ligand 1 (PD-L1) exhibited a more long-lasting inhibition of tumor growth and achieved a more prolonged survival than others (107).



5.2.3 STING Agonists and Tumor Vaccine

Due to central and peripheral tolerance, the immunogenicity of tumor-associated antigens is not potent enough to trigger a firm tumor antigen-specific CD8+ T cell response, which is essential for effective antitumor immunity (108). Therefore, appropriate adjuvants play an indispensable role in overcoming tolerance and enhancing tumor-specific immune responses. STINGVAX is the first designed STING-based tumor vaccine containing granulocyte-macrophage colony-stimulating factor (GM-CSF) and CDN ligands. In multiple syngeneic mouse models, the in vivo antitumor responses for STINGVAX were more prominent than those for the GM-vaccine. STINGVAX-treated mice exhibited increased tumor-infiltrating lymphocytes (TILs) and an upregulated PD-L1 expression, indicating that STINGVAX is suitable for co-administration with anti-PD-1 therapy (109). In a previously mentioned study using a metastatic breast cancer mouse model, the researchers used a Listeria monocytogenes (LM)-based vaccine with the expression of tumor-associated antigen Mage-b (LM-Mb) as the vaccine and c-di-GMP as the stimulating ligand. This model observed the enhanced presentation of tumor-associated antigens and increased tumor-associated antigen-specific T cell activation in vivo. The combination of c-di-GMP and LM-Mb also significantly reduced the number of MDSCs in the blood. The reduction in the MDSC population helps to reduce immunosuppression in the tumor microenvironment, reducing the growth of tumors and metastases. As MDSCs and immunosuppression exist in almost all cancers, using c-di-GMP as an adjuvant against other cancers is promising (78).



5.2.4 STING Agonists and Chimeric Antigen Receptor (CAR) T Cell Therapy

CAR T cell therapy is one of the most promising methods for anticancer treatment. T cells are redirected against a tumor following the enforced expression of CARs. CAR, as the core component of CAR T cells, enables T cells to recognize tumor antigens in an HLA-independent manner and identify a broader range of target antigens than natural T cell surface receptor (TCR) (110–112). In an orthotopic murine breast tumor model, a previous study proved that Th/Tc17 CAR T cells persist durably in the tumor microenvironment and play a prominent role in tumor growth control. However, the number of Th/Tc17 CAR T cells is only moderately increased in the tumor microenvironment, improving early tumor suppression but not leading to a long-term antitumor response. The study also compared the T cell population between two CAR T cell treatment groups combined with or without DMAXX. The results revealed that the combined treatment group expressed higher CXCL9 and CXCL10, which could recruit CXCR3-expressing Th/Tc17 T cells, leading to a more significant number of CAR T cells (113).



5.2.5 STING Agonists and Oncolytic Virus (OV)

OV plays its antitumor role mainly via both direct and indirect mechanisms. On the one hand, it replicates in and lyses tumor cells selectively. On the other hand, OV acts as an ‘in situ’ vaccine and directs the host immune response to target tumors. Upon the lysis of tumor cells, viral offspring are released to infect neighboring cancer cells and finally induce the systemic antitumor response (114). In 2015, the US Food and Drug Administration (FDA) approved herpesvirus talimogene laherparepvec (T-VEC) for advanced melanoma, rendering it the first OV to be approved in the United States (115). Patients with metastatic melanoma present a high level of Tregs, Ts cells, and MDSCs within established tumors. Following the injection of OncovexGM-CSF, an oncolytic herpes simplex virus engineered to express GM-CSF, the researchers observed a decreased level of these suppressor cell populations and the production of local and systemic MART-1-specific CD8+ effector cells. which suggests that OncovexGM-CSF can induce potent local and systemic T cell immunity (116). The enhanced replication and intercellular spread of cancer cells due to STING deficiency make the effectiveness of oncolytic therapy in certain tumors can be significantly increased. For example, STING-defective melanoma cells are highly sensitive to DNA virus-mediated oncolytic effect. Therefore, it is now widely considered that STING/cGAS may be a more effective biomarker for prognosis (117).





6 STING Inhibitors in Cancer Therapy

Dysfunctional nucleases and abnormal mutations in STING can lead to abnormal activation of the cGAS-STING pathway, resulting in increased expression of IFN. Therefore STING inhibitors may be developed for use in a variety of interferon diseases. The existing inhibitors can be broadly classified into two categories, namely competitive antagonists that occupy CDN binding sites and inhibitors that covalently modify Csy88 and Csy91 to inhibit palmitoylation (118).


6.1 STING Antagonists Targeting the CDN-Binding Site

Based on biophysical and X-ray crystallography data, the STING C-terminal domain exists as a symmetric dimer with the ligand-binding site located at the interface between the two monomers, which is the binding site for the agonist CDN. Before binding to cGAMP, STING apolipoprotein adopts an “open” conformation, compared to a “closed” conformation after binding. It suggests that the “open” conformation may lead to inactivation. While the “closed” conformation may lead to protein activation. Tetrahydroisoquinolone can bind to the cGAMP binding site in the inactive “open” conformation. By taking advantage of the natural symmetry of the STING protein and utilizing a 2:1 binding stoichiometry, these compounds can fully occupy the binding pocket while mitigating the undesirable physicochemical properties associated with larger ligands. After incubation of THP1 cells with Tetrahydroisoquinolone, it was observed that this compound did not stimulate interferoβproduction and moderately inhibited cGAMP-induced interferonβproduction (119).

Astin C is a cyclic peptide isolated from the medicinal plant Aster tartaric that specifically targets STING and competes with CDN to bind the C-terminal activation pocket of STING. The exact mechanism of STING inhibition by astin C is still not fully determined, but it is known that this compound selectively inhibits the recruitment and activation of downstream IRF3 and does not affect the phosphorylation of STING and TBK1. It was demonstrated that astin C significantly attenuates the auto-inflammatory response in Trex1-/- bone marrow-derived macrophages (BMDM) and disease models while having a low cytotoxic side effect in cellular and animal models. This suggests that astin C may be used in STING-mediated cancer and autoimmune diseases (120).



6.2 STING Antagonists Targeting STING Palmitoylation Sites

As described above, Csy88 and Csy91 in the cGAS-STING pathway induce STING palmitoylation. Allowing their subsequent assembly into multimeric complexes at the Golgi as well as recruitment of downstream signaling factors.

Protein mass spectrometry studies have shown that the 3-acylamino indole derivative Indole ureas (H-151) can form covalent bonds with Cys91. Intraperitoneal H-151 administration was performed in a mouse model to which a specific STING agonist was applied. The investigators observed that H-151 achieved effective systemic levels and showed a short half-life significantly reduced serum levels of type I IFN and IL-6 in mice. This suggests that H-151 is a potent small molecule antagonist of STING that can effectively inhibit type I IFN response, TBK1 phosphorylation and hsSTING palmitoylation (121).

Nitro fatty acids (NO2-FAs) are formed in response to HSV-2 infection. It was shown that NO2-FAs could directly modify STING by nitroalkylation at Cys88 and Csy91 and two adjacent cysteines of the N-terminal histidine (His16).Pretreatment with NO2 -FA substantially reduced the induction of type I interferon in response to HSV-2 in both THP-1 cells. Treatment with NO2-FA after HSV-2 infection also reduced the release of the IFN-induced cytokine CXCL10. In addition, NO2-FA treatment with STING-associated vasculopathy with onset in infancy (SAVI) also resulted in a reduced STING-dependent type I interferon response in immortalized fibroblasts from patients. Therefore, it is suggested that Nitro fatty acids can target STING signaling and reduce type I interferon release in mice and human cells and may be used in the future to treat STING-dependent inflammatory diseases (122).




7 Conclusion

By detecting micronuclei or cytoplasmic chromatin fragments induced by DNA damage, the cGAS/STING pathway can mediate the interplay between cytotoxic effects and immune stimulation, exerting a dichotomous effect on tumor tissue. However, the underlying mechanisms responsible for this phenomenon are still poorly understood and require further research. Therefore, further research is required to obtain a more in-depth knowledge of the STING-related tumor microenvironment and biological mechanisms to reveal the potential mechanisms of the STING-mediated immune response, such as the effects of the canonical and non-canonical NF-κB pathway on tumors. Furthermore, exploring the molecular details of the cGAS/STING pathway may enhance the current understanding of the antitumor mechanism of innate immunity and may provide a theoretical basis for future drug design for the treatment of tumors. Thus, this pathway may play a more critical role in basic immunology, tumor biology, and clinical tumor therapy.

The co-administration of classical therapies and STING agonists has demonstrated an excellent synergistic antitumor effect in several preclinical tumor models. These agonists can reduce the side-effects of drug use, overcome the tolerance to tumor treatments and achieve an optimal therapeutic effect, thus rendering the development of a new variety of antitumor treatments promising. Therefore, the comparison of the effects of various combination therapies and the exploration of their mechanisms is of utmost significance. Likewise, the current exploration of STING inhibitors provides valuable clues for further clinical drug development in the future.
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