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Abstract

Cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS) is a DNA sensor that elicits a
robust type I interferon response by recognizing ubiquitous danger-associated molecules. The cGAS/stimulator of inter-
feron genes (cGAS/STING) is activated by endogenous DNA, including DNA released from mitochondria and extranuclear
chromatin, as well as exogenous DNA derived from pathogenic microorganisms. cGAS/STING is positioned as a key axis
of autoimmunity, the inflammatory response, and cancer progression, suggesting that the cGAS/STING signaling pathway
represents an efficient therapeutic target. Based on the accumulated evidence, we present insights into the prevention and
treatment of cGAS/STING-related chronic immune and inflammatory diseases. This review presents the current state of
clinical and nonclinical development of modulators targeting cGAS/STING, providing useful information on the design of

therapeutic strategies.
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Introduction

The activation of innate and adaptive immunity is initiated
by the detection of microbial infection by pattern-recogni-
tion receptors (PRRs) (Janeway and Medzhitov 2002). The
families of PRRs include Toll-like receptors (TLRs) (Takeda
and Akira 2005), retinoic acid-inducible gene I-like recep-
tors (RLRs) (Rehwinkel and Gack 2020), NOD-like recep-
tors (NLRs) (Inohara and Nunez 2003), and C-type lectin-
like receptors (CLRs) (Ebner et al. 2003). PRRs recognize
pathogen-associated molecular patterns (PAMPs) derived
from invading pathogenic microbes as well as danger-asso-
ciated molecular patterns (DAMPs) released from damaged
tissues and cells (Seok et al. 2021). PAMPs and DAMPs
include various molecules composed of polysaccharides,
lipids, fatty acids, peptides, and nucleic acids (Jounai et al.
2013).

DNA derived from pathogenic microbes or host cells is
detected by various PRRs, such as TLR9, DNA-dependent
activator of IRFs (DAI), LRR binding FLII interacting
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protein 1 (LRRFIP1), DExD/H box helicases (DDX41),
absent in melanoma 2 (AIM2), and interferon-inducible
protein 16 (IFI116), culminating in production of the type
I interferons, IL-1f and IL-18. The role of these PRRs in
inducing DNA-dependent immunity is somewhat limited
because they are activated in a DNA sequence-specific or
cell type-dependent manner. Cyclic GMP-AMP (cGAMP)
synthase (cGAS) is considered a more universal cytosolic
DNA sensor because cGAS responds to DNA in a DNA-
sequence-independent manner in a variety of cell types (Sun
et al. 2013). cGAS senses cytosolic DNA derived from not
only viruses and bacteria but also host DNA, such as mito-
chondrial DNA (mtDNA) and nuclear DNA, suggesting that
it plays a critical role in regulating immunity and the host
damage repair system. Accumulating evidence indicates that
cGAS is important in inducing and controlling immunity,
thereby affecting the progress and severity of immune dis-
orders and inflammation-mediated diseases (Li and Chen
2018). In this review, we discuss therapeutic approaches to
manipulate the activity of the cGAS/STING pathway for
the prevention and treatment of chronic immune-related and
inflammatory diseases.
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cGAS activation and signaling pathways

Human cGAS (also known as C6orf150, or male abnor-
mal 21 domain containing 1 (MAB21D1)) is composed of
522 amino acids. cGAS recognizes pathogenic DNA from
DNA and RNA viruses, activating innate immune cells
and inducing essential immune responses against infection
(Sun et al. 2013). cGAS is activated by host DNA, includ-
ing nuclear, mitochondrial, and oxidized DNA, which
reflect cellular damage and stress, thus highlighting its
significant role in self-initiated immune-related diseases
as well as host defense and tissue repair (Gao et al. 2015).

Recognition of DNA by cGAS is dependent on DNA
length. Double-stranded DNA (dsDNA) longer than
20 bp activates cGAS, inducing dimerization of cGAS
and resulting in the formation of a 2:2 DNA/cGAS com-
plex, whereas dsDNA less than 20 bp is not able to induce
cGAS dimerization and activation (Andreeva et al. 2017).
cGAS comprises an unstructured N-terminal domain
(amino acids 1-160) and a highly conserved C-terminal
domain (amino acids 161-522). The N-terminal domain
is not well conserved, with many K/R residues participat-
ing in the attachment of cGAS to the plasma membrane
and its binding to DNA. The C-terminal region has two
highly conserved motifs: a nucleotidyltransferase (NTase)
core domain (160-330) and a Mab21 domain with zinc-
ribbon insertion (213-513). The NTase domain is crucial
for cGAS enzyme activity (Sun et al. 2013). The conserved
ZnF motif is critical for DNA binding, enzymatic activ-
ity, and downstream signaling activation. Engagement of
DNA by cGAS induces rearrangement of the cGAS cata-
lytic pocket to promote binding of the substrates aden-
osine triphosphate (ATP) and guanosine triphosphate
(GTP) to cGAS, resulting in the synthesis of 2’3’ cyclic
GMP-AMP (cGAMP) (Civril et al. 2013) (Fig. 1). cGAMP
is the ligand of STING, which is an adaptor protein of
c¢GAS and is located on the endoplasmic reticulum (ER)
membrane. STING contains a short cytosolic N-terminal
fragment, four-span transmembrane helices, a cytosolic
ligand-binding domain (LBD), and a C-terminal tail (CTT)
(Huang et al. 2012). In the resting state, STING exists as a
dimer, and cGAMP binding induces extensive conforma-
tional rearrangements to initiate STING oligomerization,
activating STING as an effector. STING then leaves the
ER membrane, passing through the ER-Golgi interme-
diate compartment (ERGIC) to translocate to the Golgi
(Shang et al. 2019). Trafficking of STING from the ER
to the Golgi is mediated by coatomer protein complex II
(COPII) vesicles, with the assistance of other proteins,
such as GTPase SAR1A, SEC24C, and the ARF-GTPase
ARF1 (Gui et al. 2019). At the Golgi membrane, STING
recruits TANK-binding kinase 1 (TBK1) and IKK. TBK1

phosphorylates the Ser366 residue in the CTT domain of
STING and further recruits IRF3, resulting in the phos-
phorylation, dimerization, and nuclear translocation of
IRF3 (Zhao et al. 2019). In addition, activation of STING
leads to canonical NF-kB activation. The activation of
IRF3 and NF-kB culminates in target gene expression,
including type I interferons and ISGs as well as inflam-
matory cytokines and chemokines such as IL-6 and IL-12
(Tse and Takeuchi 2023) (Fig. 1).

The roles of cGAS/STING activation
in the development of diseases

Autoimmune and autoinflammatory diseases

Because the cGAS/STING pathway is activated by self-
nucleic acids, the involvement of cGAS/STING activation
in the pathogenesis of autoimmune and autoinflammatory
diseases has drawn significant attention (Table 1).

Aicardi-Goutiéres syndrome (AGS)

Aicardi—Goutieres syndrome (AGS) is a rare genetic disease
characterized by early onset progressive encephalitis with
severe neurological disability and skin lesions. AGS is char-
acterized by high levels of interferon o in cerebrospinal fluid
and is considered a type I interferonopathy. AGS is associ-
ated with mutations in TREX1, RNASEH2A, RNASEH2B,
RNASEH2C, SAMHDI1, ADARI, and IFIH1, all of which
encode proteins that function in the detection and metabo-
lism of nucleic acids. TREX1 (three prime repair exonucle-
ase 1) is a DNA 3’ end repair exonuclease that participates
in the repair of damaged DNA and the removal of cytosolic
DNA. Mutations in the TREX1 gene result in the accumu-
lation of cytosolic DNA and the release of damaged DNA,
inducing the constitutive activation of the cGAS/STING
pathway and consequently aberrant inflammation and auto-
immunity (Gray et al. 2015). Knockout of cGAS or STING
protects against the development of AGS in mice with muta-
tions in AGS-related genes (Gray et al. 2015).

COPA syndrome

COPA syndrome is a rare early-onset autosomal dominant
disease characterized by arthritis, interstitial lung disease,
and renal disease and exhibits immune dysregulation and
high serum levels of type I interferon (Vece et al. 2016).
COPA syndrome is associated with missense mutations in
the coatomer-associated protein subunit alpha (COPa) gene.
COPua is a subunit of coatomer protein complex I (COPI)
and mediates the retrieval of proteins from the Golgi to the
endoplasmic reticulum (ER). COPa mutations are linked
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Fig.1 Activation of the cGAS/STING pathway by microbial DNA and self-DNA. Double-stranded DNA (dsDNA) derived from various sources
of damage-associated molecular patterns (DAMPs), such as damaged cells and cancer cells, as well as dsSDNA from various pathogen-associated
molecular patterns (PAMPs) and RNA:DNA hybrids, activate the enzyme cyclic GMP-AMP synthase (cGAS) to synthesize 2',3'-cyclic GMP-
AMP (cGAMP), which serves as a STING ligand. Additionally, bacterial-derived cyclic dinucleotides (CDNs) act as STING ligands. Upon
binding of STING ligands, STING translocates from the endoplasmic reticulum (ER) to the ER-Golgi intermediate compartment (ERGIC) via
a process triggered by STING oligomerization and dependent on the SAR1 and SEC24C components. Within ERGIC, cGAMP-bound STING
serves as a membrane source for the recruitment and lipidation of LC3 through a mechanism that is dependent on WIPI2. The resulting LC3-
positive membranes then target DNA and pathogens to autophagosomes, which subsequently fuse with lysosomes. During translocation from
the ERGIC to the Golgi, STING recruits TANK-binding kinase 1 (TBK1) and IxB kinase (IKK). This leads to phosphorylation of IRF3, which
dimerizes and translocates to the nucleus to activate transcription of genes encoding type I interferons, including interferon-p (IFN-f). Phospho-
rylation of IkBa translocates NF-kB to the nucleus, where it activates the transcription of genes encoding proinflammatory cytokines, such as
IL-6 and tumor necrosis factor (TNF). Finally, cGAMP-bound STING can also translocate to lysosomes for degradation via the multivesicular
body (MVB) pathway, which involves the Golgi and endosomes

with ligand-independent activation of STING signaling.
Genetic deficiency or pharmacological inhibition of STING
mitigated type I interferon-mediated inflammation in a
mouse model of COPA syndrome (CopaE241K/+) (Deng
et al. 2020).
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Familial chilblain lupus

Familial chilblain lupus is a rare monogenic form of lupus
erythematosus characterized by painful cold-induced inflam-
matory responses on acral surfaces. The disease is known
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(Luo et al. (2018)
(Qiao et al. (2018)

References

Enhance of STING expression in liver tissues from NAFLD

Relevance with the cGAS/STING signaling

Non-alcoholic fattey liver disease (NAFLD)

Table 1 (continued)

Disease

@ Springer

patients
Induction of glucose and lipid metabolism disorders by pro-

moting liver inflammation and hepatocyte death through the

cGAS/STING pathway in HFD mouse model

to be associated with a loss-of-function mutation in TREX1
(3' repair exonuclease 1) or SAMHD1 (Gunther et al. 2015;
Linggonegoro et al. 2021) A heterozygous gain-of-function
mutation of STING was identified in patients with familial
chilblain lupus A (Konig et al. 2017). A gain-of-function
mutation of STING results in ligand-independent homodi-
merization and constitutive expression of type I IFNs (Konig
et al. 2017). Unmetabolized cytosolic DNA induces acti-
vation of the STING pathway to initiate innate immune
responses, resulting in higher type I interferon levels that
are linked to the pathology of familial chilblain lupus as a
type I interferonopathy (Fig. 2).

STING-associated vasculopathy with onset in infancy (SAVI)

STING-associated vasculopathy with onset in infancy
(SAVI) is an autoinflammatory disease caused by mutations
in the STING1 gene, resulting recurrent fevers, ulcerative
skin lesions, vasculitis, and interstitial lung disease (Liu
et al. 2014). The mutations are on the connector helix loop
(N154S, V155M and V147L) and the polymerization inter-
face (G207E, R281Q, R284G and R284S) of STING. The
mutations culminate in the ligand-independent activation of
STING, inducing spontaneous trafficking of STING to the
Golgi to activate downstream signaling pathways and lead-
ing to increased type I interferon production. Knock-in of
mutations N153S or V154M in mice results in cytokine pro-
duction, skin ulcerations, lung disease, and premature death
(Warner et al. 2017; Bouis et al. 2019; Motwani et al. 2019;
Siedel et al. 2020). The STING inhibitor SN-011, which
prevents spontaneous STING oligomerization and activa-
tion, prohibits type I IFN production and inflammatory gene
expression induced by SAVI-associated STING mutations
(Hong et al. 2021).

Rheumatoid arthritis

dsDNA levels are increased in synovial tissues and fibro-
blast-like synoviocytes (FLSs) obtained from rheumatoid
arthritis (RA) patients (Wang et al. 2015b, 2019a). cGAS
expression was also enhanced in RA FLS compared with
osteoarthritis FL.S and healthy control FLS, with a positive
correlation between cGAS expression in tissue and synovi-
tis scores, suggesting an association between cGAS expres-
sion and rheumatoid arthritis synovial inflammation (Wang
et al. 2019a). In addition, dsDNA increased the expression
of inflammatory cytokines such as IL-1p, TNF-o, MMP-
13, CXCL-10, IL-6, IL-8, IFN-a, IFN-f and IFN-y in FLSs
of RA patients in a cGAS-dependent manner (Wang et al.
2019a).cGAS or STING is responsible for inflammatory
arthritis in DNase knockout mice (Ahn et al. 2012; Gao et al.
2015). Loss of DNase II activity results in the accumulation
of host DNA in the cytosol, which subsequently triggers
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«Fig.2 Mechanism of inhibitors targeting cGAS, STING and TBKI.
A A diagram illustrating the organization of human cGAS domains.
B Representative inhibitory targets of human cyclic GMP-AMP syn-
thase (cGAS) are shown in three-dimensional structure. Molecules
that interfere with the catalytic site and molecules that have been
reported to interfere with DNA are each labeled at the target site.
The structure shown is modeled as a cGAS catalytic domain (Homo
sapiens PDB: 4068) (Li et al. 2013), cGAS DNA binding domain (H.
sapiens PDB: 6CT9) (Zhou et al. 2018), and a dimer (PDB: 4LEZ). C
A diagram illustrating the organization of domains in human STING.
D Representative inhibitory targets of stimulator of interferon
genes (STING) are shown in three-dimensional structure. The mol-
ecules targeted at the ligand-binding domain and the transmembrane
domain, which are the target sites for inhibition, are indicated. The
structure shown was modeled as a ligand-binding domain (H. sapiens
PDB: 6NT5), a transmembrane domain (H. sapiens PDB: 6NT7), and
a tetramer (G. gallus PDB: 6NT8) (Shang et al. 2019). C The crystal
structure of STING CTT in complex with TBK1 (H. sapiens PDB:
608C) is shown as a three-dimensional structure, and inhibitors of
TBK1 are shown

inflammatory polyarthritis with the production of inflamma-
tory cytokines such as TNF-a, IL-1f, and IL-6. Polyarthritis
symptoms develop in DNasell-/-Ifnari-/- mice but did not
appear in DNasell-/-cGas-/- mice, suggesting that cGAS is
important in DNA-induced arthritis pathology (Gao et al.
2015). DNA-induced production of TNF-a, IL-1p, and IL-6
was abolished in STING-knockout macrophages. In addi-
tion, knockout of STING prevents polyarthritis symptoms in
DNasell-/- mice, suggesting that self-DNA-induced inflam-
mation and arthritis symptoms are dependent on the acti-
vation of STING (Ahn et al. 2012). siRNA knockdown of
cGAS or STING reduced cytosolic dsDNA-induced migra-
tion and invasion of fibroblast-like synoviocytes (FLSs)
obtained from rheumatoid arthritis (RA) patients with
diminished formation of lamellipodia (Li et al. 2022a). Fur-
thermore, transfection of RA FLSs with ¢GAS or STING
shRNA resulted in a decreased capability of FLS invasion
into cartilage in the SCID mouse coimplantation model (Li
et al. 2022a). Inflammatory cell infiltration and joint swell-
ing are decreased in cGAS-deficient mice in an inflamma-
tory arthritis animal model (Willemsen et al. 2021).

Systemic lupus erythematosus (SLE)

Systemic lupus erythematosus is a chronic systemic autoim-
mune disease that affects the skin, blood, kidney, and mus-
culoskeletal organs (Elbourne et al. 1998). cGAS expres-
sion levels were increased in peripheral blood mononuclear
cells (PBMCs) from SLE patients compared with PBMCs
from normal controls (An et al. 2017). The severity of dis-
ease was correlated with cGAMP levels in SLE patients
(An et al. 2017). SLE serum collected from SLE patients
exerted IFN-I and ISG-inducing activity, at least partly
mediated through the activation of the cGAS-STING path-
way by elevated dsDNA in SLE serum (Kato et al. 2018b).
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Activation of STING participated in the development of
lupus in Fcgr2b-deficient mice by promoting the matura-
tion and differentiation of dendritic cells, whereas inhibition
of STING signaling protected against lupus development
(Thim-Uam et al. 2020).

In contrast, a recent study demonstrated that STING and
cGAS deficiencies exacerbate disease symptoms in a chronic
model of 2,6,10,14-tetramethylpentadecane (TMPD)-
induced autoimmunity (Motwani et al. 2021). TMPD-
induced aggravation of SLE in cGAS- or STING-deficient
mice is dependent on endosomal TLRs. Therefore, the role
of the cGAS/STING pathway in promoting autoinflamma-
tion does not necessarily translate into SLE development
(Motwani et al. 2021). These data provide caveats for the
use of cGAS-STING-targeted therapy for SLE treatment.

Cancer

Unlike normal cells, cancer cells are rich in self DNA and
cytoplasmic dsDNA, a byproduct of genomic instability,
which activate the cGAS/STING pathway to promote or
inhibit tumor development (Woo et al. 2014; Dou et al. 2017;
Harding et al. 2017; Mackenzie et al. 2017). Chromosomal
abnormalities occur in cancer cells with unstable genomes
due to errors during mitosis, which also leads to micronuclei
formation (Crasta et al. 2012). Micronuclear envelopes are
prone to rupture, and genomic content is readily exposed in
the cytoplasm, leading to DNA sensing by cGAS (Macken-
zie et al. 2017). Recent advances in the understanding of
the mechanisms of the cGAS/STING pathway have played
a major role in advancing and improving cancer immuno-
therapy. The cGAS/STING pathway functions primarily as a
tumor suppressor with respect to interferon (IFN) production
and T-cell priming. There is also emerging evidence that
chronically activated cGAS/STING signaling can induce an
immunosuppressive tumor microenvironment. Conversely,
studies have also demonstrated that cGAS/STING signaling
can promote tumor expression and metastasis under certain
circumstances (Ahn et al. 2014; Bakhoum et al. 2018).

Colorectal cancer

In a study with human colon cancer cell lines, Xia et al.
(20164, b) revealed that the dsSDNA-induced STING signal-
ing pathway was impaired in most of these cell lines and
that cGAS and STING expression was insufficient. Further-
more, TBK1 and IRF3 phosphorylation/translocation was
rarely observed in some human colon cancer cell lines. This
study indicated that the STING pathway functions to sup-
press intestinal tumorigenesis and that this function can be
selectively inhibited during cancer development. Given the
importance of the cGAS/STING signal as the host’s defense
mechanism against viral infections, colorectal carcinomas
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exhibiting defective cGAS/STING signaling may be more
susceptible to various infections in addition to the oncolytic
activity of DNA viruses such as herpes simplex virus (HSV)
(Xia et al. 2016a). Another study revealed that STING can
regulate the cell cycle in a cGAS-independent manner in
certain tumor models, such as HCT116 colorectal carcinoma
(Ranoa et al. 2019). These findings are important because
they suggest that tumors without cGAS expression can main-
tain active STING through other DNA sensors. Notably, the
potential role of STING in promoting tumor growth and
immune evasion is reflected in its high expression in colo-
rectal cancer patients with poor prognoses (An et al. 2019).
STING signaling in colorectal adenocarcinoma cells was
found to be regulated by HER2 recruitment of AKTI in a
process that disrupted STING signaling and resulted in the
inhibition of antiviral defense and the suppression of antitu-
mor immunity (Wu et al. 2019). A recent advance to increase
radiotherapy suggested that radiation-induced STING acti-
vation acts as an immunosuppressant, which results in
M-MDSC infiltration and tumor radiotherapy resistance.
The STING/type I interferon pathway suppresses inflam-
mation in tumors in part by recruiting myeloid cells through
the CCR2 pathway (Liang et al. 2017). Therefore, treatment
with an anti-CCR2 antibody alleviates immunosuppression
after activation of the STING pathway, thereby enhancing
the antitumor effect of the STING agent and radiotherapy
(Liang et al. 2017).

Gastric cancer

Chronic Helicobacter pylori infection is identified as one
of the strongest risk factors for gastric cancer. The func-
tion of STING signaling in gastric cancer development was
investigated by detecting STING expression in 217 gastric
cancer patients who underwent surgical resection (Song
et al. 2017). STING protein expression was significantly
lower in these tumor tissues than in nontumor tissues, and
low STING staining intensity was positively correlated with
depth of tumor invasion, tumor size, lymph node metastasis,
decreased patient survival, and tumor, node and metasta-
sis (TNM) stage. Multivariate analysis identified STING
as an independent prognostic factor that could improve the
predictive accuracy of overall survival when incorporated
into the TNM staging system. Chronic H. pylori infec-
tion upregulated STING expression and activated STING
signaling in mice. Although reduced expression of STING
in gastric cancer is not directly caused by H. pylori infec-
tion, it can significantly affect tumorigenesis by inhibiting
immune surveillance. In conclusion, STING is proposed
as an independent novel prognostic factor and a potential
immunotherapeutic target for gastric cancer (Song et al.
2017). MUSS8I is known to suppress the chromosomal insta-
bility (CIN) that arises from damaged replication forks by

cleaving potentially harmful DNA structures (Ciccia et al.
2008). In a recent study, MUSS81 inhibition enhanced the
sensitivity of the anticancer effect of the WEEI inhibitor
MK1775 in gastric cancer in vitro and in vivo. Here, MUS81
inhibition increased the accumulation of cytoplasmic DNA
induced by MK1775 treatment and activated the DNA sen-
sor STING-mediated innate immunity in gastric cancer cells.
Therefore, MK1775 can potentiate the anticancer effect of
immune checkpoint blockade therapy by activating cGAS/
STING signaling, especially in MUS81-deficient gastric
cancer cells (Li et al. 2021).

Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common
primary liver cancer. Thomsen et al. (2020) explored the
therapeutic efficacy of targeting the DNA-activated STING
pathway in HCC using a mutagenic HCC mouse model.
STING-deficient mice possessed more large tumors dur-
ing the later stages of HCC. The levels of phospho-STATI,
autophagy, and cleaved caspase-3 were reduced in the livers
of STING-deficient HCC mice. These changes were restored
in the liver by treatment with a cyclic dinucleotide (CDN)
STING agonist, and the tumor size was effectively reduced.
Overall, modulation of the STING pathway influences HCC
progression; thus, STING agonist treatment could be used
in combination with other immunomodulatory therapies or
standard therapies, such as PD1 inhibitors, against HCC
(Thomsen et al. 2020). Dou et al. (2017) induced immune-
mediated elimination of precancerous hepatocytes by acti-
vating RAS-induced hepatocyte senescence, senescence-
associated secretory phenotype (SASP), and inflammation.
This study confirmed that STING-deficient mice exhibit
impaired immune surveillance of oncogenic RAS, which
can lead to malignancy (Dou et al. 2017). Qi et al. (2020)
studied the prognostic value and correlation of the cGAS/
STING pathway with immune infiltration based on database
analysis in HCC. Their results demonstrate that potential
kinase targets in the cGAS/STING pathway include the
SRC family of tyrosine kinases, phosphoinositide 3-kinase-
related protein kinase family kinases, and mitogen-activated
protein kinase 1. A significant correlation in HCC was also
confirmed between the expression of the cGAS/STING
pathway and the infiltration of various immune cell types,
including B cells, CD4* T cells, CD8" T cells, macrophages,
dendritic cells, and neutrophils. Expression of the cGAS/
STING pathway also exhibited a strong relationship with
a diverse set of immune markers in HCC. Persistent DNA
damage caused by defective breast cancer gene (BRCA)
pathway (disrupted BRCA1-PALB?2 interaction) induces
tumor immunosuppression through the cGAS-STING path-
way, while also promoting T-lymphocyte infiltration. This
finding provides important insights into the reconfiguration
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of the tumor immune microenvironment, which is helpful in
enhancing the response to PD-1 antibody treatment for HCC
(Ma et al. 2023). These results suggest that members of the
cGAS/STING pathway can be used as prognostic biomark-
ers and that immunotherapy can be targeted in HCC patients
(Qi et al. 2020).

Lung cancer

KRAS-LKBI1 (KL)-mutant lung cancers are particularly
aggressive, lack PD-L1 expression and do not respond posi-
tively to immune checkpoint blockades (ICBs) (Skoulidis
et al. 2018). Kitajima et al. (2019) reported that LKB1 loss
resulted in marked silencing of STING expression and
insensitivity to cytoplasmic dsDNA sensing. Suppression
of STING expression results from a combination of hyper-
active DNMT1 and EZH2 with selection pressure to avoid
the deleterious effects of mitochondrial stress and cytosolic
mtDNA release. Therefore, low levels of tumor cell STING
expression are a promising general biomarker for intrinsic
resistance to ICB (Kitajima et al. 2019). 5,6-dimethylxan-
thenone-4-acetic acid (DMXAA), the first agonist targeting
the STING pathway, was initially used as an antiangiogenic
drug. However, treatment with DMXAA failed to yield sig-
nificant benefits in phase 3 trials with non-small cell lung
cancer patients because DMXAA does not bind human
STING despite being a competitive mSTING agonist with a
strong affinity (Lara et al. 2011).

Prostate cancer

Ho et al. (2016) reported that dSDNA is present in the cyto-
sol of human prostate carcinoma DU145 cells, human ade-
nocarcinoma PC-3 cells, and the mouse prostate tumor cell
line TRAMP-C2, which was derived from spontaneously
developing prostate tumors in transgenic TRAMP mice.
MUSSI inhibits chromosomal instability (CIN) resulting
from disrupted replication by cleaving potentially harmful
DNA structures. Cleavage of genomic DNA by the DNA
structure-specific endonuclease MUSS81 and the PARP-
dependent DNA repair pathway induces the accumulation
of cytoplasmic DNA in prostate cancer cells. Both the
number of nuclear MUSS81 foci and the amount of cyto-
plasmic dsDNA increased in parallel from hyperplasia to
clinical stage II prostate cancer and decreased in stage III.
Cytoplasmic DNA produced by MUSS81 stimulates DNA
sensor STING-dependent type I IFN expression and pro-
motes phagocytic and T-cell responses that result in type I
and IT IFN-mediated prostate tumor cell rejection through
a partially macrophage-dependent mechanism. The results
reveal that the tumor suppressor MUS81 notifies the immune
system of the presence of transformed host cells (Ho et al.
2016).
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Skin cancer

STING deficiency has been associated with skin cancer
incidence. STING expression was undetectable or sig-
nificantly suppressed in six melanoma cell lines (MeWo,
G361, WM115, SK-MEL-2, SK-MEL-5, and SK-MEL-28)
(Xia et al. 2016b). Demaria et al. (2015) demonstrated
that intratumoral injection of 2',3’-cGAMP significantly
delayed tumor growth in a B16F10 mouse model. This
study also demonstrated that intratumoral injection of
GAMPs potentiates the anticancer CD8* T-cell response, a
property that can be further enhanced when both PD-1 and
CTLA-4 are blocked. The authors further report that this
immune response was dependent on the production of type
I IFN from endothelial cells in the tumor microenviron-
ment, indicating the potential of a strategy targeting tumor
endothelial cells for melanoma immunotherapy (Demaria
et al. 2015). In another study, injection of STINGVAX into
the contralateral segment of B16-transplanted melanoma
significantly suppressed tumor size and increased T-cell
infiltration in the tumor tissue in a dose-dependent man-
ner (Fu et al. 2015). Cyclic diguanylate monophosphate
(c-di-GMP), which activates STING, enhances the immu-
nogenic and antitumor effects of a peptide vaccine against
mouse B16 melanoma (TriVax boost immunization using
the hgp100 peptide epitope (KVPRNDQWL))(Wang and
Celis 2015). Reduced and delayed tumor growth was also
observed in a B16 melanoma mouse model treated with
a combination of CDN-based poly pf-amino ester (PBAE-
CDN) nanoparticles and anti-PD-1 therapy (Wilson et al.
2018). Talimogene laherparepvec, an oncolytic immu-
notherapy, was demonstrated to be effective in treating
patients with advanced melanoma in a phase 3 clinical
trial (Andtbacka et al. 2015). In their study, STING-defi-
cient melanoma cells were susceptible to viral infection,
whereas cancer cells whose STING pathway remained
intact grew rapidly. Given that STING deficiency along-
side oncolytic virus treatment is associated with improved
prognosis, further in vivo experiments and clinical trials
will allow us to develop prognostic and predictive bio-
markers for oncolytic immunotherapy for cancer patients.
However, we cannot ignore the fact that chronic stimu-
lation of the cGAS/STING pathway can lead to inflam-
mation-induced carcinogenesis. Ahn et al. (2014) found
that mutagenic 7,12-dimethylbenz(a)anthracene (DMBA),
cisplatin, and etoposide induced nuclear DNA leakage
into the cytoplasm, activating the production of STING-
dependent cytokines. Notably, bone marrow transplant
experiments suggest that STING in hematopoietic stem
cells plays a critical role in DMBA-induced skin tumori-
genesis (Ahn et al. 2014).
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Metastases

The cGAS/STING pathway has been shown to promote
brain metastasis. STING activation in astrocytes mediates
brain metastasis of breast and lung cancer cells. Interest-
ingly, cGAMP produced by cancer cells translocates across
the carcinoma-astrocytic gap junction and activates STING
in astrocytes. In response to STING activation, inflamma-
tory cytokines and tumor necrosis factors are produced,
which activate the STAT1 and NF-xB pathways in cancer
cells. These paracrine effects promote cancer cell growth
and confer chemoresistance to metastatic brain cells (Chen
et al. 2016). Another study provided a correlation between
cGAS/STING activation and human brain cell metastasis.
Here, CIN formed by chromosome mis-segregation during
cell division promoted micronucleus formation and activated
the cGAS/STING pathway to induce noncanonical NF-kB
signaling in metastasis models but not type I IFN signaling.
CIN-induced metastasis depends on both STING and NF-xB
signaling and is associated with epithelial-to-mesenchymal
transition and the induction of inflammation-related genes
(Bakhoum et al. 2018). The cGAS/STING pathway is known
to inhibit lung metastasis. Lung metastases were induced
by the intravenous injection of B16F10 tumor cells into
cGAMP-injected skin tumor-bearing mice. After 10 days,
the number of melanoma metastases in their lungs was
counted. Intratumoral injection of cGAMP strongly reduced
the number of lung metastases, suggesting that systemic
immunity was induced to suppress metastasis formation. The
STING agonist 2',3-cGAMP has been shown to activate the
cGAS-STING-IRF3 pathway and modify the tumor immune
microenvironment in the treatment of solid tumors (triple-
negative breast cancer (TNBC) cells). It prevented tumor
metastasis by reversing the EMT (Epithelial-Mesenchymal
Transition) process and the PI3K/AKT pathway (Lu et al.
2023).

In summary, intratumoral cGAMP treatment is effective
in the growth retardation of injected tumor cells as well as
in contralateral tumors (Demaria et al. 2015). It is essential
to develop a comprehensive understanding of the activation
of the cGAS/STING pathway, which may possess both anti-
tumor and protumor roles depending on the cancer type and
stage of cancer progression. As summarized and discussed,
activation of the cGAS/STING pathway plays important
roles throughout the entire process of tumorigenesis to can-
cer metastasis. Therefore, cGAS and STING are potential
biomarkers to improve the chemotherapy prognosis and
effectively prevent immune evasion of tumors.

Cardiovascular diseases

Atherosclerosis is the narrowing of arteries due to the
accumulation of plaques, which are composed of smooth

muscle cells, macrophages, lipids, and cholesterols. In a
study on atherosclerosis, the induction of the inflammatory
response by activation of cGAS promoted the initiation
and development of atherosclerosis (Lu et al. 2021). Anal-
ysis of the Gene Expression Omnibus dataset revealed that
cGAS expression in the aorta and macrophages of apolipo-
protein E knockout mice (ApoE~'~) was higher than that in
wild-type (WT) mice. Furthermore, inhibition of cGAS in
RAW264.7 cells suppressed lipopolysaccharide-mediated
M1 polarization and decreased the mRNA levels of proin-
flammatory cytokines (IL-1f and IL-7) and genes involves
in cholesterol uptake (CD36 and MSR1) and cholesterol
esterification and hydrolysis (ACAT1 and ACAT2) (Lu
et al. 2021).

Cardiac remodeling, including cardiac hypertrophy, is a
major progressive cause of chronic heart failure (CHF). The
expression of STING is increased in patients with dilated
cardiomyopathy (DCM) and hypertrophic cardiomyopathy
(HCM) (Zhang et al. 2020). The mouse model of cardiac
hypertrophy demonstrated reduced cardiac cross-sectional
area and inflammatory response due to STING deletion,
which also inhibited phosphorylation of ER stress mark-
ers, including protein kinase RNA (PKR)-like ER kinase
(PERK), inositol-requiring enzyme la (IRE-1a), and eukar-
yotic translation initiation factor 2a (eIF2a). STING knock-
down in neonatal rat cardiomyocytes (NRCMs) reduced
mRNA levels of cardiac hypertrophy markers, such as atrial
natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP), which were increased by angiotensin-II (Ang-II)
treatment (Zhang et al. 2020). Conversely, overexpres-
sion of STING reduced the cardiac inflammatory response
and inhibited cardiac hypertrophy (Xiong et al. 2021). In
the mouse model of cardiac hypertrophy, overexpression
of STING resulted in smaller myocardial cell size and
reduced cardiac fibrosis compared with WT mouse hearts
and improved cardiac function, including cardiac ejection
fraction. Overexpression of STING in the heart inhibited
autophagy by reducing the levels of autophagy-related pro-
teins, including Beclin-1, Atg7, and Atgl2 (Xiong et al.
2021). Owing to the conflicting results of Zhang et al. (2020)
and Xiong et al. (2021), the role of STING in cardiac hyper-
trophy requires further investigation.

Traumatic brain injury (TBI) is a chronic neuroinflam-
matory response due to continuous damage to nerve cells,
resulting in their death as a secondary response. The mRNA
level of STING was increased in both postmortem human
brain tissue and brain tissue from a mouse model of TBI
(Abdullah et al. 2018). STING expression was localized in
astrocytes and neurons in the mouse model of TBI. In TBI,
deletion of STING reduced lesion volume of the brain and
reduced levels of inflammatory cytokines, including TNF-a
and IL-1p, compared with those in WT mice (Abdullah et al.
2018).
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Ischemic stroke is a serious neurological disease caused
by irreversible brain damage due to initial ischemia and
inflammation following ischemia. In a study on ischemic
stroke, the inhibition of cGAS improved ischemic brain
injury (Li et al. 2020b). In a mouse model of middle cerebral
artery occlusion (MCAOQO), dsDNA accumulated in the cyto-
plasm of microglia and astrocytes, and accumulated dsDNA
caused activation of cGAS/STING signaling. Furthermore,
the activation of cGAS/STING signaling induced pyropto-
sis by increasing the expression of inflammatory cytokines,
including caspase-1 and IL-1f in microglia and astrocytes.
Intraperitoneal injection of A151, a cGAS antagonist,
reduced the expression of inflammatory cytokines and pre-
vented microglial pyroptosis in the brains of MCAO mice
(Li et al. 2020b). During ischemic stroke, mtDNA is released
into the cytoplasm, which activates cGAS/STING signal-
ing in microglia (Kong et al. 2022). Moreover, this study
demonstrated that the suppression of STING reduced brain
injury, including brain infarction and brain edema. Sup-
pression of STING by intraperitoneal injection of C-176, a
STING inhibitor, alleviated ischemic stroke in MCAQ mice
by inhibiting microglial M1 polarization. In BV2 microglial
cells, the suppression of STING reduced the expression
of M1-related markers, including tumor necrosis factor-o
(TNF-a) and inducible nitric oxide synthase (iNOS), and
increased that of M2-related markers, including arginase-1
(Arg-1) and IL-10 (Kong et al. 2022).

Myocardial infarction (MI) is accompanied by inflamma-
tory and immune responses and results in massive cardiomy-
ocyte death due to overactive cGAS/STING signaling. Wang
et al. (2015a, b) demonstrated that mtDNA levels increased
in the plasma from patients with acute myocardial infarction
(AMI) through qPCR analysis (Wang et al. 2015a). Because
cGAS is activated by dsDNA, including mtDNA, increased
levels of mtDNA might cause cGAS-mediated inflammatory
responses in AMI patients. Cao et al. (2018) demonstrated
that the cGAS/STING signaling pathway regulates the trans-
formation of macrophages in the infarct zone and cardiac
repair after injury (Cao et al. 2018). Silencing of cGAS has
been shown to promote transformation into reparative mac-
rophages and higher collagen deposition during myocardial
ischemia in mouse hearts. Moreover, cGAS silencing has
been shown to enhance cardiac repair, fibrogenesis and
angiogenesis after injury (Cao et al. 2018).

MI in mice induces IRF3 activation in interferon-induc-
ible cells, a type of heart-specific macrophage (King et al.
2017). Disruption of IRF3 reduced inflammatory cytokine
and chemokine expression and inflammatory cell infiltra-
tion. Furthermore, treatment with an IFNAR-neutralizing
antibody after MI alleviated left ventricular dysfunction and
improved patient survival. This study suggests that these are
potential therapeutic targets for myocardial infarction (King
et al. 2017).
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Kidney disease

The cGAS/STING signaling pathway has been shown to
regulate inflammation and energy homeostasis in acute and
chronic renal disorders (Mitrofanova et al. 2022b). Mito-
chondrial damage and the subsequent release of mitochon-
drial DNA into the cytosol culminate in the activation of
the cGAS/STING pathway and are therefore considered the
major causes of renal injury pathology.

Acute kidney injury (AKI) results from rapid disruption
in kidney function, is particularly prevalent in hospitalized
patients and is associated with various causes, such as sepsis,
cardiac surgery, thabdomyolysis, and drug toxicity (Beyett
et al. 2018). AKI is characterized by excessive inflamma-
tion and tubular damage with high morbidity and mortality
rates (Zuk and Bonventre 2016). Mitochondrial dysfunc-
tion has been identified as an important etiology for tubular
cell damage and kidney failure in AKI (Liu et al. 2021).
Mitochondrial DNA is released into the cytosol in damaged
renal tubular cells and is detected by cGAS, inducing the
immune and inflammatory responses mediated by the cGAS/
STING pathway (Maekawa et al. 2019). In cisplatin-induced
AKI, mitochondrial DNA leakage and the subsequent acti-
vation of the cGAS/STING pathway play a critical role in
the pathology of cisplatin-induced inflammation (Maekawa
et al. 2019). In STING KO mice, cisplatin-induced AKI was
significantly attenuated compared with that in WT mice
(Maekawa et al. 2019).

Chronic kidney disease, including diabetic kidney dis-
ease (DKD), is a major health problem worldwide because
there is no effective treatment. STING levels are signifi-
cantly higher in kidney tissues isolated from DKD animal
models of eNOS mice and type 2 diabetic nephropathy
(T2DN) rats and type 2 diabetes patients compared with
controls (Khedr et al. 2020). Podocyte injury is one of the
hallmarks of early-stage damage in the development of
DKD, resulting in renal dysfunction in diabetic db/db mice
(Zang et al. 2022). The expression of cGAS and STING
proteins is increased with enhanced TBKI phosphorylation
in glomerular podocytes of 8-week-old db/db mice (Zang
et al. 2022). Genetic ablation of STING or pharmacological
inhibition by C176 rescued podocyte injury in diabetic db/
db mice. Activation of cGAS/STING by cytosolic mtDNA
mediates lipotoxicity-induced podocyte injury in DKD or
diet-induced obesity (Mitrofanova et al. 2022a; Zang et al.
2022).

Mitochondrial defects, including a loss of mitochondrial
transcription factor A (TFAM) in renal tubular cells, were
observed in the kidneys of patients and animals with fibro-
sis (Chung et al. 2019). Mice with tubule-specific TFAM
deficiency (Ksp-Cre/Tfamflox/flox) exhibited severe mito-
chondrial loss, kidney fibrosis, and immune cell infiltration
(Chung et al. 2019). Translocation of mitochondrial DNA
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(mtDNA) to the cytosol occurs in renal cells, inducing acti-
vation of the cGAS/STING pathway and immune cytokine
expression (Chung et al. 2019). Deletion of STING attenu-
ated symptoms of renal fibrosis, indicating the critical role
of cGAS/STING in the pathology of renal fibrosis (Chung
et al. 2019).

Chronic kidney disease (CKD)-induced oxidative stress
culminates in mitochondrial damage to trigger cGAS-
STING activation and IFN production in vascular smooth
muscle cells (VSMCs), increasing atherosclerotic plaque
vulnerability (Bi et al. 2021). These results demonstrate
that the promotion of CKD-associated plaque vulnerability
is mediated by cGAS/STING activation in VSMCs (Bi et al.
2021).

Lung diseases

Self-DNA accumulation in the cytosol is one of the main
causes of lung diseases. House dust mites (HDMs) induced
DNA double-strand breaks in the bronchial epithelium
of an asthma mouse model, which were considered to be
linked to airway inflammation and allergic responses (Chan
et al. 2016). Cytosolic dsDNA accumulation was observed
in airway epithelial cells of ovalbumin- or HDM-induced
asthmatic mice (Han et al. 2020). Cell-specific deletion of
cGAS in airway epithelial cells markedly alleviated OVA- or
HDM-induced allergic airway inflammation, reducing eosin-
ophil cell infiltration and production of Th2 cytokines, GM-
CSF, IL-25, and IL-33 (Han et al. 2020). Furthermore, total
and HDM-specific serum IgE levels and IgE-positive B-cell
fractions in bronchoalveolar lavage fluid and mediastinal
lymph nodes were lower in STING knockout mice than in
wild-type mice in an HDM-induced allergic asthma model,
whereas a STING ligand, cyclic GMP-AMP, increased total
and HDM-specific serum IgE levels and B-cell propor-
tions in BALF (Gijon Mancheno et al. 2021). Interestingly,
intranasal challenge of mice with cyclic-di-GMP (CDQG),
which is a bacterial product ubiquitously present as a sec-
ondary messenger, induced a shift of ILC2s to ILC1s and
suppressed Alternaria-induced type 2 inflammation in the
lung in a STING-dependent manner (Cavagnero et al. 2021).
This response is in contrast to the role of STING in the gas-
trointestinal mucosa, as the ILC2 population and type 2
cytokines such as IL-4 and IL-13 were downregulated while
ILC1 frequency was increased in the gut of STING-deficient
mice (Canesso et al. 2018). These results demonstrate that
the role of the cGAS/STING pathway in type 2 immune
responses should be further explored according to tissue,
stimulus type, and context.

Chronic obstructive pulmonary disease (COPD) is a
severe inflammatory disease with emphysema and fibrosis.
Cigarette smoke exposure is considered a major etiologi-
cal cause of COPD (Mannino and Buist 2007). Cigarette

smoke extract (CSE) exposure to mice induced the release
of double-stranded DNA and mitochondrial DNA along
with other DAMPs, such as ATP and HMGBJ1, in the bron-
choalveolar lavage fluid of mice (Pouwels et al. 2016).
Acute cigarette smoke exposure increased self-DNA lev-
els in the bronchoalveolar space with neutrophil infiltra-
tion and pulmonary expression of the cGAS and STING
proteins in the lungs (Nascimento et al. 2019). cGAS and
STING were required for lung inflammation induced by
cigarette smoke exposure (Nascimento et al. 2019).

Idiopathic pulmonary fibrosis (IPF) is a common type
of pulmonary fibrosis characterized by scarring (fibro-
sis), thickening, and stiffening of lung tissue, making it
difficult to breathe. The damage from IPF is irreversible
and progressive, eventually resulting in respiratory fail-
ure (Richeldi et al. 2017). Extracellular mtDNA levels
were increased in the bronchoalveolar lavage fluid and
the plasma of IPF patients, which is associated with dis-
ease progression and reduced survival (Ryu et al. 2017).
c¢GAS and STING expression in lung epithelial cells from
IPF patient lungs was higher than that in control donors
(Schuliga et al. 2021). Airway epithelial cells (AECs)
from IPF patients exhibited high baseline senescence and
higher mtDNA release, whereas a pharmacological cGAS
inhibitor, RU.521, reduced senescence markers in IPF-
AECs (Schuliga et al. 2021). In contrast, Savigny et al.
reported that self-DNA levels were elevated and that cGAS
and STING expression was increased in lung tissues in
a bleomycin-induced fibrosis mouse model, and STING
deficiency aggravated the progression of lung fibrosis
with higher collagen deposition and excessive expression
of remodeling factors (Savigny et al. 2020). Cytoplasmic
DNA sensing through the cGAS/STING pathway serves as
an activator for the immunoproteasome and CDS8™ T cells,
uncovering a new potential pathological mechanism for
pulmonary fibrosis (Wang et al. 2023a).

Intratracheal exposure of mice to silica microparticles
induced lung cell death and self-dsDNA release in the
bronchoalveolar space with lung inflammation, along with
increased expression of cGAS and STING in the lungs
(Benmerzoug et al. 2018). DNase I treatment in mice
blocked silica-induced STING activation, as shown by
STING expression, phosphorylation and dimer formation,
and TBK1 and IRF3 phosphorylation in lung homogen-
ates (Benmerzoug et al. 2018). Silicosis patients exhibited
increased circulating dsDNA in blood, and patients with
fibrotic interstitial lung disease exhibited STING activa-
tion, as determined by STING expression, phosphorylation
and dimer formation, and TBK1 and IRF3 phosphoryla-
tion (Benmerzoug et al. 2018). Silica-induced inflamma-
tion and cell death were dependent on the cGAS/STING
pathway via detection of self-DNA by cGAS (Benmerzoug
et al. 2018).
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Metabolic disorders and nonalcoholic fatty liver
disease

The expression of cGAS and STING and activation markers
such as phosphorylation of TBK1, NF-kB p65, and IRF3
were increased in inguinal white adipose tissue (iWAT)
and adipocytes from iWAT obtained from high-fat diet
(HFD)-fed obese mice (Bai et al. 2017). Cytosolic mtDNA
accumulation was distinctly observed in iWAT adipocytes
from HFD-fed obese mice, suggesting activation of the
cGAS/STING pathway by mtDNA in adipocytes of obese
mice (Bai et al. 2017). The saturated fatty acid palmitic
acid induces activation of the cGAS/STING pathway via
mitochondrial damage and the consequent release of mito-
chondrial DNA into the cytosol in endothelial cells, pro-
moting ICAM-1 expression and endothelial inflammation
(Mao et al. 2017). High-fat diet (HFD)-induced ICAM-1
expression in endothelial cells and macrophage infiltration
in adipose tissue as well as insulin resistance and glucose
intolerance were abrogated in STING-deficient mice (Mao
et al. 2017). IRF3 activation is reported to play a role in
the regulation of adipocyte inflammation, insulin resistance
and glucose metabolism (Kumari et al. 2016). These find-
ings consistently suggest the involvement of cGAS/STING
activation in the promotion of obesity and consequent met-
abolic dysfunction via the dysregulation of mitochondrial
homeostasis.

The etiology of nonalcoholic fatty liver disease (NAFLD)
is closely linked to obesity and metabolic dysfunction, pro-
gressing to nonalcoholic steatohepatitis (NASH) and cirrho-
sis. The expression level of STING is enhanced in liver tis-
sues from NAFLD patients (Luo et al. 2018). Activation of
IRF3 downstream of STING promoted hepatic inflammation
and hepatocyte cell death by disrupting glucose and lipid
metabolism in a high-fat diet (HFD) mouse model, whereas
STING deficiency attenuated hepatic lipid accumulation
(Qiao et al. 2018). Similarly, STING deficiency alleviated
hepatic steatosis, fibrosis, and inflammation in a methio-
nine- and choline-deficient diet (MCD) model and a high-fat
diet (HFD) model, with reduced cholesterol and triglyceride
levels in serum, possibly mediated through the leakage of
mtDNA into the cytosol (Yu et al. 2019). STING-expressing
cells were increased in livers from NASH patients, and the
increased frequency was well correlated with the severity of
inflammation and fibrosis stage (Wang et al. 2020).

Therapeutic regulation of cGAS-STING
pathways
Inhibitors and activators of cGAS and STING are poten-

tial drugs for the treatment of several diseases, such as can-
cer and autoimmune disorders, respectively. Thus, further
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understanding of these modulators can provide insights into
new therapeutic avenues.

cGAS inhibitors

Currently, cGAS-targeting inhibitors are divided into two
types according to the mode of action: those targeting the
catalytic site of cGAS and those interfering with the DNA
binding of cGAS (Fig. 2, Table 2).

Catalytic site inhibitors

G-class compounds (G140, G150, and G108) Lama et al.
(2019) developed an ATP-coupled high-throughput lumi-
nescence-based detection method and screened a library
of nearly 300,000 compounds to identify small molecule
inhibitors of human cGAS. Only the most potent human
cGAS-specific derivatives with added methylpyrazole
(G140), 2-amino-pyridine (G150) or pyrazole (G108)
moieties exhibited inhibitory activities in THP1 cells and
primary human macrophages. Moreover, G140 and G150
did not possess any off-target effects across a variety of sen-
sors, whereas 10 pM G108 inhibited the cGAMP-stimulated
STING pathway and the hairpin RNA-stimulated RIG-I
pathway by 20—40% in THP1 cells. Therefore, G-class com-
pounds, especially G140 and G150, are promising candi-
dates for human cGAS drug development and have resulted
in more potent mouse cGAS inhibitors than the previously
identified RU.521 (Lama et al. 2019).

PF compounds (PF-06928215, and PF compounds; S2
and S3) By screening the Pfizer fragment chemistry library,
Hall et al. identified several ligands of human cGAS.
PF-06928215 efficiently bound to cGAS and exhibited high
inhibitory activity in vitro (Hall et al. 2017). Zhao et al. per-
formed a molecular dynamics simulation of PF-06928215
and the crystal structure of the complex catalytic domain
of human cGAS through virtual screening. Based on their
findings, they conducted virtual screening to discover
new scaffolds for human cGAS inhibitors and observed
improved efficacies for the h-cGAS inhibitors, compounds
S2 (IC5,=13.1+0.09 pM) and S3 (IC5;=4.9+0.26 uM)
(Zhao et al. 2020).

RU compounds (RU.521, RU.332, and RU.365) Vincent et al.
(2017) identified RU.365 and RU.332 occupying the active
site of mouse cGAS by screening 123,306 compounds using
a RapidFire mass spectrometry system (RF-MS). Structure-
directed chemical synthesis of subsequent analogs identi-
fied RU.521, which exhibited good activity in macrophages
derived from the AGS mouse model (IC5,=700 nM)
(Vincent et al. 2017). Based on the significant inhibitory
effects of RU family compounds on murine cGAS, they are
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Table 2 (continued)

References

Studies

Inhibitor

Mechanism

Target

Beyett et al. (2018)

Structural analysis for TBK and IKKe inhibitory mecha-

Amlexanox

Direct inhibition

TBK1

nism

Ullah et al. (2020)

Computer-based study for TBK inhibitors

Curcumin and its analogues

Hasan et al. (2015)

Reduction of IFN gene signature in patient lymphoblasts

Compound II

Indirect inhibition

with Trex1 mutation

Thomson et al. (2019)
Lee et al. (2009)

Inhibition of IFN-f secretion in THP1 cells

GSK8612

Inhibition of TBK1-kinase activity and IRF3 dimeriza-

Luteolin

tion and phosphorylation

Youn et al. (2005)

Inhibition of TBK1-kinase activity and the NF-«xB acti-

Resveratrol

vation induced by RIP1 in RAW264.7 cells

Kulukian et al. (2020)

Recruitment of the downstream protein kinase AKT1

Tucatinib (HER2 inhibitor)

and phosphorylation of TBK1, blocking STING and

TBK1 complex formation and triggering ubiquitination

of TBK1
Reduction of CXCL10 mRNA levels after stimulation

Huffman et al. (2020)

Compound 13

Other

with dsDNA

expected to be useful human cGAS inhibitors; however,
they also require further investigation (Lama et al. 2019).

Inhibitors that disrupt DNA binding

Antimalarial drugs (AMDs) Antimalarial drugs, includ-
ing quinacrine (QC), 9-amino-6-chloro-2-methoxyacridine
(ACMA), and hydroxychloroquine (HCQ), can interfere
with ¢cGAS- and dsDNA-binding (An et al. 2015). HCQ
can inhibit cGAS activity by nonspecifically binding ami-
noquinoline and aminoacridine, which occupy the Arg342
and Lys372 DNA-binding sites. QC was found to be the
most potent inhibitor of cGAMP (IC5,=13 uM) and IFN-f
(IC5,=3.7 uM) production among antimalarial drugs
(AMDs) (An et al. 2015). Administration of X6, a novel
antimalarial-like drug of the aminoacridine class, to Trex1-
deficient mice was significantly more effective than HCQ
in attenuating interferon-stimulated gene (ISG) expression
(An et al. 2018). X6 was superior to HCQ in inhibiting
ISG expression in vitro in peripheral blood mononuclear
cells (PBMCs) from systemic lupus erythematosus (SLE)
patients. Owing to AMD's excellent safety profile and inhi-
bition of cGAS, the interaction between AMD and cGAS
provides a novel therapeutic strategy for the treatment of
innate immune diseases.

Aspirin Aspirin, a nonsteroidal anti-inflammatory drug
(NSAID), is known to acetylate proteins such as cyclooxyge-
nase (Roth and Majerus 1975; Vane and Botting 2003). Dai
et al. (2019) found that aspirin directly acetylated cGAS at
Lys384, Lys394 or Lys414 and efficiently suppressed cGAS-
mediated immune responses (Dai et al. 2019). The authors
demonstrated that aspirin can effectively inhibit autologous
DNA-induced autoimmunity in Aicardi-Goutieres syn-
drome (AGS) patient cells and an AGS mouse model. These
findings reveal that cGAS acetylation mediated by aspirin
contributes to the regulation of cGAS activity and provides
a potential therapy for treating DNA-mediated autoimmune
diseases. Aspirin is a widely used drug with approximately
2,200 clinical trials registered on the NIH list. Aspirin has
been used in clinical trials (NCT04132791) to prevent and
treat cardiovascular disease. Studies evaluating the effects
of aspirin on disease recurrence and survival after the first
treatment in common nonmetastatic solid tumors are ongo-
ing (NCT02804815).

CU-32 and CU-76 Padilla-Salinas et al. (2020) reported a
novel drug-binding site for cGAS based on crystallographic
studies that revealed the involvement of key residues Lys335
(Lys347 in humans) and Lys382 (Lys394 in humans) in
mediating both the cGAS-cGAS protein—protein interface
(PPI) and cGAS-DNA interactions (Padilla-Salinas et al.
2020). Structural docking indicated that the CU family com-
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pounds (CU-32 and CU-76), which target the PPI of cGAS,
can insert into its zinc capsular structure and inhibit dimer
formation through an allosteric effect. Interestingly, CU-32
and CU-76 specifically inhibit the cGAS-STING pathway
but do not significantly affect the RIG-I-MAVs pathway
or the TLR pathway (Padilla-Salinas et al. 2020). These
findings provide a new chemical scaffold and promote the
development of new small-molecule inhibitors targeting the
human cGAS PPL.

ODN A151 Al151 is an inhibitory oligodeoxynucleotide
containing four repeats of the TTAGGG motif (5'-tt agg gtt
agg gtt agg gtt agg g-3’). Steinhagen et al. (2018) reported
that A151 can inhibit cGAS activity by interacting with
the dsDNA-binding domain in THP-1 human monocytes
(Steinhagen et al. 2018). This suppressive activity of A151
depends on both the telomere sequence and the phospho-
rothioate backbone but represents the first cGAS inhibitor
capable of blocking self-DNA. Collectively, these findings
may lead to the development of new treatments for IFN-
induced pathologies caused by cGAS activation (Steinhagen
et al. 2018).

Suramin Suramin, a potent inhibitor of cGAS, was identi-
fied by HPLC-based medium-throughput screening (Wang
et al. 2018b). Suramin may interfere with the formation of
cGAS-dsDNA complexes by displacing bound DNA from
cGAS. The inhibition of cGAS by suramin in THP1 cells
was selective and did not affect the TLR1/TLR2 or TLR4
pathways (Wang et al. 2018b). The displacement of the
DNA in cGAS by suramin or its analogs promotes their use
as anti-inflammatory drugs. Currently, there are 21 suramin-
related clinical trials on the NIH list, including the suramin
study (NCT04496596) in patients with furosemide-resistant
AKI.

Others

Brazilin, and obtusilactone B Barrier-to-autointegration
factor 1 (BAF) was identified as a protein that intrinsically
competes with the cGAS component of this pathway for
binding to genomic self-DNA (Guey et al. 2020). When
nuclear compartmentalization is impaired, cytosolic cGAS
enzymatic activity is prevented by BAF. Obtusilactone B, a
butanol lactone derivative purified from spiraea prunifolia,
could inhibit BAF activity (Kim et al. 2013b). The specific
binding of obtusilactone B to BAF inhibits vaccinia-asso-
ciated kinase 1 (VRKI)-mediated BAF phosphorylation,
causing DNA nuclear membrane degradation and inactiva-
tion of BAF. In addition, Kim et al. isolated brazilin from
legumes, which can inhibit BAF phosphorylation in vitro
and in vivo by inhibiting VRKI1 and disrupting BAF bind-
ing to DNA (Kim et al. 2015). Therefore, obtusilactone B
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and brazilin may be candidates for the indirect regulation of
cGAS-STING signaling.

Epigallocatechin-3-gallate (EGCG) GTPase-activating pro-
tein SH3 domain-binding protein 1 (G3BP1) promotes the
formation of the cGAS complex and enhances cGAS bind-
ing to DNA (Liu et al. 2019). Green tea extract epigallo-
catechin-3-gallate (EGCG), a component extracted from
green tea and a G3BP1 inhibitor, has been shown to disrupt
the preexisting G3BP1-cGAS complex and inhibit DNA-
induced cGAS activation, thus blocking DNA-induced IFN
production in vivo and in vitro (Liu et al. 2019). Addition-
ally, EGCG administration impairs the autologous DNA-
induced autoinflammatory response in a mouse model of
Aicardi-Goutieres syndrome (AGS) and reduces IFN-stim-
ulated gene expression in cells from AGS patients. There-
fore, EGCG-mediated inhibition of G3BP1 offers a poten-
tial treatment for cGAS-associated autoimmune diseases
(Liu et al. 2019).

Perillaldehyde (PAH) Perillaldehyde (PAH), a natural
monoterpenoid compound derived from Perilla frutes-
cens, suppresses cytoplasmic DNA-induced innate immune
responses by inhibiting cGAS activity (Chu et al. 2021).
Mice treated with PAH are more susceptible to herpes
simplex virus type 1 (HSV-1) infection, and autologous
DNA-induced autoinflammatory responses are significantly
ameliorated in the AGS mouse model. Although the exact
mechanism for PAH inhibition of cGAS remains elusive,
PAHs have been demonstrated to effectively inhibit cGAS-
STING signaling and can be developed as therapeutics for
the treatment of cGAS-mediated autoimmune diseases (Chu
et al. 2021).

STING inhibitors

STING inhibitors can be broadly classified as direct or indi-
rect inhibitors. Direct inhibitors of STING include those
targeting the transmembrane domain (TMD) and the ligand-
binding domain (LBD) (Fig. 2, Table 2).

Direct STING inhibitors

Inhibitors targeting the ligand-binding domain Astin C,
a natural cyclic peptide from Aster tataricus, inhibits the
innate immune CDN sensor STING (Li et al. 2018). Astin
C occupies the cGAMP binding pocket by interacting
with Ser162, Tyr163 and Arg238 to inhibit human STING
(h-STING) function. Based on its high efficacy and low
toxicity, astin C can be used to treat STING dysfunction-
mediated diseases (Li et al. 2018).

Small molecules (derivatives containing carboxylic acids)
were screened to bind to the open conformation of STING
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in a ratio of 2:1 (Siu et al. 2019). Compound 18 formed
a hydrogen bond with Thr263/Thr267 through carboxyl
groups and stabilized the open conformation of STING (Siu
et al. 2019).

A high-throughput screening approach based on the
interaction of small-molecule compounds with recombinant
STING proteins was performed (Gao et al. 2022). Interest-
ingly, the cyclin-dependent protein kinase (CDK) inhibi-
tor palbociclib was found to bind directly to STING and
inhibit its activation in both mouse macrophages and THP1
cells (Gao et al. 2022). Mechanistically, palbociclib targets
Tyr167 of STING and blocks its dimerization, binding to
cyclic dinucleotides, and trafficking. Additionally, palbo-
ciclib ameliorates autoimmune disease features induced in
dextran sodium sulfate (DSS) or Trex1-KO mice (Gao et al.
2022). Thus, palbociclib is a novel pharmacological inhibitor
of STING that abrogates the homodimerization of STING
and provides a basis for rapid repurposing of FDA-approved
drugs for the treatment of autoinflammatory diseases.

Using an in silico docking approach, SN-011 was identi-
fied as a potent STING inhibitor that binds to the cyclic
dinucleotide (CDN)-binding pocket of STING with higher
affinity than endogenous 2'3’-cGAMP (Hong et al. 2021).
SN-011 maintains STING in an inactive form, which inhibits
the induction of interferon and inflammatory cytokines by
2'3'-cGAMP, herpes simplex virus type 1 infection, Trex1
deficiency, overexpression of cGAS-STING, and STING-
associated vasculopathy with onset in infancy (SAVI) muta-
tion (Hong et al. 2021). In Trex1-KO mice, SN-011 was well
tolerated, potently suppressed features of inflammatory and
autoimmune diseases, and prevented mortality (Hong et al.
2021). Therefore, SN-011, which binds to the STING CDN-
binding pocket, is a promising therapeutic agent against
STING-induced diseases.

Inhibitors targeting the transmembrane domain Vinogra-
dova et al. (2020) used chemical proteomics to map ligand-
able cysteines in various immune-related proteins (Vinogra-
dova et al. 2020). Mass spectrometry analysis demonstrated
that the active acrylamides BPK-21 and BPK-25 form
adducts with Cys91 of STING as well as cysteines of other
immune-related proteins. In addition, cytokine secretion
related to STING pathway activation was reduced (Vinogra-
dova et al. 2020).

The nitrofuran derivative C-178 and the indole deriva-
tive H-151-Al are irreversible inhibitors of mouse and
human STING, respectively (Haag et al. 2018). The major
inhibitory mechanism is the formation of covalent bonds
between C-178 and Cys91 and Cys88 of the STING TMD,
which affects the palmitoylation of STING. Nitro fatty acids
(NO,-FAs/CXA-10) are reported to have inhibitory effects
on mouse and human STING (Hansen et al. 2018). NO,-FA
forms a covalent bond with Cys88/91 and N-terminal His16,

which affects the palmitoylation of STING and inhibits
TBK1 phosphorylation in fibroblasts derived from patients
with STING-associated vascular disease (SAVI). In addition,
the STING inhibitor CXA-10 has completed clinical trials
(NCTO03422510) for its oral use in the treatment of primary
focal segmental glomerulosclerosis (FSGS).

Indirect STING inhibitors

Compound C is a small-molecule compound that is widely
used as an AMPK inhibitor (Zhou et al. 2001). Additionally,
Compound C could be used as an inhibitor of the DNA-
dependent cGAS-STING pathway (Lai et al. 2020). In vitro
assays and liquid chromatography—mass spectrometry data
demonstrate that Compound C has the ability to reduce
cGAMP accumulation, indicating that it may function as
a modulator in the cGAS-STING-mediated DNA-sensing
pathway (Lai et al. 2020). Furthermore, Compound C can
rescue the autoimmune phenotype in a mouse model of
Trex1 gene deficiency (Lai et al. 2020).

NRF2 inhibits antiviral cytoplasmic sensing by inhibit-
ing the expression of the adapter protein STING (Olagnier
et al. 2018). Thus, treating STING-related inflammatory
disorders with the NRF2 inducer 4-OI or sulforaphane suf-
ficiently reduced STING-dependent release of type I IFNs
from SAVI-derived fibroblasts (Olagnier et al. 2018).

TBK1 inhibitors

TBKI1 is a noncanonical member of the IKK family and
binds directly to the CTT of STING oligomers (Zhang
et al. 2019). This TBK1 phosphorylates STING and the
transcription factor IRF3 to induce type I interferons and
other cytokines (Zhang et al. 2019). Therefore, TBK1 is
an important mediator of the STING-mediated inflamma-
tory response (Zhao and Zhao 2019). The STING S365A
mutation, which prevents IRF3 binding and type I interferon
induction, alleviated embryonic lethality in DNase II-/- mice
(Li et al. 2022b). The STING S365A mutant, on the other
hand, retains the ability to recruit TBK1 and activate NF-xB,
and DNase II-/-STING-S365A mice developed severe pol-
yarthritis, which was alleviated by neutralizing antibodies
against TNF-a or the IL-6 receptor (Li et al. 2022b). In con-
trast, the STING L373A mutation or C-terminal tail trunca-
tion completely rescued the phenotypes of DNase II-/- mice
by disrupting TBK1 binding and subsequently preventing
the activation of both IRF3 and NF-xB (Li et al. 2022b).
These results demonstrate that TBK1 recruitment to STING
mediates autoinflammatory arthritis independent of type I
interferons. Candidate drug groups include the TBK1 inhibi-
tors amlexanox (Beyett et al. 2018), compound II (Hasan
et al. 2015), curcumin and its analogs (Ullah et al. 2020),
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GSK8612 (Thomson et al. 2019), luteolin (Lee et al. 2009)
and resveratrol (Youn et al. 2005) (Fig. 2, Table 2).

The tyrosine kinase receptor HER?2 effectively inhibits
cGAS-STING signaling (Wu et al. 2019). Activated HER2
recruits the downstream protein kinase AKT1 and phospho-
rylates TBK1, blocking the formation of STING and TBK1
complexes and triggering ubiquitination of TBK1, ultimately
attenuating STING signaling (Wu et al. 2019). Thus, inhibit-
ing HER? effectively activates cGAS-STING-mediated sign-
aling. Potential drugs include the small molecule tucatinib,
a HER?2 inhibitor (Kulukian et al. 2020).

cGAS activators

cGAS activators have rarely been tested in clinical set-
tings; however, many targeted studies that attempt to over-
come tumor immune resistance by activating cGAS are
emerging (Table 3).

Manganese (Mn2*)

Recent studies have demonstrated that manganese increases
the sensitivity of the cGAS-STING pathway to dsDNA and
is important for host defenses against DNA viruses and
antitumor immune responses (Wang et al. 2018a). Indeed,
the first human open-label dose-escalation phase I clinical
trial has been conducted (NCT03991559) to evaluate the
safety and preliminary efficacy of Mn?* priming anti-PD-1
antibody therapy and chemotherapy (Lv et al. 2020). A
completed phase I clinical trial in patients with advanced
metastatic solid tumors exhibited promising efficacy, the
induction of type I interferon, manageable safety, and recov-
ery response to immunotherapy.

Based on this, a protein-based cGAS-STING nanoagonist
(bovine serum albumin (BSA)/ferritin-based nanoagonist
incorporating manganese (II) ions and p-lapachone) was dis-
covered to enhance tumor-specific T-cell-mediated immune
responses against poorly immunogenic solid tumors in vivo
(Wang et al. 2022).

MnO, nanoparticles are a novel cGAS activator that acts
as a multifunctional biomaterial with physical, chemical, and
biological properties. It can undergo conversion to Mn2*
through reactions with intracellular H,O, or GSH, making
it potentially valuable for the development of new therapies
and vaccines for certain diseases, such as tumors and infec-
tions (Zhang et al. 2023a).

Micronuclei
Micronuclei produced by chromosomal instability in can-
cer cells activate the cGAS/STING innate immune pathway

(Mackenzie et al. 2017). Here, cGAS detects dsDNA inside
ruptured micronuclei with fragile envelopes. However, the
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results of cGAS/STING pathway activation are controver-
sial. Recent reports indicate that cGAS/STING pathway acti-
vation promotes tumor metastasis through the activation of
the noncanonical NF-kb pathway (Dou et al. 2017; Macken-
zie et al. 2017; Bakhoum et al. 2018). However, some reports
suggest that cancer cells with elevated cGAS/STING/IRF3
protein levels in tumor progression and metastasis exhibit
enhanced cGAS-STING pathway activation, which induces
mitochondrial outer membrane permeability and triggers
apoptosis (Mitchison et al. 2017; Zierhut et al. 2019).

STING activators

Since the discovery of STING, numerous natural and syn-
thetic STING activators have been tested in preclinical and
clinical settings in various oncological settings (Table 3).

A first-generation STING activator, DMXAA (also
named ASA404 and Vadimezan), exhibited efficacy in
mouse solid tumors but failed in clinical trials because it
did not bind to human STING (Kim et al. 2013a). Since then,
various human STING activators have been rapidly devel-
oped. STING activators are being developed in the form
of cyclic dinucleotides (CDNs), noncyclic dinucleotides,
bacterial vectors, immune-stimulating antibody conjugate
(ISAC), and macrocyclic STING activators, among others.
Recently, nanovaccines (ONM-500 (Miller et al. 2020), neo-
antigen nanovaccines (Luo et al. 2017; Zhou et al. 2020))
and nanoparticles (STING-NPs) (Wehbe et al. 2021) have
been developed and are expected to be rapid developments
of new innate immune activations.

Cyclic dinucleotides (CDNs)

3’3’-Cyclic AIMP A CDN STING activator, 3'3'-cyclic
AIMP, was developed as a derivative of 23’ cyclic GMP-
AMP. In a murine model of hepatocellular carcinoma
(HCC), when 3'3'-cyclic AIMP was administered at a later
stage following HCC development, the tumor size was
reduced significantly (Thomsen et al. 2020).

Bl 1387446 (BI-STING) BI 1387446 is a BI-STING com-
pound that mimics the natural STING ligand. Preclinical
data using SB11285 in oncology mouse models demon-
strate significantly higher inhibition of tumor growth in
mice injected with intratumoral SB11285 compared with the
control group. Additionally, SB11285 in combination with
cyclophosphamide resulted in a significant synergistic anti-
tumor effect. A phase I clinical study is currently ongoing
and is analyzing BI 1387446 both alone and in combination
with ezabenlimab (BI 754091, an anti-PD-1 monoclonal
antibody) in patients with different types of advanced and
metastatic cancers (NCT04147234) (Gremel et al. 2020).



Beyond DNA sensing: expanding the role of cGAS/STING in immunity and diseases 521
Table 3 Therapeutic application of cGAS and STING activators
Target  Activator Target diseases Phase Clinical trial NCT
code
cGAS Manganese Unresectable/metastatic solid tumors or lym- Phase I NCT03991559
phomas
Micronuclei Senescence and various human cancer cells Preclinical
STING Cyclic Dinucleotides ~ 3'3'-cyclic AIMP Hepatocellular carcinoma Preclinical
(CDNs) BI 1387446 (BI-STING) Advanced solid tumors Phase [ NCT04147234
BMS-986301 Advanced solid tumors Phase I NCT03956680
E7766 Advanced solid tumors or lymphomas Phase Ia/lb  NCT04144140
exoSTING (CDK-002) Advanced/metastatic, recurrent, injectable solid Phase I/ IT NCT04592484
tumors
GSK532 Colorectal carcinoma Preclinical
IMSA101 (GB492) Refractory malignancies Phase I/ I NCT04020185
INJ-67544412 (JNJ- Subcutaneous syngeneic murine tumor models  Preclinical
4412)
MIWS815 (ADU-S100, Advanced/metastatic solid tumors or lympho-  Phase | NCT03172936
ML RR-S2 CDA) mas
Advanced/metastatic solid tumors or lympho-  Phase I NCT02675439
mas
PD-L1 positive recurrent or metastatic HNSCC  phases II NCTO03937141
MK-1454 Advanced/metastatic solid tumors or lympho-  Phase I NCT03010176
mas
Metastatic or unresectable, recurrent HNSCC phase IT NCT04220866
Nano-STING agonist- Murine tumor models Preclinical
decorated microrobot
SB11285 Advanced solid tumors Phase Ia/Ib  NCT04096638
Non-Cyclic Dinucleo- ALG-031048 Colorectal carcinoma Preclinical
tides CRD5500 (LB-061) Colorectal carcinoma Preclinical
CS-1018, CS-1020 and  Colon adenocarcinoma and melanoma Preclinical
CS-1010
GSK3745417 Advanced solid tumors Phase I NCT03843359
JNJ- ‘6196 Murine tumor models (not specified) Preclinical
MK-2118 Advanced/metastatic solid tumors or lympho-  Phase I NCT03249792
mas
MSA-1 Colorectal carcinoma Preclinical
MSA-2 Colon adenocarcinoma and melanoma Preclinical
NEs@STING-Mal-NP ~ TNBC tumor Preclinical
Ryvu’s activators Colorectal carcinoma Preclinical
SAL-LNP SARS-CoV-2 infection Preclinical
Selvita activators In vitro assays for STING activators Preclinical
SNX281 Advanced solid tumors or lymphomas Phase I NCT04609579
TAK-676 Advanced solid tumors Phase I NCT04420884
TTI-10001 Multiple syngeneic murine tumor models Preclinical
Ectonucleotide MV-626 pancreatic adenocarcinoma tumors Preclinical
PerPhOSPhatase/ SR-8314/ SR-8291 Syngeneic murine tumor models Preclinical
??gﬁﬁ;ﬁ;iﬁﬁfﬁ?g)r SR-8541A In vitro assays for STING activators Preclinical
Others  Bacterial-based acti- ~ STACT Colorectal carcinoma and melamoma Preclinical
vators SYNB1891 Advanced solid tumors or lymphomas Phase I NCT04167137
Immune stimulating ADC XMT-2056 Advanced/recurrent solid tumors Phase I NCTO05514717
antibody conjugate  TAK-500 Advanced or metastatic solid tumors Phase Ia/Ib  NCT05070247

(ISAC)
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BMS-986301 BMS-986301 is a synthetic STING activator
originally developed by IFM Therapeutics and later acquired
by Bristol-Myers Squibb. In CT26 or MC38 mouse models,
BMS-986301 monotherapy yielded complete regression
in 90% of cases. In the CT26 model, the combination of
BMS-986301 and anti-PD-1 monoclonal antibody resulted
in complete regression in 80% of cases, whereas complete
regression was not observed following treatment with anti-
PD-1 alone (Schieven et al. 2018). Furthermore, all CT26
mice that exhibited complete tumor regression developed an
immunological memory that rejected new tumor cells with-
out further treatment. BMS-986301 is currently undergoing
a phase I clinical study (NCT03956680) for intratumoral or
intramuscular injection as both a monotherapy and a com-
bination therapy with nivolumab and ipilimumab in patients
with advanced solid cancers who have previously failed to
respond to checkpoint inhibiting antibodies.

E7766 E7766 is a macrocycle-bridged STING activa-
tor (MBSA) derivative of MIW815. E7766 exhibits broad
pangenotypic activity in all the major human STING vari-
ants in human primary cells (Kim et al. 2021). E7766 dem-
onstrated long-lasting antitumor activity without serious side
effects in a liver metastatic tumor model. The clinical effi-
cacy of intratumoral injection of E7766 is being evaluated in
a phase Ia and Ib clinical trial as a monotherapy in patients
with advanced solid tumors or lymphoma (NCT04144140).

exoSTING (CDK-002) Recently, exoSTING, an engineered
extracellular vesicle (EV) loaded with CDNs, was designed
to compensate for the weaknesses of CDNs. exoSTING
enhances the efficacy of CDNs and preferentially activates
antigen-presenting cells in the TME. After intratumoral
injection, exoSTING remained intratumoral and enhanced
local Thl responses and CDS8 + T-cell recruitment, as well
as systemic antitumor immunity to tumors (Jang et al.
2021). exoSTING is currently being investigated in a phase
1/2 clinical trial as a single agent for the treatment of mul-
tiple solid tumors (head and neck squamous cell carcinoma
(HNSCC), triple negative breast cancer (TNBC), anaplas-
tic thyroid carcinoma (ATC) and cutaneous squamous cell
carcinoma (cSCQ)). Initial data on exoSTING demonstrated
evidence of tolerability, immune activation and tumor
shrinkage in patients with advanced/metastatic, recurrent,
and injectable solid tumors (NCT04592484).

GSK532 One of the CDNs, GSK532, activated STING
orthologs in cynomolgus monkeys, minipigs, dogs, rats,
and mice while also yielding improved stability in human
whole blood. In addition, intratumoral injection of GSK532
into mice of the CT26 murine syngeneic model was shown
to induce antitumor effects in both injected and uninjected
tumors (Yang et al. 2018).
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IMSA101 (GB492) IMSA101, a new small molecule
cGAMP analog of cGAMP, was developed by ImmuneSen-
sor Therapeutics. Phase I and phase I1a clinical studies win
which patients receive either intratumoral IMSA101 alone
or in combination with an immune checkpoint inhibitor
(ICI) are ongoing (NCT04020185).

JNJ-67544412 (JNJ-4412) INJ-67544412  (JNJ-4412)
is a recently developed CDN STING activator that is
reported to bind to all major alleles of human STING with
a stronger affinity than other CDNs. In syngeneic mouse
tumor models, intratumoral injection of JNJ-4412 results
in significant antitumor efficacy, including increased lev-
els of various proinflammatory cytokines in the tumor
and the plasma, increased number of CD8+T cells in
the tumors, loss of angiogenesis, and increased apoptosis
(Smith et al. 2020).

MIW815 (ADU-5100, ML RR-S2 CDA) MIW815 (ADU-S100,
ML RR-S2 CDA) is a synthetic cyclic dinucleotide (CDN)
derivative that activates all human STING alleles and
murine STING (Corrales et al. 2015). MIW815 is the first
CDN drug to undergo clinical trials as a cancer immuno-
therapy treatment. Preclinical studies of this drug in various
mouse tumor models demonstrated tumor-specific T-cell
responses and superior antitumor efficacy in both monother-
apy and combination therapy. Moreover, its antitumor effect
was highly durable. Three clinical trials (NCT03172936,
NCT02675439, and NCT03937141) corresponding to
phases I and II demonstrated rather unsatisfactory results:
no substantial antitumor activity was observed in two clini-
cal studies (NCT02675439 and NCT03937141) using either
monotherapy or combination therapy with ipilimumab or
the anti-PD-1 spartalizumab (Corrales et al. 2015; Fran-
cica et al. 2018; Sivick et al. 2018). In addition, 12.2% of
the reported treatment-related adverse events (TRAEs),
including increased lipase levels, diarrhea, and liver dys-
function, were serious and medically significant (grade 3 or
4) (Meric-Bernstam et al. 2022). The pharmaceutical com-
pany Novartis withdrew all their clinical trials of MIW815
in December 2019, citing the drug's unsatisfactory clinical
efficacy.

MK-1454 MK-1454 is the analog of a synthetic CDN
developed by Merck & Co. Phase I clinical trials of
MK-1454 (NCT03010176) were conducted in participants
with advanced/metastatic solid tumors or lymphomas using
either MK-1454 alone or MK-1454 in combination with
pembrolizumab. The preliminary results illustrated no
complete or partial responses in the monotherapy group.
However, the combination therapy group exhibited a partial
response in 24% (6 of 25) of the patients, which continued
for more than six months. Additionally, the median lesion
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size of the injection site and noninjection site was observed
to decrease by 83% (Harrington et al. 2018). To investigate
the clinical efficacy of intratumoral MK-1454, a phase II
clinical trial was completed in patients with metastatic or
unresectable recurrent head and neck squamous cell carci-
noma (HNSCC) using monotherapy or combination ther-
apy with pembrolizumab (NCT04220866). The results of
the clinical trials are currently being evaluated (McIntosh
et al. 2022).

Nano-STING agonist-decorated microrobot Microrobots
are composed of VNP bacteria loaded with nano STING
activators. The ferric ion-gallic acid (GA) complex, along
with cGAMP, is loaded into the inner hydrophilic core,
forming cGAMP-Fe@mTNP (mTNP =mitochondria-tar-
geting nanoparticle) nanoagonists via the double-emulsion
method. This targets mitochondria and induces mitochon-
drial oxidative damage through the Fenton reaction, lead-
ing to the release of mtDNA. Released mtDNA, cGAMP,
and bacteria activate the cGAS/STING pathway in immune
cells, triggering the activation of both innate and adaptive
immunity, resulting in enhanced anti-tumor efficacy (Wang
et al. 2023b).

SB11285 SB11285 is a small-molecule CDN STING acti-
vator developed by Spring Bank Pharmaceuticals as an
anticancer treatment. Compared with cGAMP, SB11285
induced IFN-p with a 200-fold increased potency. Moreo-
ver, the drug exhibited very potent and highly durable
antitumor activities in vivo when administered intratumor-
ally or intraperitoneally in A20 and CT26 rat cancer mod-
els (Challa et al. 2017). Phase Ia and Ib clinical trials are
being performed in patients with advanced solid tumors
(NCT04096638) to identify the safety, tolerability, and early
antitumor activities of intravenously administered SB11285,
either alone or in combination with atezolizumab.

Noncyclic dinucleotides

ALG-031048 ALG-031048 is a novel STING activator that
exhibited higher stability in in vitro studies than did the
natural STING ligand and STING activator ADU-S100.
Intratumoral injection of ALG-031048 into mice bearing
CT26 tumor cells resulted in tumor regression in 90% of
the mice (compared to 44% for ADU-S100). Moreover, the
treated mice were found to be resistant to tumor develop-
ment following a rechallenge with the same tumor cell line
(Jekle et al. 2020b). A further study demonstrated that intra-
tumoral injection of ALG-031048 into mice with Hepal-6
hepatocellular carcinoma tumor cells resulted in a mean
tumor regression of 88% compared with 72.4% regression
after treatment with an anti-PD1 antibody. Furthermore,
ALG-031048 treatment induced a dose-dependent increase

in cytokine levels. Additionally, treatments using a combi-
nation of ALG-031048 with the anti-PDL-1 agent atezoli-
zumab further enhanced tumor growth inhibition from 60%
with atezolizumab alone to 77% (Jekle et al. 2020a).

CRD5500 (LB-061) The next-generation small molecule
STING agonist CRD-5500 was shown to be effective via
intratumoral and systemic routes, in addition to an anti-
body—drug conjugate (ADC) with trastuzumab. In preclini-
cal studies, both intravenous and intratumoral injections of
CRD-5500 induced tumor regression in murine CT26 colon
carcinoma models. Its antitumor effect was amplified when
CRD-5500 was combined with checkpoint inhibitor therapy
(Banerjee et al. 2019).

CS-1018, C€S-1020, and CS-1010 The CS-1018, CS-1020,
and CS-1010 compounds are reported to activate mouse and
human STING variants in vitro with a higher potency than
the natural ligand cGAMP and reference compounds. All
of these compounds demonstrated dose-dependent robust
antitumor activity in MC38 and B16F10 syngeneic mod-
els. In addition, following treatment with these compounds,
tumor-free mice in the MC38 murine model exhibit a tumor-
specific immunologic memory response (Li et al. 2020a).

GSK3745417 GSK3745417 was developed by GlaxoSmith-
Kline and is a non-CDN small molecule with a dimeric ami-
dobenzimidazole (ABZI) scaffold. Adam et al. measured a
panel of 93 tumor cell lines treated with GSK3745417 and
reported cytokine production across all cell lines; how-
ever, cell growth inhibition occurred only in three cell
lines (Adam et al. 2022). Phase I clinical trials have been
ongoing since 2019 to analyze the safety, tolerability, and
preliminary efficacy of GSK-3745417 and to establish the
optimal intravenous therapy in 300 participants with refrac-
tory and relapsed solid tumors (NCT03843359). This trial
comprised two treatment arms, one in which intravenous
GSK-374517 is administered as a monotherapy or and one
with GSK-374517 administered in combination with pem-
brolizumab. Another phase I clinical trial is also underway
to test the safety, tolerability, pharmacokinetics, and clini-
cal efficacy of this medicine. Thus, GSK-374517 is being
intravenously administered to participants with relapsed or
refractory myeloid malignancies, including acute myeloid
leukemia (AML) and high-risk myelodysplastic syndrome
(HR-MDS).

JNJ-‘6196 JNJ-'6196 was developed as a STING activator
that can activate dendritic cells with higher efficacy than
other CDNs and induce strong cytokine expression, although
its affinity for STING protein is weak and its off rate is fast.
In a study using a mouse tumor model, intravenous admin-
istration of JNJ-'6196 effectively removed bilateral tumors

@ Springer



524

J.K. Seok et al.

and promoted immune-mediated resistance to any tumor
rechallenge. JNJ-'6196 was also shown to improve the effi-
cacy of checkpoint inhibitors in PD-1 nonresponsive tumor
models. The efficacy of INJ-'6196 in synergistically improv-
ing the effects of ICIs increases the feasibility of this com-
pound as a candidate for further clinical development (Chan
et al. 2020).

MK-2118 MK-2118 was developed by Merck & Co. Cur-
rently, MK-2118 is in phase I clinical trials in participants
with advanced solid tumors or lymphomas (NCT03249792)
to assess its safety and tolerability. Moreover, the maximum
tolerated dose (MTD) of MK-2118 will be determined after
it has been administered as an intratumoral or subcutane-
ous injection, either alone or in combination with pembroli-
zumab (MK-3475) (Sharp and Dohme 2017).

MSA-1 The STING activator compound MSA-1 has exhib-
ited robust antitumor efficacy when injected intratumorally
into mice possessing MC38 syngeneic colon carcinomas.
Complete responses were observed in 100% of the tumors
in mice receiving the highest tolerated dose of intratumoral
MSA-1. A combination of MSA-1 with an anti-PD1 anti-
body (mDX400) further promoted the restoration of T-cell
responses in anti-PD1-unresponsive tumors. Moreover, this
treatment was found to promote the synergistic antitumor
activity of STING activators with anti-PD1 therapy (Perera
et al. 2018).

MSA-2 MSA-2 was discovered following a phenotypic
screening process for chemical inducers of interferon-f
secretion. Cell-free assays demonstrated that MSA-2 bound
to human and mouse STING. A small molecule STING acti-
vator that is available orally, MSA-2, has been demonstrated
to be an effective activator that can induce tumor regression
in mice and produce sustained antitumor immunity along-
side activation of IFN-f secretion in a variety of syngeneic
murine tumor models. The treatments that use a combina-
tion of MSA-2 and anti-PD1 antibodies were found to be
advantageous in inhibiting tumor growth and improved the
overall survival rate compared with standard component
monotherapies (Pan et al. 2020).

NEs@STING-Mal-NP The neotype neutrophil cytopharma-
ceutical (NEs@STING-Mal-NP), with liposomal STING
agonists conjugated on the surface of neutrophils, signifi-
cantly enhanced the tumor penetration of STING agonists.
Additionally, the backpacked liposomal STING agonists
were efficiently absorbed by tumor-infiltrating immune cells
and tumor cells in response to the abundant hyaluronidase in
the tumor environment. Therefore, NEs@STING-Mal-NP
effectively activated the STING pathway, converted mac-
rophages and neutrophils into antitumor phenotypes, pro-
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moted dendritic cell maturation, and enhanced T cell infil-
tration and tumoricidal ability. Specifically, when combined
with ICI, this cytopharmaceutical exhibited significant inhi-
bition of tumor growth and prolonged the survival of mice
with TNBC tumors (Hao et al. 2023).

Ryvu’s activators Using FTS, MST, FP, and crystallographic
studies, activators of Ryvu reportedly bind to recombinant
STING proteins and selectively activate STING-dependent
signaling in both mouse and human immune cells, promot-
ing antitumor immunity. Systemic administration of these
compounds in CT26 mouse models bearing colorectal
cancer cells resulted in complete tumor regression and the
development of immunologic memory (Chmielewski et al.
2020).

SAL-LNPs SAL-LNPs are Synthesized non-nucleotide
STING agonist-derived amino lipid-lipid nanoparticles.
SAL12-LNPs-mRNA vaccine was identified as the most
potent in delivering mRNA encoding the spike glycoprotein
(S) of SARS-CoV-2 while activating the STING pathway
in dendritic cells (DCs). Intramuscular immunization with
SAL12 S-LNPs, administered twice, elicited a robust neu-
tralizing antibody response against SARS-CoV-2 in mice
(Zhang et al. 2023b).

Selvita activators The recently developed Selvita activators
are a group of small molecule, nonnucleotide, nonmacro-
cyclic STING activators. These activators selectively bind
to both mouse and human STING proteins. The tunable
properties of Selvita activators with improved plasma sta-
bility and permeability make these activators potential can-
didates for systemic delivery. In vitro studies on peripheral
blood mononuclear cells and the THP1 monocytic cell line
indicate that Selvita activators can induce the expression of
inflammatory cytokines and upregulate maturation markers
on the surface of APCs (Dobrzanska et al. 2019).

SNX281 SNX281 is a novel small molecule activator of
human and mammalian STING with pharmacokinetic
advantages enabling systemic intravenous administration
(Wang et al. 2021). This property is due to the mecha-
nism by which the molecule dimerizes at the binding site
of STING and induces its activation. In preclinical studies,
a single intravenous dose of SNX281 in 26 mice bearing
colorectal tumors resulted in complete regression of the
tumors. Furthermore, SNX281 synergized with anti-PD-1
agents to inhibit tumor growth and increase the viability of
tumor-bearing mice. Indeed, phase I clinical trials are cur-
rently ongoing in participants with advanced solid tumors
and lymphomas (NCT04609579) to identify and evaluate
the safety, tolerability, and maximum tolerated dose of sys-
temic SNX281.
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TAK-676 TAK-676 is another small molecule STING acti-
vator with an unpublished structure that is currently under
investigation in a phase I dose-escalation study. This clinical
trial aims to determine the safety and tolerability of intrave-
nous TAK-676 as a monotherapy and in combination with
pembrolizumab in patients with advanced or metastatic
solid cancer (NCT04420884).

TTI-10001 TTI-10001 is a non-CDN small molecule STING
activator that binds the murine STING protein as well as all
five human STING alleles. Intratumoral administration of
TTI-10001 was confirmed to be safe in a mouse model of
syngeneic tumors. Moreover, TTI-10001 therapy was found
to be associated with increased levels of phospho-STING,
phospho-IRF3, proinflammatory cytokines, and antitumor
activity (Wang et al. 2019b).

Ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1) inhibitor

ENPP1 is a transmembrane phosphodiesterase known to
play a central role in purinergic signaling (Yegutkin 2008).
Recent studies have shown that ENPP1 can downregulate
cGAS-STING signaling by hydrolyzing cGAMP, a natural
STING ligand (Kato et al. 2018a). Therefore, small mol-
ecules that inhibit ENPP1 have been developed as novel
STING activators.

MV-626 MV-626 is a selective ENPP1 inhibitor with
100% bioavailability and has been studied in preclinical
models. In a study in which mice were implanted with
Panc02-SIY pancreatic adenocarcinoma tumors, the
intraperitoneal injection of MV-626 alone or in combina-
tion with radiation therapy resulted in a durable antitu-
mor immune response and improved the overall survival
of the mice (Baird et al. 2018).

SR-8541A SR-8541A is a small molecule ENPP1 inhibi-
tor. Recent in vitro studies have demonstrated that SR-
8541A can stimulate the migration and infiltration of
peripheral blood myeloid cells into the tumor microenvi-
ronment (Weston et al. 2020).

SR-8314 and SR-8291 SR-8314 and SR-8291, two highly
selective ENPP1 inhibitors, have demonstrated robust
in vivo efficacy in syngeneic murine tumor models. The
intraperitoneal injection of SR-8314 and SR-8291 led to
increased frequencies of CD4+and CD8+T cells and
resulted in a decrease in tumor-associated macrophages
in tumor-bearing mice (Weston et al. 2019).

Bacterial-based activators

STACT Another bacterial-based immunotherapy, STACT,
is an attenuated Salmonella typhimurium strain that carries
an inhibitory microRNA to TREX-1. The TREX-1 exonu-
clease prevents the activation of the STING pathway by
degrading cytosolic DNA. Preclinical studies illustrated that
intravenous injections of STACT-TREX-1 into CT26 and
MC38 murine models produced very low systemic levels
of inflammatory cytokines and demonstrated tumor-specific
colonization, tumor regression, and durable immunity upon
rechallenge (Makarova et al. 2019).

SYNB1891 SYNB 1891, a nonpathogenic E. coli Nissle
strain, is a bacterial vector that was engineered to express
cyclic di-AMP-producing enzymes in response to the
hypoxic environment found in tumors. An intratumoral
injection of SYNB1891 into B16. F10 melanoma tumor-
bearing mice induced the production of type I IFNs with
a concomitant significant reduction in tumor growth eight
days after treatment. Phase I clinical trials of SYNB 1981
are currently ongoing in participants with advanced/met-
astatic solid tumors and lymphoma (NCT04167137) to
identify the antitumor efficacy of intratumoral SYNB 1891
as both a monotherapy and in combination with atezoli-
zumab (Riese et al. 2021).

Immune-stimulating antibody conjugates (ISACs)

ADC XMT-2056 ADC XMT-2056 is an antibody—drug
conjugate (ADC) linked to a payload consisting of an anti-
human epidermal growth factor receptor 2 (EGFR2; HER2;
ErbB2) antibody (HT-19) and an agent for STING, which
possess potential immune and antitumor activities. After
administering the anti-HER2 STING activator ADC XMT-
2056 intravenously, the anti-HER2 antibody moiety targets
and binds HER2, while the STING activator targets the
immune cells in the tumor microenvironment (TME) and
binds to STING. This mechanism leads to the production
of proinflammatory cytokines, including interferon (IFN),
through the specific activation of the STING pathway in
the TME, which promotes the cross-presentation of tumor-
associated antigens (TAAs) by dendritic cells (DCs) and
induces a cytotoxic T lymphocyte (CTL)-mediated immune
response. Conjugation of anti-HER?2 antibodies to STING
activators improved the targeted delivery of STING activa-
tors, increased tumor exposure, and enhanced STING-medi-
ated antitumor immune responses while limiting systemic
toxicity (Bukhalid et al. 2020). XMT-2056 entered phase I
clinical trials in 2022 (NCT05514717).

TAK-500 TAK-500 is an immune stimulatory antibody con-
jugate (ISAC) that consists of three parts. Cysteine—cysteine
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chemokine receptor type 2 (CCR2) is expressed by tumor-
infiltrating myeloid cells, including tumor-associated mac-
rophages (TAMs), and promotes immune escape by limiting
CD8™ T-cell infiltration. TAK-500 demonstrates three thera-
peutic mechanisms by targeting CCR2-expressing myeloid
cells: (1) activation of the IFN response; (2) reprogramming
suppressive intratumoral CCR2* cells to an inflammatory
phenotype; and (3) blocking suppressive TAM recruitment
(Diamond et al. 2022b). A phase Ia and Ib open-label study
of TAK-500 (NCT05070247) is currently ongoing in par-
ticipants aged > 18 years with gastroesophageal adenocar-
cinoma, pancreatic adenocarcinoma, hepatocellular carci-
noma, nonsquamous non-small cell lung cancer, squamous
cell carcinoma of the head and neck, mesothelioma, or tri-
ple-negative breast cancer (Diamond et al. 2022a).

Conclusion

In the past few years, knowledge related to the cGAS/STING
pathway has expanded widely. Accumulating evidence
indicates the critical role of the cGAS/STING pathway in
the regulation of immunity leading to the development of
immune-related and inflammatory diseases, as cGAS is able
to recognize a wide range of both endogenous and exogenous
dsDNAs. STING is a convergence point with many upstream
receptors in addition to cGAS, suggesting its extensive par-
ticipation in multiple immune pathways. There has been sig-
nificant effort to develop both activators and inhibitors for
c¢GAS and STING to enhance or suppress the immune system
for appropriate therapeutic purposes. While the activation
steps of cGAS/STING during the progression of autoim-
mune and inflammatory diseases are mostly targeted for the
inhibition of these diseases, the lack of cGAS and STING
could promote autoinflammation, which requires caution
when using cGAS-STING targeted therapy. Recent advances
in exploring the mechanisms of the cGAS/STING pathway
have played a major role in developing and improving cancer
immunotherapy. While chronic activation of cGAS/STING
signals can induce an immunosuppressive tumor microenvi-
ronment, a few studies have shown that cGAS/STING signals
can promote tumor development and metastasis in certain
circumstances. Therefore, cGAS-STING targeting therapy
needs to be delicately employed depending on the type, char-
acteristics, and metastatic status of cancer.

Understanding the scope and nature of the cGAS/STING
pathway and its interactions with other PRRs would high-
light its usefulness and lay a roadmap to exploit the pathway
as a broad-spectrum therapeutic target.
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