
Vol.:(0123456789)

 
https://doi.org/10.1007/s10753-023-01812-7

REVIEW

© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature, 2023

The Crucial Roles and Research Advances 
of cGAS‑STING Pathway in Cutaneous Disorders

Cong Huang1 , Wenting Li1 , Xuanyao Ren2 , Mindan Tang2 , Kaoyuan Zhang2 , Fan Zhuo1 , 
Xia Dou1  and Bo Yu1,3 

Received 14 February 2023; accepted 29 March 2023

Abstract—The cGAS-STING signaling pathway senses the presence of cytosolic DNA, 
induces strong type I interferon responses, and enhances inflammatory cytokine produc-
tion, placing it as an important axis in infection, autoimmunity, and tumor immunity. 
Recent studies have shown that the abnormalities and/or dysfunctions of cGAS-STING 
signaling are closely related to the pathogenesis of skin diseases and/or cancers. Addition-
ally, a variety of new therapeutics targeting the cGAS-STING signaling are in development  
for the treatment of skin disorders. However, the precise molecular mechanisms of cGAS-
STING-mediated cutaneous disorders have not been fully elucidated. In this review, we 
will summarize the regulatory roles and mechanisms of cGAS-STING signaling in skin  
disorders and recent progresses of cGAS-STING-related drugs as well as their  
potential clinical applications.
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INTRODUCTION

Cutaneous disorders, also called skin disorders or 
skin diseases, is an umbrella term for a variety of skin 
conditions. Cutaneous disorders can be divided into two 
broad categories, including the non-cancerous skin dis-
eases and the cancerous skin disorders or skin cancers. 
The non-cancerous skin diseases are mainly composed 
of acne, atopic dermatitis, psoriasis, etc., while the skin 
cancers are mainly composed of basal cell carcinoma, 
squamous cell carcinoma, and melanoma [1–3]. Dif-
ferent cutaneous disorders vary greatly in symptoms 
and severity. Some of the cutaneous disorders can be 
temporary and/or painless, whereas the others can be 
permanent and/or painful [4–7]. Some of the cutaneous 
disorders only affect people’s appearance, while the oth-
ers can be life-threatening if left untreated [8]. Thus, it 
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is important to understand the molecular mechanisms 
and therapeutic strategies targeting cutaneous disorders. 
Recently, accumulating evidence have shown that cGAS-
STING signaling plays crucial roles in the pathogenesis 
of cutaneous disorders [9–11]. In addition, molecules 
or therapeutics targeting the cGAS-STING pathway 
represent novel strategies for the treatment of skin dis-
orders [12]. Therefore, we systematically review the 
regulatory roles of cGAS-STING signaling in cutane-
ous disorders and summarize the recent progresses of 
cGAS-STING-related therapeutics in the treatment of 
cutaneous disorders.

THE CGAS‑STING SIGNALING PATHWAY​

The cGAS-STING signal axis is mainly composed 
of the synthase for the second messenger cyclic GMP-
AMP synthase (cGAS) and the cyclic GMP-AMP recep-
tor stimulator of interferon genes (STING) [13, 14]. The 
cGAS-STING pathway can detect pathogen DNAs and 
sense microbial DNAs [15, 16]. Moreover, it can also be 
activated by endogenous DNAs, which in turn induces 
innate immunity involving type I interferon [15–17] 
(Fig.  1). Exogenous/endogenous DNAs introduced 
into the host cytoplasm by microbial infections, DNA 
viruses, damaged mitochondria or nucleus, dying cells, 
and genomic instability [18–22], also known as cytosolic 
DNAs, are recognized as pathogen-associated molecular 
patterns by cGAS, which subsequently binds to the cyto-
solic DNAs in a DNA sequence-independent manner [23, 
24]. Once binds to the cytosolic DNA, cGAS facilitates 
the production of a special cyclic dinucleotide called 
cGAMP, from GTP and ATP [15, 23, 24]. cGAMP is an 
endogenous second messenger, which holds high affinity 
for STING [25, 26]. The binding of cGAMP to STING 
induces the activation and oligomerization of STING on 
ER, which is accompanied by the translocation of STING 
to the Golgi apparatus [27, 28], where it recruits and 
phosphorylates kinases tank binding kinase 1 (TBK1) 
and IκB kinase (IKK) [29–32]. Activated TBK1 and IKK 
recruit and phosphorylate interferon regulatory factor 3 
(IRF3) and nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) at the C-terminal tail of 
STING [29, 30, 33]. Then, phosphorylated IRF3 and 
NF-κB enter the nucleus, leading to potently increased 
type I IFN and pro-inflammatory cytokine/chemokine 
production, separately [33].

THE REGULATORY ROLE OF CGAS‑STING 
SIGNALING IN CUTANEOUS DISEASES

The cGAS-STING pathway is an important part of 
the innate immunity, and its main function is to detect the 
presence of cytosolic DNAs and trigger the expression 
of inflammation-related genes, resulting in the activation 
of host defense mechanisms. Therefore, it plays impor-
tant roles in inflammatory response and autoimmunity 
[15–17], while its dysfunction may lead to multiple cuta-
neous diseases [34–37].

STING is the most important downstream modulator 
of cGAS-STING pathway, which engages in recognizing 
cytosolic DNA and activating innate immune. Upon acti-
vation, STING induces type I interferon response, which is 
crucial for the pathogenesis of psoriasis [38]. Meanwhile, 
it was reported that STING and its downstream targets 
were upregulated in the lesional skins of psoriasis patients 
when compared with skin samples of healthy people [39], 
revealing the potential involvement of STING dysregula-
tion in psoriasis pathogenesis. Interestingly, STING defi-
ciency alleviates psoriatic inflammation in IMQ-induced 
mouse model [40]. Furthermore, STING induces NF-κB 
activation and subsequent expression of inflammatory 
factors in keratinocytes (KCs) [40]. Finally, 5,6-dimeth-
ylxanthenone-4-acetic acid (DMXAA), a STING agonist, 
aggravates psoriatic symptom and inflammation, whereas 
H-151, a STING antagonist, displays anti-inflammatory 
activity in IMQ-induced psoriatic mice [39, 40]. Thus, 
STING activation contributes to the psoriatic inflamma-
tion and targeting STING represents a potential therapeu-
tic approach to psoriasis.

Psoriasis and type 2 diabetes mellitus (T2DM) 
share similar inflammatory pathways in their pathogen-
esis. Meanwhile, the activation of STING-IRF3 pathway 
is detected in both cellular and mouse model of psoria-
sis comorbidities with T2DM [41]. Additionally, C-176, 
the STING inhibitor, ameliorates the inflammation in 
IMQ-induced diabetic mice [41], indicating that STING 
could be targeted for psoriasis comorbidities with T2DM. 
However, it remains unclear the precise mechanism that 
the STING manifestation regulates the pathogenesis of 
psoriasis comorbidities with T2DM.

Recently, accumulating evidence has demonstrated 
that the imbalance and dysbiosis of cutaneous microbiota 
can result in inflammatory skin diseases, such as atopic 
dermatitis, acne vulgaris, and psoriasis [42–45]. Mecha-
nistically, the skin microbiota promotes the expression 
of endogenous retroviruses (ERVs) and triggers the 
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Fig. 1   A diagram of the cGAS-STING signaling pathway. DNAs from dead cells, bacteria, or virus are introduced into the cytoplasm, and sensed by 
cGAS as cytosolic DNAs or dsDNAs. cGAS subsequently binds to the dsDNAs in a DNA sequence-independent manner. Once binds to the dsDNA, 
cGAS catalyzes the synthesis of cGAMP, which is an endogenous second messenger that holds high affinity for STING. The binding of cGAMP to 
STING induces the activation and oligomerization of STING on ER, which is accompanied by the translocation of STING to the Golgi, where it 
recruits and phosphorylates kinases TBK1 and IKK. Activated TBK1 and IKK recruit and phosphorylate IRF3 and NF-κB at the C-terminal tail of 
STING. Then, phosphorylated IRF3 and NF-κB translocate into the nucleus, leading to increased transcription of IFN-I and inflammation-related 
genes, respectively.
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activation of skin immunity, which is cGAS-STING 
pathway dependent. Additionally, cGAS-STING sign-
aling is required for skin microbiota-induced immune 
response, since the number and activity of specific T 
cell subsets significantly decreased in cGAS/STING 
deletion mice compared to control mice in the presence 
of microbiota stimulation. Thus, the cGAS-STING sign-
aling plays an essential role in the microbiota-induced 
cutaneous inflammation [46].

THE REGULATORY ROLE OF CGAS‑STING 
SIGNALING IN CUTANEOUS CANCERS

Skin cutaneous melanoma (SKCM) is a rare but 
the most lethal form of skin cancers, which accounts for 
75% of all skin cancer deaths [8]. Moreover, melanoma 
is one of the most malignancy, invasive, and therapy-
resistant skin cancers [8, 47]. Due to its high mortal-
ity, we will take cutaneous melanoma as an example to 
review the recent progress of cGAS-STING pathway 
in skin cancers.

STING Dysfunction Contributes  
to Melanoma Pathogenesis

As the most important downstream component 
of cGAS-STING pathway, the STING is recurrently 
suppressed by epigenetic silencing in human melano-
mas and melanoma cells [9, 48–50], where this event 
may enable immune escape after DNA damage. For 
instance, Xu et al. reported that STING was epigeneti-
cally inhibited by the histone modulator H3K27me3, 
resulting in decreased type I IFN production in mela-
nomas [50]. Interestingly, the inhibition of STING  
leads to decreased MHC I expression and loss  
of tumor antigenicity, which are indispensable for the 
melanoma-immune evasion [9, 48–50]. In vitro, mela-
noma cell-derived DNA could trigger IFN-β produc-
tion and dendritic cell activation via STING and IRF3 
signaling [51]. In vivo, melanoma tumor-infiltrating 
APCs uptake tumor-derived DNA and produce IFN-β 
in a STING-dependent way [51]. Thus, the melanoma-
intrinsic STING impairment results in reduced type I 
IFN production and  systemic immune suppression in 
melanoma, demonstrating a novel mechanism involving 
STING dysfunction in melanoma malignancy.

Activation of cGAS‑STING Pathway 
Contributes to Cancer Therapy in Melanoma

Since the persistently suppressed cGAS-STING 
signaling plays critical roles in melanoma pathogen-
esis, its activation may represent a novel therapeutic for 
melanoma treatment. Recent data indicated that ATM 
inhibition (booster of cellular innate immunity) potently 
activated the cGAS-STING pathway and enhanced antitu-
mor immunity in melanoma [52]. Mechanistically, ATM 
inhibitor increased the cytoplasmic release of mtDNA, 
resulting in the cGAS-STING activation and lympho-
cyte infiltration into the tumor microenvironment [52]. 
Recently, Shae et al. designed a STING-activating nano-
particle (STING-NP), which can significantly enhance 
the therapeutic efficacy of cGAMP (a natural STING 
agonist) in melanoma [53], highlighting the potential of 
STING activation in melanoma treatment.

Carboplatin is a cisplatin analog used for the treat-
ment of various cancers. In the human melanoma cells, 
carboplatin activates TREX1/cGAS/STING axis, leading 
to cell growth arrest and cellular apoptosis [54]. Thus, 
targeting of cGAS-STING pathway using carboplatin 
could be a therapeutic alternative to melanoma. How-
ever, it is important to seriously consider the side effect 
of carboplatin in melanoma treatment.

Malignant melanoma escaping immunosurveillance 
is a major obstacle in melanoma immunotherapy. It was 
previously reported that cyclic diguanylate monophos-
phate (c-di-GMP, a ligand of the STING signaling) poten-
tiated the immunogenicity and antitumor effects against 
mouse melanoma when combined with a peptide vac-
cine [55]. Additionally, c-di-GMP efficiently induced the 
type I IFN production and exhibited significant antitumor 
immunity in metastatic mouse melanoma model when 
loaded in YSK05 liposomes (c-di-GMP/YSK05-Lip) 
[56]. Moreover, c-di-GMP/YSK05-Lip potently promoted 
the infiltration and activation of NK cells [56], indicat-
ing that STING activation represents a potential immu-
notherapeutic against malignant melanomas.

Activation of cGAS/STING Pathway Helps 
to Overcome Chemotherapy/Immunotherapy 
Resistance in Melanoma

Melanoma is the most aggressive type in skin 
cancers, which may get resistance to the conventional 
chemotherapy, resulting in its poor prognosis [57–59]. 



1165The Research Advances of cGAS-STING Pathway in Skin Disorders

Abrogation of NRF2 and enhancement of oxidative 
stress is the primary cause for BRAF inhibitor resist-
ance in melanoma [60, 61]. Meanwhile, type I IFNs  
negatively regulate NRF2 response [62]. Theoretically, 
type I IFN production upon STING activation could sen-
sitize melanoma cells to the clinically used BRAF inhibi-
tors. Recently, dimeric amino-benzimidazole (diABZI, 
a newly developed STING agonist [63]), was found to 
downregulate NRF2-dependent anti-oxidative responses 
and exhibit antitumor effects in melanoma when com-
bined with BRAF inhibitors [64], revealing that STING 
activation is a potential alternative in the treatment of 
chemotherapy-resistant melanoma.

Resistance to immune checkpoint inhibitors is 
another major obstacle in melanoma therapy, especially 
immunotherapy [65–68]. Recently, accumulating evi-
dence has demonstrated that activation of cGAS-STING 
signaling efficiently induced antitumor effect via the 
activation of tumor immunity [69, 70]. Meanwhile, the 
STING agonist c-di-GMP was shown to enhance cancer 
immunotherapy against metastatic melanoma [56, 71]. 
Moreover, the combination of c-di-GMP and anti-PD-1 
exerted a synergistic antitumor immunity in an anti-PD-
1-resistant mouse melanoma model [72], providing a clue 
that targeting cGAS-STING pathway is a promising can-
didate for immunotherapy-resistant melanoma.

RESEARCH PROGRESS IN TARGETED 
THERAPY FOR CGAS‑STING PATHWAY​

As summarized above, the cGAS-STING pathway 
is one of the currently most studied pathways that play 
important roles in inflammatory skin diseases and cutane-
ous melanomas. It is also widely accepted that modulat-
ing the cGAS-STING pathway holds promising therapeu-
tic potential for fighting inflammatory diseases and/or 
cancers, even though it is still necessary to further under-
stand the full potential of this pathway in these diseases.

cGAS Antagonists

cGAS is a sensor of aberrant pathogen DNAs or 
self-DNAs, and plays essential roles in innate immunity 
against infection and cellular damage. Moreover, its abnor-
mal activation can lead to serious autoimmune disorders, 
whereas its inhibition may act anti-inflammation. There-
fore, a variety of strategies have been adopted to develop 
cGAS antagonists (Table 1). Through high-throughput 

compound screenings, Lama et al. identified a subset of 
human cGAS-specific small-molecule inhibitors with high 
specificity and potency [73], which could be potentially 
used in cGAS-related disorders. The limitation of this 
study lies that there are few data supporting the clinical 
use of these molecular inhibitors. Recently, Vincent et al. 
discovered a cGAS inhibitor called RU.521, which could 
potently and selectively inhibit cGAS signaling, leading 
to the reduction of constitutive IFN production in mac-
rophages from a mouse model of Aicardi-Goutières syn-
drome (AGS) [74]. More recently, the same research team 
reported that RU.521 is capable of inhibiting both mouse 
and human cGAS in vitro [75]. Additionally, RU.521 
suppressed the production of dsDNA-induced intracellu-
lar cGAMP in a dose-dependent manner [75], validating 
its potential for pre-clinical use in autoimmune diseases. 
Coincidentally, Tan et al. also identified a tetrahydro-γ-
carboline derivative called Compound 25, potently inhibit-
ing both human and mouse cGAS [76]. More importantly, 
Compound 25 demonstrated superior in vivo anti- 
inflammatory effects in the lipopolysaccharide-induced 
mouse model [76], providing evidence for its future use 
as an anti-inflammatory treatment.

Aspirin is a nonsteroidal anti-inflammatory drug, 
which is commonly used to reduce pain, fever, and/or 
inflammation [77, 78]. Interestingly, aspirin can effec-
tively suppress autoimmunity in AGS patient cells and  
AGS mouse model [79]. Mechanistically, aspirin directly 
acetylates cGAS and inhibits cGAS-mediated immune 
activation [79]. Suramin is a nucleic acid analog and 
essential drug for anti-parasitic treatment [80]. In THP1 
cells, suramin displaces the bound DNA from cGAS 
and reduces the IFN-β production through inhibiting the 
cGAS enzymatic activity [81], suggesting its potential 
use in the treatment of chronic inflammation. A151 is 
a synthetic oligodeoxynucleotide, which has recently 
been shown to inhibit the activation of cGAS [82]. In 
addition, A151 effectively inhibits cGAS activation in  
the TREX1-deficient monocytes [82]. Importantly, A151  
administration dampens immune response in a mouse 
model of stroke [83], representing a potential thera-
peutic opportunity for autoimmune/inflammatory dis-
eases. Perillaldehyde (PAH) is a natural compound 
derived from Perilla frutescens, which suppresses 
cytosolic DNA-induced innate immunity by directly 
inhibiting cGAS activity [84]. Meanwhile, PAH 
administration markedly ameliorates the autoinflam-
matory responses in a AGS mouse model, suggesting 
its therapeutic potential toward the cGAS-mediated  
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autoimmunity. Interestingly, two natural chemicals that 
are abundant and easy to acquire from plants, called epi-
gallocatechin gallate (EGCG) and resveratrol (RSVL), 
inhibit the cGAS activation through blocking the 
GTPase-activating protein SH3 domain-binding protein 
1 (G3BP1) and disrupting the G3BP1-cGAS complexes, 
effectively alleviating the autoinflammatory responses in  
the AGS mouse model and providing a potential treat-
ment for cGAS-related autoimmune diseases [85, 86].

Unlike the abovementioned cGAS inhibitors, Valentin  
et al. identified a highly potent cGAS inhibitor, called 
2′-O-methyl gapmer antisense oligonucleotides (2′OMe 
ASOs), which could inhibit cGAS sensing in a sequence-
dependent manner, paving the way for the development of 
oligonucleotide-based cGAS inhibitors [87].

In summary, the identification of specific and 
potent cGAS inhibitors contributes to the development 
of drugs for cGAS-mediated diseases, like AGS. How-
ever, few attentions were paid to the regulatory role or 

therapeutic potential of these novel inhibitors in inflam-
matory skin diseases mediated by cGAS dysfunction.

STING Agonists

STING Agonists with Antiviral Properties

STING is an important signal transducer in innate 
immunity and plays a central role in the initiation of host 
defense against pathogens. Upon activation, it induces 
type I IFN response, which is critical for the control of 
certain microbial infections, revealing the therapeutic 
potential of STING agonists against infectious diseases. 
Herpes simplex virus 1 (HSV-1) is a double-stranded 
DNA virus that presents in approximately 40–90% 
of the population globally [88, 89]. It is reported that 
5,6-dimethylxanthenone-4-acetic acid (DMXAA, a 
STING agonist) can significantly protect peripheral and 
central nervous systems against HSV-1 infection [90]. 

Table 1   cGAS Antagonists Used in Inflammatory or Autoimmune Diseases

Compounds/Molecules Experimental models Functions/Biological effects Refs

Human cGAS-specific 
inhibitors (G108, G140, 
and G150)

Human THP1 and primary macrophages These compounds specifically and potently inhibit 
human cGAS activity in macrophages

[73]

RU.521 Macrophages from AGS mouse model, THP1 cells, 
and primary human PBMCs

RU.521 selectively and actively inhibits mouse and 
human cGAS-mediated signaling and reduces 
constitutive interferon synthesis in macrophages 
from a mouse model of AGS

[74, 75]

Compound 25 Lipopolysaccharide (LPS)-induced mouse model Compound 25 potently inhibits both human and mouse 
cGAS. Meanwhile, Compound 25 demonstrates 
superior anti-inflammatory effects in the LPS-
induced mouse model

[76]

Aspirin AGS patient cells and AGS mouse model Aspirin directly acetylates cGAS and inhibits cGAS-
mediated immune activation

[79]

Suramin THP1 cells In THP1 cells, suramin displaces the bound DNA 
from cGAS and reduces the IFN-β production

[81]

A151 TREX1-deficient monocytes and mouse model of 
stroke

A151 inhibits the activation of cGAS in TREX1-
deficient monocytes and dampens immune 
response in the mouse stroke model

[82, 83]

Perillaldehyde (PAH) AGS mouse model Administration of PAH markedly ameliorates self-
DNA-induced autoinflammatory responses in a 
AGS mouse model

[84]

EGCG and RSVL AGS mouse model EGCG and RSVL inhibit the cGAS activation 
through disrupting the G3BP1-cGAS complexes, 
alleviating the autoinflammatory responses in the 
AGS mouse model

[85, 86]

2′OMe ASOs THP1 cells, human bone marrow-derived mesenchymal 
stem cells, etc.

2′OMe ASOs inhibit cGAS sensing in a sequence-
dependent manner

[87]
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Meanwhile, administration of DMXAA inhibits viral 
replication through increasing type I IFN production 
[90], demonstrating the potential of STING agonist for 
immunotherapy against DNA virus.

In addition to its role in restricting DNA viral infec-
tion, STING activation also holds antiviral effects against 
RNA virus. In Zhu’s studies, the previously discovered 
STING agonist diABZI potently inhibited the replica-
tion of parainfluenza virus type 3 and human rhinovi-
rus 16 [91], two representative respiratory RNA viruses, 
expanding the use of STING agonists in viral infections. 
Recently, diABZI was found to restrict severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) viral 
replication by transiently stimulating IFN signaling in pri-
mary human bronchial epithelial cells and in mice [92]. 
Thus, activation of STING may represent a promising 
therapeutic strategy to control multiple viral infections, 
including SARS-CoV-2.

Cyclic Dinucleotide‑Based STING Agonist  
in Cancer Therapy

As discussed in the “STING Dysfunction Con-
tributes to Melanoma Pathogenesis” section, STING 
signaling is recurrently suppressed in melanoma cells, 
which usually leads to the tumor malignancy. There-
fore, pharmacological activation of STING represents 
a promising therapeutic for melanoma (Table 2). It was 
reported that intratumoral injection of cyclic dinucleo-
tide GMP-AMP (cGAMP, a natural STING agonist) 
potently enhanced antitumor responses in mouse model 
of melanoma [93]. Moreover, intratumoral injection of 
cGAMP normalized tumor vasculatures in implanted 
and spontaneous mouse cancer models [94]. Notably, 
cGAMP synergizes with VEGFR2 blockade or immune 
checkpoint blockade (PD-1, PD-L1, or CTLA-4) to fur-
ther enhance antitumor effects [94, 95], supporting a 

Table 2   STING Agonists Used in Cancer Therapy

Compounds/Molecules CDN-
based (Yes 
or No)

Study models Functions/Biological effects Refs

cGAMP Yes Mouse bearing B16F10 melanoma tumor Intratumoral injection of cGAMP potently 
enhances antitumor responses in mouse 
model of melanoma. Moreover, cGAMP 
synergizes with immune checkpoint blockade 
to further enhance antitumor effects

[93–95]

ADU-S100 Yes Pancreatic cancer-bearing mice, glioblastoma 
mouse models, phase I clinical study, and 
melanoma mouse model

ADU-S100 activates systemic antitumor 
response, modulates tumor  
microenvironment, and inhibits tumor growth 
in different mouse cancer models.  
Meanwhile, ADU-S100 is well tolerated in 
patients with advanced cancers

[96–100]

IACS-8803 and IACS-8779 Yes B16 murine model of melanoma IACS-8803 and IACS-8779 show robust and 
superior tumor regression in the murine 
melanoma model when compared with 
ADU-S100

[101, 102]

DMXAA No L929 cells, pancreatic tumor-bearing mice, 
and breast cancer/colon cancer/melanoma 
mouse models

DMXAA changes the tumor immune 
architecture in the pancreatic cancer 
mouse model. Moreover, DMXAA 
induces strong anti-tumor immunity in a 
murine melanoma model

[103–105]

MSA-2 No Advanced MC38 tumor model and melanoma 
xenograft mouse model

MSA-2 is orally available, which synergizes 
with anti-PD-1 therapy for durable antitumor 
immunity in multiple mouse models

[106]

5-Fluorouracil (5-FU) No Murine colon and melanoma tumor models 5-FU effectively reduces tumor burden by 
activating the cancer intrinsic STING in 
murine colon and melanoma tumors

[107]
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rationale for the combination of STING-based therapy 
and antiangiogenic therapy and/or immunotherapy.

ADU-S100 is a synthetic cyclic dinucleotide that 
activates both human and mouse STING [96]. In a pan-
creatic cancer-engrafted mouse model, ADU-S100 dra-
matically reduces local and distal tumor burden and 
activates systemic antitumor responses [97], revealing 
the therapeutic potential of STING agonist in cancer 
immunotherapy. Moreover, ADU-S100 promotes the 
inflammatory cytokine secretion and modulates the tumor 
microenvironment in glioblastoma [98]. Furthermore, a 
phase I clinical study regarding ADU-S100 showed that 
ADU-S100 was well tolerated in patients with advanced/
metastatic cancers, with the systemic immune activation 
observed [99]. Most importantly, intratumoral delivery 
of low-dose ADU-S100 leads to tumor growth inhibition 
in established melanoma mouse model [100], suggesting 
its potential use in melanoma treatment.

IACS-8803 is a synthetic CDN analog, which shows 
superior potency in STING activation and antitumor 
immunity both in vitro and in vivo, as compared with 
natural CDNs [101]. Moreover, IACS-8803 and IACS-
8779, two synthetic STING agonists, show robust and 
superior tumor regression in the B16 murine model of 
melanoma when compared with the clinical benchmark 
ADU-S100 [102]. However, the precise mechanisms 
of the above STING agonists for melanoma treatment 
remain largely unexplored.

Non‑nucleotide STING Agonist in Cancer Therapy

In addition to cyclic dinucleotide-based STING 
activation, non-nucleotide STING agonists have also 
shown their antitumor activities in multiple cancer mod-
els. For example, DMXAA is a xanthenone analog, 
which could activate murine STING [103]. Meanwhile, 
DMXAA treatment potently changes the tumor immune 
architecture by activating the cytotoxic T cells and sup-
pressing the regulatory T cells within tumors, which helps 
to inhibit the cancer progression and increase the over-
all survival in the pancreatic cancer mouse model [104]. 
Moreover, DMXAA induces strong antitumor immunity 
in a spontaneous murine melanoma model via a STING-
dependent way [105]. MSA-2, an orally available non-
nucleotide human STING agonist, dramatically stimulates 
IFN secretion and induces tumor regression in the mouse 
models [106]. Moreover, MSA-2 synergizes with anti-
PD-1 therapy for durable antitumor immunity in multi-
ple mouse tumor models, including melanoma xenograft 

model [106]. 5-Fluorouracil (5-FU) is a widely used 
chemotherapeutic drug. In murine melanoma tumors, 
5-FU effectively reduces tumor burden by activating 
the cancer intrinsic STING [107], supporting the idea of 
treating 5-FU as a STING agonist for antitumor immunity 
in melanoma. Thus, the non-nucleotide STING agonists 
represent a novel therapeutic strategy for melanoma.

STING Agonist Delivery System in Cancer Therapy

The STING agonists hold great potential in mela-
noma treatment. However, the clinical value of STING 
agonists was dramatically limited by their unfavorable 
pharmacological properties, including poor uptake and 
fast clearance. Therefore, engineered delivery systems 
were designed to deliver the STING agonist (Table 3). In  
B16F10 mouse melanoma tumor, exosomes containing 
cGAMP (the STING agonist) showed superior potency with 
tumor suppression when compared with cGAMP treatment 
alone [108], highlighting the potential use of exosomes  
in STING agonist delivery to enhance melanoma ther-
apy. Polyvalent STING agonist is a pH-sensitive polymer 
bearing a seven-membered ring with a tertiary amine 
(PC7A), which could activate innate immunity through the  
polymer-induced formation of STING-PC7A condensates 
[109]. Meanwhile, the combination of PC7A and cGAMP 
leads to potent STING activation and synergistic therapeutic 
effects in mice bearing tumors [109], offering a new oppor-
tunity for cancer treatment.

To overcome the challenge of systemic delivery of 
STING agonists to solid tumors and enhance the antitu-
mor immunity in melanoma, several nanoparticle-based 
delivery systems were developed [110]. For example, 
Cheng et al. showed that liposomal nanoparticle-delivered  
cGAMP (cGAMP-NP) activated STING more effectively 
than soluble cGAMP [111]. Moreover, cGAMP-NP 
potently reduced the tumor load of melanoma with limited 
responsivity to anti-PD-L1 [111]. Coincidentally, Li et al. 
reported that LP-cGAMP (cGAMP encapsulated into lipid 
nanoparticles) induced STING-related pro-inflammation 
more efficiently, when compared to free cGAMP [112]. 
Furthermore, the combination of LP-cGAMP and anti-
PD-L1 showed an obvious antitumor effect in B16F10 
and BRAF-mutated murine melanoma models, confirm-
ing that targeted delivery of cGAMP could enhance the 
immunotherapy in melanoma [112].

Based on CDNs and nanoparticles, several other 
delivery systems were designed, called STING-NPs 
(STING-activating nanoparticles), STING-LNP (lipid 
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nanoparticle containing STING agonist), CPs-CDN 
(CDN-loaded chimeric polymersomes), and CDN-
PEG-lipids (CDNs conjugated to PEGylated lipids), 
respectively [53, 72, 113, 114]. Meanwhile, all of the 
above delivery systems efficaciously promoted STING 
activation and penetration of tumors, markedly induced 
tumor repression, and significantly enhanced the anti-
melanoma therapy [53, 72, 113, 114]. Additionally, 
the combination of nanoparticle-based STING agonist 
and anti-PD-1 exerted a synergistic antitumor effect in 
metastatic B16 melanoma cells [72, 113], indicating 
that the nanoparticle-based CDN delivery may help to 
overcome the immunotherapy resistance in melanoma. 
Nanoparticles thus appear promising as a vehicle for 
robust delivery of STING agonists throughout solid 
tumors, which helps to overcome the delivery barriers 
of CDNs and also represents an effective strategy to 
potentiate cancer immunotherapy.

Manganese (Mn) is an essential micronutrient, 
which plays important roles in various biological and 
physiological processes [115]. Recent studies showed that 
Mn is indispensable for the host defense against cytosolic 
dsDNA by activating cGAS-STING [116], suggesting its 
regulatory role in innate and/or tumor immunity. Mean-
while, Mn-based nanoparticles are now showing versatile 
applications in tumor immunotherapy [117]. Co-delivery  
of cGAMP and Mn2+ by a Mn2+  coordinated cyclic 
dinucleotide nanovaccine (termed as Mn-cGAMP NVs) 

potently potentiates the antitumor response in B16F10 
melanoma mice [118]. Moreover, the combination of 
Mn-cGAMP NVs and anti-PD-L1 antibody synergisti-
cally boosted the antitumor immune response [118]. Con-
sistently, Gao et al. reported that MnP-PEG nanocluster 
(a PEGylated manganese phosphate nanocluster that 
actives STING signaling) in combination with a check-
point inhibitor leads to significant tumor regression in the 
murine melanoma model [119]. Moreover, a phase I clini-
cal trial with the combined Mn2+ and anti-PD-1 antibody 
showed promising efficacy in patients with advanced 
metastatic solid tumors [120], confirming the consider-
able potential for Mn-based cancer immunotherapy via 
cGAS-STING activation.

STING Antagonists

While STING agonists are expected to be of value 
mostly for viral infection or cancer therapy, STING 
antagonists have a chance to find their home in inflam-
matory/autoinflammatory diseases [121] (Table 4). In 
2018, Haag et al. reported the discovery of highly potent 
and selective STING antagonists, namely C-178, C-176, 
and H-151 [31]. Functionally, the identified compounds 
covalently target the transmembrane cysteine residue 91 
and thereby block the palmitoylation-induced STING 
activation [31]. Mechanistically, these compounds and 
their derivatives reduce STING-mediated chemokine/

Table 4   STING Antagonists Used in Inflammatory and Autoinflammatory Diseases

Compounds/Molecules Types of disease/model Study outcomes Refs

H-151 Psoriasis, THP1 cells, acute kidney injury, 
COVID-19 infection

H151 targets both human and murine STING, 
reduces STING-mediated chemokine production, 
and alleviates inflammation

[31, 39, 122, 123]

Astin C Trex1−/− BMDM cells and TREX1-deficient 
mouse model

Astin C blocks the recruitment of IRF3 onto the 
STING signalosome and inhibits the STING-
mediated inflammation

[124]

ISD017 Systemic lupus erythematosus ISD017 selectively blocks the trafficking of 
STING from the ER to Golgi and inhibits the 
downstream activities of STING

[125]

SN-011 TREX1-deficient monocytes and a mouse model 
of stroke

SN-011 specifically and potently inhibits mouse and 
human STING, resulting in decreased interferon 
and inflammatory cytokine production

[126]

Compound 18 NA Compound 18 exhibited good oral bioavailability, 
slow binding and dissociation kinetics, and 
functional inhibition of STING-mediated cytokine 
release

[127]
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cytokine production in both human and mouse cells [31], 
demonstrating their potential therapeutics for the treat-
ment of autoinflammatory disease. In addition, H151 
(targets both human and murine STING) is applied in 
ameliorating acute kidney injury associated with STING 
hyperactivation and inflammation [122]. Moreover, phar-
macological inhibition of STING using H-151 reduces 
the aberrant lung inflammation induced by SARS-CoV-2 
in mice [123], establishing a mechanistic basis for the 
STING antagonist-directed therapeutics for COVID-19. 
Most importantly, STING deficiency alleviates psoriatic 
inflammation, while the STING antagonist H-151 dis-
plays anti-inflammatory activity in IMQ-induced pso-
riatic mice [39], indicating the therapeutic potential of 
targeting STING in psoriasis.

With the development of science and technology, 
more and more compounds or molecular inhibitors tar-
geting STING were identified. For instance, astin C, a 
cyclopeptide isolated from the medicinal plant Aster 
tataricus, specifically blocks the recruitment of IRF3 onto 
the STING signalosome and inhibits the STING-mediated 
inflammation [124]. ISD017, a specific STING antago-
nistic peptide, selectively blocks the essential trafficking 
of STING from the ER to Golgi and inhibits the down-
stream activities of STING in lupus [125]. SN-011 is a 
specific and potent mouse and human STING inhibitor 
that locks STING in an open inactive conformation, which 
decreases IFN and inflammatory cytokine production 
[126]. Recently, Siu et al. successfully identified a STING 
inhibitor called compound 18, which exhibited good oral 
bioavailability, slow binding and dissociation kinetics, and 
functional inhibition of STING-mediated cytokine release 
[127]. All the above STING antagonists have shown their 
beneficial use and promising for STING-driven disorders. 
However, it remains unclear whether these STING antago-
nists could be applied in the treatment of other inflamma-
tory skin diseases besides psoriasis.

PROSPECT AND PERSPECTIVES

The dysregulations of cGAS-STING pathway are 
increasingly being recognized as important mechanisms 
in the pathogenesis of cutaneous disorders. Meanwhile, 
molecules that target cGAS-STING pathway represent a 
novel therapeutic strategy for autoinflammatory diseases 
and/or cancers. Although numerous studies have shown 
that these compounds (agonists or antagonists) hold great 
promise for the treatment of skin diseases/cancers, the 

detailed and precise mechanisms remain to be elucidated, 
and many problems remain to be solved for their better 
clinical applications:

1.	 Most of the current studies regarding cGAS-STING 
pathway and cutaneous disorders were conducted on 
cellular or mouse models, and some were conducted 
on preclinical or phase I clinical models, there is still a 
long way to go before these investigations can be truly 
applied to the clinic.

2.	 STING-related activators have shown great application 
prospects in the treatment of tumors and/or diseases 
caused by infection, but we cannot ignore the side effects 
they may have, such as systemic immune responses and 
inflammatory factor storms.

3.	 The epigenetic silencing and hypoactivation of STING 
signaling are common in SKCM, suggesting its cru-
cial roles in melanoma pathogenesis. Thus, most of the 
researchers focus on the implications of STING ago-
nists in SKCM. However, quite few attentions were paid 
to the dysregulations of cGAS-STING pathway in other 
skin cancers, like cutaneous squamous cell carcinoma 
[128, 129] and Merkel cell carcinoma [130, 131].

4.	 Molecules that target cGAS-STING pathway represent 
a novel therapeutic for inflammatory or autoimmune 
disorders. However, to date, almost no attempts or 
quite few attempts have been made in the treatment 
of autoinflammatory skin disease (besides psoriasis) 
using these compounds.
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