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Abstract: Cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) 

pathway is a key regulator in innate immunity and has emerged as a promising drug 

target in cancer treatment, but the utility of this pathway in therapeutic development is 

complicated by its dichotomous roles in tumor development and immunity. The 

activation of the STING pathway and the induced antitumor immunity could be 

attenuated by the feedback activation of IL-6/STAT3 pathway. Here we reported that 

STAT3 inhibition significantly enhanced the intensity and duration of STING signaling 

induced by the STING agonist c-diAM(PS)2. Such sensitization effect of STAT3 

inhibition on STING signaling depended on STING rather than cGAS, which was 

mediated by simultaneously upregulating the positive modulators and downregulating the 

negative modulators of the STING pathway. Furthermore, the combination treatment 

with the STAT3 inhibitor and STING agonist markedly regressed tumor growth in 

syngeneic mice by increasing CD8+ T cells and reducing regulatory T cells (Tregs) and 

myeloid-derived suppressor cells (MDSCs) in the tumor microenvironment. Our work 

provides a rationale for the combination of STAT3 inhibitors and STING agonists in 

cancer immunotherapy.  

 

Keywords:  STAT3 • cGAS-STING • Tumor microenvironment • Immunity • 
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1. Introduction 

Cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling plays 

an important role in innate immunity by sensing cytosolic double-stranded DNA (dsDNA) [1-4]. 

cGAS recognizes self or pathogenic cytosolic DNA and subsequently catalyses the synthesis of 

cyclic GMP-AMP (cGAMP) from ATP and GTP [5]. cGAMP can bind to and activate STING 

[6, 7], leading to recruitment and phosphorylation of TBK1. Activated TBK1, in turn, activates 

interferon regulatory factor 3 (IRF3) and NF-κB, resulting in the production of type I IFNs and 

inflammatory cytokines, such as IL-6 and TNF-α [8]. During downstream paracrine or autocrine 

signaling, type I IFNs bind to cell surface receptors and initiate the activation of the JAK-

STAT1/2 signaling pathway, regulating the transcription of hundreds of IFN-stimulated genes 

(ISGs) [9]. Similarly, IL-6 activates JAK-STAT3 signaling and initiates the transcriptional 

regulation of related genes [10]. 

The transient activation of the cGAS-STING signaling pathway is essential for host defense 

against pathogens, while sustained signaling is involved in autoimmune and inflammatory 

diseases and even inflammation-associated cancers. Thus, the cGAS-STING pathway needs to 

be tightly regulated [11-13]. Accumulating evidence has shown that cGAS-STING signaling 

participates in antitumor immunity, while defective cGAS-STING signaling is closely associated 

with the initiation and development of various tumors [14]. After tumor implantation or radiation 

therapy, tumor-derived DNA can access the cytosol of intratumoral dendritic cells (DCs), 

activating the cGAS-STING pathway to induce type I IFN production, promoting the maturation 

of DCs and triggering CD8+ T cell priming to eliminate tumor cells [14, 15]. Several studies 

have also demonstrated the protective effects of the STING pathway and type I IFNs in glioma 

and colon cancer models [13, 16, 17]. Consistent with these studies, the STING ligand c-di-GMP 
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serves as an adjuvant in cancer vaccination to eliminate metastases in a breast cancer model [18]. 

In addition, the direct intratumorial delivery of cGAMP and its analogues in tumor-bearing 

immune competent mice substantially inhibits tumor growth and improves the survival of mice 

[19]. On the other hand, a deficiency in the STING pathway results in increased resistance to the 

development of 7,12-dimethylbenz[a]anthracene (DMBA)-induced skin tumors [20]. Moreover, 

the activation of the STING pathway in the tumor microenvironment may also facilitate immune 

evasion via the upregulation production of indoleamine 2,3-dioxygenase (IDO) and IL-10 

production [21]. In addition to its roles in tumor development and immune evasion, cGAS-

STING signaling is involved in tumor metastasis. Activation of STING in astrocytes by cGAMP 

transferred from tumor cells through gap junctions promotes the growth of metastatic brain 

cancer cells [20, 22]. Therefore, the therapeutic potential of exploiting cGAS-STING signaling 

requires a better understanding of its dichotomous roles in the tumor microenvironment. 

cGAS-STING signaling promotes the production of IL-6 and the downstream activation of 

STAT3 [23], while less is known about the role of STAT3 in the STING pathway. Previous 

studies have shown that STAT3 negatively regulates STAT1-dependent inflammatory gene 

activation and type I IFN-mediated antiviral responses [24, 25]. In addition, STAT3 transduces 

signals from numerous oncogenic proteins and pathways to promote tumor cell proliferation and 

survival, and also to stimulate tumor angiogenesis and invasion [26, 27]. Recent studies have 

identified STAT3 as an important molecule that mediates tumor-induced immunosuppression, in 

which STAT3 regulates many genes that are crucial for immunosuppression, such as IL-10, 

TGFβ, IFN-β, IL-12 and CD80/86 [28-30]. Among these genes, IFN-β expression is increased by 

STAT3 inactivation through an unclear mechanism [28]. Given these findings, we are highly 
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intrigued by the question of whether STAT3 inhibition could contribute to STING signaling in 

anti-tumor immunity. 

In this study, we demonstrated that the inhibition of the STAT3 pathway by a small-molecule 

inhibitor or siRNA markedly enhances STING signaling induced by the STING agonist c-

diAM(PS)2, although the STAT3 inhibitor does not induce STING signaling by itself. This 

sensitization effect on STING signaling primarily depends on multiple modulators of STING 

protein regulated by STAT3 inhibition. Furthermore, the combined STAT3 inhibitor and STING 

agonist treatment significantly enhanced tumor growth inhibition and the anti-tumor immune 

response in a 4T1 syngeneic mouse model compared with the single treatment. Our results 

provide new insights into the development of a novel combination therapy targeting both the 

STAT3 and STING pathways in cancer treatment. 

 

2. Material and methods 

2.1. Reagents, cells and antibodies 

HJC0152 (CAS: 1420290-99-8) was purchased from Selleckchem (Houston, TX, USA) and 

dissolved in DMSO (Sigma-Aldrich, St Louis, MO, USA). c-diAM(PS)2 was purchased from 

InvivoGen (San Diego, CA, USA, Catalogue #tlrl-nacda2r) and dissolved in endotoxin-free 

water. Both solutions were subsequently portioned into small aliquots and stored at -20°C. For 

the in vivo studies, the molecules were further diluted in buffer containing 2% DMSO, 10% 

HS15 and 0.9% NaCl. All other reagents used for buffers were purchased from Sigma-Aldrich. 

THP1 cells were purchased from SIBS (Shanghai, China). STING-/- THP1 cell line was a kind 

gift from Dr. Zhengfan Jiang (School of Life Science, Peking University, Beijing, China). Both 

THP1-LuciaTM cells and THP1-DualTM KO-cGAS reporter cells were purchased from InvivoGen 
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(Catalogue #thpl-isg and #thpd-kocgas, respectively). All cells were cultured in RPMI1640 

supplemented with 10% FBS and 0.1% Normocin (InvivoGen, Catalogue #ant-ar-1) at 37°C 

with 5% CO2. 4T1 cells purchased from SIBS were stably transfected with genes encoding 

luciferase to generate 4T1-luc cells, which were cultured in DMEM containing 10% FBS. The 

antibodies used for immunblotting were as follows: anti-STAT3 (Cell Signaling, Danvers, MA, 

USA, Catalogue #9139), anti-phospho-STAT3 (Tyr705) (Cell Signaling, Catalogue #9145), anti-

STAT1 (Abcam, Cambridge, UK, Catalogue #ab92506), anti-phospho-STAT1 (Tyr701) 

(Abcam, Catalogue #ab29045),anti-TBK1 (Cell Signaling, Catalogue #3504), anti-phospho-

TBK1 (Ser172) (Cell Signaling, Catalogue #5483), anti-IRF3 (Cell Signaling, Catalogue 

#11904), anti-phospho-IRF3 (Ser386) (Abcam, Catalogue #ab76493), anti-STING (Cell 

Signaling, Catalogue #13647), anti-GAPDH (Cell Signaling, Catalogue #5174), and anti-cGAS 

(Cell Signaling, Catalogue #15102). The antibodies used for immunofluorescence were as 

follows: anti-TMEM173-Alexa Fluor® 488 (Abcam, Catalogue #ab198950), anti-ERGIC/p58-

Cy3 conjugate (Sigma, Catalogue #E6782). The antibodies used for IHC-F were as follows: anti-

mouse CD3e biotin (ebioscience, San Diego, CA, USA, Catalogue #13-0033-82), anti-mouse 

CD4 biotin (ebioscience, Catalogue #13-9766-82), anti-mouse CD8a biotin (ebioscience, 

Catalogue #13-0081-82), anti-mouse Foxp3 biotin (ebioscience, Catalogue #13-5773-82), anti-

mouse Ly6G biotin (ebioscience, Catalogue #13-5931-82), and Streptavidin Alexa FluorTM 594 

conjugate (Thermo Scientific, Waltham, MA, USA, Catalogue #S11227). 

 

2.2. Real-time PCR  

WT or cGAS-/- or STING-/- THP1 Cells were incubated with the drugs for specific time and w

ere subsequently harvested in RNAiso Plus (TaKaRa, Dalian, Liaoning, China) for RNA isolatio
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n according to the manufacturer’s instructions. Next, the isolated RNA was transcribed using a T

ransScript All-in-One First-Strand cDNA Synthesis Kit (TransGen Biotech, Beijing, China). To 

examine the mRNA levels, we utilized TB Green Fast qPCR Mix (Takara, Ostu, Shiga, Japan) a

nd a CFX96 real-time PCR Detection System (Bio-Rad, Hercules, CA, USA). The expression da

ta are expressed relative to the DMSO-treated cells and are normalized to the GAPDH Ct values. 

The sequences of the qPCR primers used in this study are as follows: 5’-GAACTTTGACATCC

CTGAGGAGATT-3’ and 5’-TGCGGCGTCCTCCTTCT-3’ for ifnβ, 5’-ATTTGCTGCCTTAT

CTTTCTG-3’ and 5’-CTTGATGGCCTTCGATTCTG-3’ for cxcl10, 5’-CTTCGGTCCAGTTG

CCTTCTC -3’ and 5’-GCCTCTTTGCTGCTTTCACAC-3’ for il6,5’-AGACTGAAGACTGAA

CCTGAAGA-3’ and 5’-GAACCCATTG-CGGCAAACATA-3’ for ifi16, 5’-ATCCAGAGGAA

TGTCACTCTCTT-3’ and 5’-TGCGGCGTCCTCCTTCT-3’ for insig1, 5’-CCTGCACGGACC

CAAAGAA-3’ and 5’-AGGGGTACAGTAGGCCAACAA-3’ for nlrc3, and 5’-AAGGCTGTG

GGCAAGGTCATC-3’ and 5’-AGGTGGAGGAGTGGGTGTCG-3’ for gapdh. 

 

2.3. Immunoblotting 

Indicated cells were incubated with the drugs for specific time and then harvested. Each 

sample was added with 150 µl SDS sample buffer (Sigma-Aldrich) and then boiled. After that, 

the samples were separated in 10% SDS-PAGE gels and subsequently transferred onto PVDF 

membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% BSA in 

TBST (Tris-buffered saline with 0.1% Tween20) and then incubated with the indicated primary 

antibodies at 4°C overnight. The membranes were washed with TBST buffer for three times and 

then incubated with an HRP-conjugated anti-rabbit or anti-mouse IgG antibody (Cell Signaling) 

at room temperature for 1 hr. After the incubation and subsequent washing, bands were 
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developed using an FDbio Femto ECL kit (FDBio Science, Shenzhen, China) and then were 

exposed using MiniChemi (SAGECREATION, Beijing, China). 

 

2.4. Enzyme-linked immunosorbent assay (ELISA) 

Indicated cells were incubated with the drugs for specific time. Then cell culture supernatants 

were analysed by ELISAs for human CXCL10 (R&D Systems, Catalogue # DY814-05) levels, 

human IFNβ (R&D Systems, Catalogue # DY266-05) levels and human IL-6 (BD Biosciences, 

San Diego, CA, USA, Catalogue # 555220) according to the manufacturer’s instructions. 

 

2.5. RNA interference transfection 

A total of 8×105 THP1 cells were seeded into each well of 6-well plates and were 

subsequently transfected with 350 nM of relevant STAT3-targeted siRNA from GenePharma 

(Shanghai, China) using Entranster-R4000 (Engreen Biosystem, Beijing, China). The siRNA 

target sequences were as follows: siRNA A: 5’-CCACTTTGGTGTTTCATAATT-3’, B: 5’-

GCAACAGATTGCCTGCATTTT-3’, and negative control: 5’-

TTCTCCGAACGTGTCACGTTT-3’. Lastly, 36 h after transfection, cells were treated as 

described. 

  

2.6. Immunofluorescence 

THP1 cells were differentiated by 320 nM PMA for 30 hr and then treated as described for 

indicated time. After that, the cells were fixed with cold absolute methanol and blocked with 1% 

BSA in PBST (PBS with 0.1% Tween20) for 1 hr. Finally, the cells were incubated with the 

indicated primary antibodies at 4°C overnight and further stained with Prolong Diamond 
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Antifade Mountant with DAPI (Invitrogen). Fluorescent images were acquired using a Nikon 

Confocal microscope (100× Objective). 

 

2.7. In vivo tumor study 

Animal studies were approved and overseen by the ethic committee of Laboratory Animal 

Center of Peking University Shenzhen Graduate School in accordance with the Policy on the 

Care, Welfare, and Treatment of Laboratory Animals. A total of 1×106 4T1-Luc cells were 

injected s.c. into 7- to 8-week-old Balb/C mice. When the tumor sizes reached approximately 

100 mm3, the mice were separated randomly into groups (n=6) and treated as described. Tumor 

sizes were measured every three days using callipers. Tumor volumes were calculated according 

to the following equation: (length × width2)/2. In vivo tumor imaging was performed using an 

IVIS Spectrum Visualization System after the substrates were injected intraperitoneally into the 

mice.  

 

2.8. IHC-F and fluorescence microscopy 

Tumor tissues were fixed successively in 4% paraformaldehyde, 20% sucrose and 30% 

sucrose in phosphate-buffered saline and then were embedded in O.C.T. Compound (Sakura 

Finetek, Torrance, CA, USA, Catalogue #4583). The tissues were frozen in liquid nitrogen and 

then stored at -80°C. Upon usage, the frozen tissues were sectioned into 8-µm slices using a 

cryostat microtome (Leica, CM1950) and placed on positive charged slides. The slices then were 

allowed to air dry on a lab bench for a few minutes and blocked using normal goat serum at 

room temperature for 1 hr. Next, primary antibodies diluted in blocking buffer were added to 

each slice and incubated overnight at 4°C. Subsequently, the slices were incubated with a 
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fluorochrome-conjugated secondary antibody diluted in blocking buffer for 1 hr at room 

temperature in the dark. Finally, the slices were stained with Prolong Diamond Antifade 

Mountant with DAPI (Invitrogen) and covered with coverslips. Fluorescent images were 

acquired using an Olympus IX73 microscope (20× Objective) and were further processed and 

analysed using ImageJ. 

 

2.9. RNA-Seq analysis 

THP1 cells were incubated with the drugs for specific time. Then total RNA extraction, library 

preparation and RNA-Seq were carried out by BGI (Shenzhen, China). RNA-Seq was performed 

in triplicates. Differentially expressed genes were analysed with a DEGseq algorithm by BGI. 

The list of genes induced after stimulation was obtained by filtering the DEG list, and a heatmap 

of DEGs was generated with R. 

 

2.10. Statistical analysis 

All values were expressed as mean ± SD. Two tailed Student's t-test was performed for 

statistical comparison. Asterisk indicates that the values are significantly different (*, P < 0.05; 

**, P < 0.01; ***, P < 0.001). 

 

3. Results  

3.1. STAT3 inhibition enhances agonist-induced STING signaling 

To evaluate the effect of STAT3 inhibition on STING signaling, we employed real-time 

quantitative PCR (qPCR) to examine mRNA levels of IFN-β and the downstream target gene 

CXCL10 in THP1 cells treated with the STAT3 inhibitor HJC0152 [31, 32] in the absence or 
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presence of the STING agonist c-diAM(PS)2 [19, 33]. After 8 hr of treatment, HJC0152 

significantly enhanced the expression level of IFN-β in a dose-dependent manner in the presence 

of c-diAM(PS)2, which was not observed in the absence of c-diAM(PS)2 (Fig. 1A). This result 

was further confirmed by that HJC0152 significantly enhanced the expression of IFN-β in the 

presence of increased amount of c-diAM(PS)2 (Supplementary Fig. S1A), demonstrating that 

HJC0152 amplifies STING signaling induced by c-diAM(PS)2 but does not induce the STING 

signaling by itself. Interestingly, in cells treated with HJC0152, no obvious amplification effect 

on the level of CXCL10 mRNA was observed in the presence of c-diAM(PS)2 (Fig. 1B), while 

the amplification effect was observed after 12 hr of treatment (Supplementary Fig. S1B).  This 

result may be due to interferon-stimulated genes expression being delayed compared with that of 

IFN-β [9], and the sensitization effect of HJC0152 on CXCL10 expression is displayed at a later 

time point. To test this hypothesis, we measured the expression of IFN-β and CXCL10 in THP1 

cells treated with HJC0152, c-diAM(PS)2, and HJC0152/c-diAM(PS)2 at different time points. c-

diAM(PS)2 induced rapid IFN-β expression in a time-dependent manner that peaked at 

approximately 1 hr and then decreased gradually over the 24 hr treatment (Fig. 1C). As expected, 

the expression of CXCL10 in cells treated with c-diAM(PS)2 peaked at approximately 8 hr and 

then decreased thereafter. Notably, the combined HJC0152 and c-diAM(PS)2 treatment induced 

sustained IFN-β expression during the 24 hr treatment, and the expression of CXCL10 

correspondingly peaked at approximately 12 hr and was significantly higher than that induced by 

c-diAM(PS)2 alone at this time point (Fig. 1D). To further confirm the induction of IFN-β and 

CXCL10 by the combined HJC0152 and c-diAM(PS)2 treatment, we used enzyme-linked 

immunosorbent assays (ELISA) to measure the amounts of IFN-β and CXCL10 protein 
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produced by THP1 cells. Consistent with the gene expression data, HJC0152 significantly 

enhanced the production of IFN-β and CXCL10 induced by c-diAM(PS)2 (Fig. 1E, F). 

Higher concentration of c-diAM(PS)2 induced stronger STING signalling as reflected by 

increased mRNA level of IFN-β and its downstream genes such as CXCL10 (Supplementary 

Fig. S1A, B). On the other hand, 4 µg/ml or higher concentration of c-diAM(PS)2 would cause 

significant cell death (Supplementary Fig. S1D). To avoid the potential side effect caused by the 

cell death, we therefore chose 2 µg/ml rather than 4 µg/ml c-diAM(PS)2 in the following 

experiments. 

Enhance STING signalling by higher concentration of c-diAM(PS)2 also induced increased 

mRNA level of IL6 (Supplementary Fig. S1C, 2C), and the feedback activation of STAT3 

(Supplementary Fig. S1E). STAT3 inhibitor HJC0152 markedly suppressed the feedback 

activation of STAT3 induced by c-diAM(PS)2 (Supplementary Fig. S1E), and correspondingly 

decreased the accumulated secretion of IL6 (Supplementary Fig. S2D). On the other hand, 

combined HJC0152 with c-diAM(PS)2 increased the activation of STAT1 due to the enhanced 

production of IFN-β (Supplementary Fig. S2A, B).  

To verify the sensitization effect of STAT3 inhibition on STING signaling, we performed an 

immunoblot analysis of THP1 cells to characterize the STING-TBK1-IRF3 pathway upon 

treatment with HJC0152 and c-diAM(PS)2. The results of this analysis demonstrated that 

HJC0152 markedly enhanced phosphorylation of TBK1 and IRF3 induced by c-diAM(PS)2 in a 

time-dependent manner. Phosphorylation of TBK1 peaked at approximately 1 hr, and 

phosphorylation of IRF3 peaked at 4 hr, and sustained to approximately 12 hr, which is in 

agreement with TBK1 being the upstream kinase for IRF3 [8]. In contrast, the HJC0152 

treatment did not enhance phosphorylation of TBK1 and IRF3 in the absence of c-diAM(PS)2, 
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further demonstrating that the activation of the STING pathway is essential for the sensitization 

effect of STAT3 inhibition on STING signaling (Fig. 2A).  

To exclude potential off-target effects of HJC0152, we evaluated the sensitization effect of 

direct knockdown of STAT3 on STING signaling induced by c-diAM(PS)2. Similar to the 

HJC0152 treatment, knockdown of STAT3 via siRNA also greatly enhanced the expression of 

IFN-β and CXCL10 in THP-1 cells induced by c-diAM(PS)2 (Fig. 2B, C). Evaluation of IRF3 

phosphorylation further confirmed the enhancement of c-diAM(PS)2-induced STING signaling 

by STAT3 knockdown (Fig. 2D). 

 

3.2. The sensitization effect of STAT3 inhibition on STING signaling depends on STING but not 

cGAS 

To determine the dependency of cGAS and STING for the sensitization effect of STAT3 

inhibition on STING signaling, we measured the expression of IFN-β and CXCL10 in cGAS-/- 

and STING-/- THP1 cells treated with HJC0152 and c-diAM(PS)2. As described above, HJC0152 

significantly enhanced the expression of IFN-β and CXCL10 in the wildtype THP1 cells induced 

by c-diAM(PS)2. Notably, the sensitization effect of HJC0152 was more prominent in cGAS-/- 

THP1 cells compared with the wildtype THP1 cells. In contrast to the wildtype and cGAS-/- 

THP1 cells, STING-/- THP1 cells completely abrogated the ability to respond to c-diAM(PS)2 

and also to HJC0152/c-diAM(PS)2, suggesting that the sensitization effect of HJC0152 is 

associated with STING protein and the activation of STING signaling (Fig. 3A, B).  

c-diAM(PS)2 binds to STING protein and activates STING signaling, TBK1 is then activated 

by phosphorylation, leading to the recruitment and activation of IRF3. It is therefore not 

unexpected that c-diAM(PS)2 treatment results in defection in the induction of phosphorylation 
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of TBK1 and IRF3 in STING-/- THP1 cells. The similar defection of the combined HJC0152 and 

c-diAM(PS)2 treatment further confirmed that the sensitization effect of HJC0152 definitely 

depends on STING protein (Fig. 3C, D). On the other hand, the enhanced sensitization effect of 

HJC0152 on STING signaling in cGAS-/- THP1 cells was also demonstrated by the 

immunoblotting analysis, reflected by the increased phosphorylation of TBK1 and IRF3 in 

cGAS-/- THP1 cells treated by HJC0152/c-diAM(PS)2 (Fig. 3C). The increased production of 

IFN-β and CXCL10 in cGAS-/- THP1 cells was confirmed by ELISA (Fig. 3D).  

To further validate these observations, we used qPCR to examine mRNA levels of IFN-β and 

CXCL10 in cGAS-/- THP1 cells upon the combined HJC0152 and c-diAM(PS)2 treatment over a 

24-hr time course. Compared with the wildtype THP1 cells, the combined HJC0152 and c-

diAM(PS)2 treatment induced more rapid, robust and sustained expression of IFN-β and 

CXCL10 in cGAS-/- THP1 cells (Supplementary Fig. S3A, B). Correspondingly, the enhanced 

phosphorylation of TBK1 and IRF3 were detected at 1 hr and 4 hr, respectively, and both 

sustained to 24 hr (Supplementary Fig. S3C). Furthermore, the enhanced sensitization effect of 

STAT3 inhibition on STING signaling was also observed in PMA-differentiated THP-1 

macrophages, which has significantly higher IFN-β and CXCL10 expression as compared to 

undifferentiated THP-1 cells (Supplementary Fig. S4). The translocation of STING from ER to 

ERGIC (ER-Golgi intermediate compartment) is critical for STING activation [1, 34]. We 

observed more profound perinuclear punctate structures in PMA-differentiated THP-1 

macrophages treated with combined HJC0152 and c-diAM(PS)2 compared with that treated with 

either HJC0152 or c-diAM(PS)2, in which STING colocalized with the ERGIC markers (Fig. 

4A, B).  
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3.3 STAT3 inhibition enhances agonist-induced STING signaling via transcriptional regulations 

STING signaling can be regulated by multiple mechanisms such as protein degradation [35, 

36], trafficking [35, 37-41], and associations [42-44]. To understand the mechanism underlying 

the sensitization effect of STAT3 inhibition on STING signaling induced by c-diAM(PS)2, we 

evaluated RNA-Seq gene expression profiles in THP1 cells treated with HJC0152, c-diAM(PS)2, 

and HJC0152/c-diAM(PS)2 for 12 hr. Consistent with the results described above, the expression 

of IFN-β and numerous interferon-stimulated genes, including CXCL10, OAS family genes, and 

IFI family genes, was markedly upregulated by the combined HJC0152 and c-diAM(PS)2 

treatment compared with that observed in cells treated with HJC0152 or c-diAM(PS)2 alone (Fig. 

5A, B). Gene Ontology analysis further revealed that the top enriched genes are involved in type 

I interferon signaling pathway (Supplementary Fig. S5).  

Both the HJC0152 and HJC0152/c-diAM(PS)2 treatments downregulated the expression of 

cell proliferation genes such as MYC, CCND1, and BCL2, which is attributable to the STAT3 

inhibition caused by HJC0152. Furthermore, some other genes suppressed by STAT3, such as 

STAT1, IRF7, and IRF9 [45, 46], were upregulated by the HJC0152 and HJC0152/c-diAM(PS)2 

treatments (Fig. 5A), which may provide positive feedback to the type I IFN signaling pathway.  

Interferon-gamma inducible factor 16 (IFI16) has been proposed to activate STING signaling 

by sensing cytosolic DNA directly or in cooperation with cGAS [43]. Furthermore, IFI16 also 

facilitates the recruitment and activation of TBK1 in the STING complex [47]. To validate the 

enhanced expression of IFI16 in RNA-Seq analysis (Fig. 5A, B), we further determined the 

expression of IFI16 by qPCR (Supplementary Fig. S6). The single treatment of either HJC0152 

or c-diAM(PS)2 had a modest effect on the expression of IFI16, while the combined HJC0152 

and c-diAM(PS)2 treatment dramatically enhanced the expression of IFI16, which might partially 
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account for the sensitization effect of STAT3 inhibition on STING signaling induced by c-

diAM(PS)2. Furthermore, both RNAseq and qPCR analysis also demonstrated that HJC0152 or 

HJC0152/c-diAM(PS)2 treatment significantly upregulated the expression of insulin-induced 

gene 1 (INSIG1) (Fig. 5A, B, Supplementary Fig. S6), an ER protein that facilitates the 

ubiquitination of STING and its association with TBK1 [35]. On the other hand, STAT3 

inhibition by HJC0152 downregulated the expression of NLRC3 (Fig. 5A, B, Supplementary 

Fig. S6), a caspase activating and recruitment domain (CARD)-containing NLR that has been 

shown to directly bind to STING and impair its proper trafficking to perinuclear and punctuated 

region [48]. These results demonstrated that STAT3 inhibition enhances the STING signaling 

induced by c-diAM(PS)2 through simultaneously upregulating the positive modulators and 

downregulating the negative modulator of STING signaling pathway. 

 

3.4 STAT3 inhibition enhances STING-mediated anti-tumor immunity in vivo 

STAT3 is a key molecular hub of tumorigenesis and tumor-mediated immune suppression [49, 

50], while STING is essential for innate immune responses and CD8+ T cell priming in the tumor 

microenvironment. Given the sensitization effect of STAT3 inhibition on STING signaling 

induced by the STING agonist, we examined the antitumor effect of the combination of 

HJC0152 and c-diAM(PS)2. 4T1-Luc murine breast cancer cells were subcutaneously 

transplanted into immunocompetent BALB/c mice. When tumor volumes reached approximately 

100 mm3, animals received three intratumoral (i.t.) doses of HJC0152 (30 µg), c-diAM(PS)2 (10 

µg), or HJC0152/c-diAM(PS)2 (30 µg/10 µg) over a one-week period. While the single treatment 

of either HJC0152 or c-diAM(PS)2 had no effect or a modest inhibitory effect on tumor growth (-

15.6% and 36.3% reduction for HJC0152 and c-diAM(PS)2, respectively), the combined 
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HJC0152 and c-diAM(PS)2 treatment significantly inhibited tumor growth (74.4% reduction; 

combination vs. vehicle: p < 0.001; combination vs. HJC0152: p < 0.001; and combination vs. c-

diAM(PS)2: p < 0.01) (Fig. 6A and Supplementary Fig. 6). More strikingly, the combined 

HJC0152 and c-diAM(PS)2 treatment induced tumor regression over two weeks in 4 out of 6 

(66.7%) mice, and over four weeks (the entire experimental period) in 1 out of 6 (16.7%) mice 

(Fig. 6C), highlighting that the combined HJC0152 and c-diAM(PS)2 treatment has a lasting 

antitumor effect. This result was further confirmed by the appearance and weight of excised 

tumors (Fig. 6D, E). In addition, no significant body weight loss was observed during the 

experimental period for all treatments, including the control group (Fig. 6B), suggesting that the 

effective i.t. dose of the combined HJC0152 and c-diAM(PS)2 treatment did not induce a severe 

toxic effect. 

  To evaluate the effects of HJC0152, c-diAM(PS)2, and their combination on the immune 

response in the tumor microenvironment, we characterized the tumor-infiltrating immune cells in 

tumor tissues by immunohistochemistry (IHC). Using CD3e as a pan T-cell marker, we observed 

a modest increase in the number of CD3e+ T cells in response to the single drug treatment 

compared to the vehicle treatment, while the combined drug treatment did not induce a 

significant increase in the number of CD3e+ T cells compared to either single drug treatment 

(Supplementary Fig. 7 and Fig. 7C). Notably, the combined treatment caused a marked 

decreased in the number of CD4+ T cells, especially Foxp3+ T cells (Tregs) (Fig. 7C and 

Supplementary Fig. 8, 9), while it dramatically increased the number of CD8+ T cells (CTLs) in 

tumor tissues compared to the other treatments (Fig. 7A, C). Furthermore, the combined 

treatment significantly decreased the accumulation of Ly6G+ myeloid-derived suppressor cells 

(MDSCs) (Fig. 7B, C). These results demonstrated that the combined treatment profoundly 
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reduced the level of immune suppressive Tregs and MDSCs, and greatly induced the 

accumulation of cytotoxic CD8+ T cells in the tumor microenvironment. We noted that the 

STING agonist c-diAM(PS)2 induced substantial antitumor immune response by itself, and the 

STAT3 inhibitor HJC0152 further significantly enhanced this effect (Fig. 7C).  

 

4. Discussion  

     In this study, we demonstrated that STAT3 inhibition by a small-molecule inhibitor HJC0152 

or siRNA dramatically enhanced STING signaling induced by the STING agonist c-diAM(PS)2. 

The observed enhancement was reflected in both the intensity and duration of STING signaling. 

The treatment of cells with 2 µg/ml c-diAM(PS)2 alone induced weak IFN-β expression that 

peaked at approximately 1 hr before decreasing, while HJC0152 significantly amplified STING 

signaling induced by c-diAM(PS)2 and sustained the signal for a longer period of time. This 

sensitization effect was dependent on STING but not cGAS, although the sensitization effect was 

more profound in cGAS-/- THP1 cells. Previously, STAT3 has been shown to attenuate type I 

IFN signaling in myeloid cells by sequestering STAT1 and suppressing the formation of DNA-

binding STAT1 homodimers [25]. Moreover, STAT3 negatively regulates type I IFN signaling 

pathway by inhibiting the expression of STAT1, IRF7, and IRF9 [46]. However, there is 

currently little evidence describing how STAT3 inhibition increases IFN-β production through 

the STING pathway.  

The STING pathway is regulated by multiple layers of mechanisms [51, 52]. Our data here 

indicated that the observed sensitization effect depends on STING rather than cGAS, suggesting 

that STAT3 inhibition regulates the downstream events of STING activation initiated by the 

CDN ligand (Fig. 3). Upon binding with  agonists such as cGAMP, STING translocates from the 
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ER to an ER-Golgi intermediate compartment and to the Golgi apparatus, where STING recruits 

and activates TBK1, which subsequently phosphorylates IRF3 and activates the downstream type 

I IFN pathway [1]. During this process, IFI16 serves as a bridge that mediates the interaction 

between STING and TBK1 [47], INSIG1 also facilitates the association of STING with TBK1 

through ubiquitination of STING [53], whereas NLRC3 impairs the proper trafficking of STING 

and the interaction between STING and TBK1 [48]. In the current study, we demonstrated that 

HJC0152 increases the expression of INSIG1 and decreases the expression of NLRC3. 

Moreover, HJC0152 synergizes with c-diAM(PS)2 to upregulate the expression of IFI16. These 

results are consistent with the results of an immunoblot assay in which HJC0152 treatment was 

observed to enhance the phosphorylation of TBK1 and IRF3 induced by c-diAM(PS)2. 

Furthermore, although IFI16 cooperates with cGAS in STING signaling, cGAS knockout would 

release more IFI16 to facilitate agonist-mediated recruitment of TBK1 to STING [43, 47], which 

may account for the enhanced sensitization effect of HJC0152 observed in cGAS-/- THP1 cells 

(Fig. 3, Supplementary Fig. S3A, B). In consistent with this hypothesis, the previous study has 

shown that PMA-stimulated differentiation dramatically decreased the level of cGAS while 

significantly enhanced the level of IFI16 in THP-1 cells, and the expression of IFI16 correlates 

with the ability of cells to induce IFN-β expression in response to L. monocytogenes 

infection[54]. Furthermore, we also observed enhanced sensitization effect of STAT3 inhibition 

on STING signaling in PMA-differentiated THP-1 macrophages (Supplementary Fig. S4). 

Accumulating evidence indicates that cGAS-STING pathway is an important player in 

cancer immunity and is a potential therapeutic target for cancer treatment [23]. Tumor-derived 

DNA triggers the production of type I IFNs through the cGAS-STING pathway, which is 

essential for the maturation of DCs and priming of CD8+ T cells that provide important 
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immunosurveillance against tumor cells. Intratumorial administration of STING agonists, 

including cGAMP and its modified analogues, effectively blocks tumor growth in mouse models 

of various malignancies [19, 33, 55]. c-diAM(PS)2 (also known as ADU-S100 or MIW815) 

alone or in combination with immune checkpoint inhibitors are currently being evaluated in 

phase I clinical trials to treat advanced/metastatic solid tumors or lymphomas (NCT03172936, 

NCT03010176 and NCT02675439). On the other hand, the cGAS-STING pathway is associated 

with inflammation-driven carcinogenesis and immunosuppression, highlighting a necessity of 

fine tuning the cGAS-STING pathway in cancer immunotherapeutics [56]. Immunosuppression 

of the STING pathway may be attributable to increased regulatory T cell infiltration [57], MDSC 

infiltration [12], and induced immunoregulatory indoleamine 2,3-dioxygenase (IDO) enzyme 

[21]. Although detailed mechanisms for these observations warrant further characterization, 

feedback activation of STAT3 by the STING pathway may be the potential target involved in the 

observed tumor promoting effect and immunosuppressive activity of STING signaling, since 

STAT3 is a key molecular hub of tumorigenesis and tumor-mediated immune suppression [49, 

50]. In this study, we observed that the STAT3 inhibitor HJC0152 synergizes with the STING 

agonist c-diAM(PS)2 to decrease the infiltration of Tregs and MDSCs, and to increase the 

accumulation of cytotoxic CD8+ T cells in the tumor microenvironment. In consistent with these 

observations, the combined HJC0152 and c-diAM(PS)2 treatment markedly upregulates the 

expression of cytokines such as CXCL10 and CXCL9 that are crucial for chemotaxis of CD8+ T 

cells, as well as the expression of CD80 and CD86, costimulatory ligands of T cells (Fig. 5A, B). 

Moreover, the combined HJC0152 and c-diAM(PS)2 treatment also downregulates the 

expression of immune-suppressive genes such as TGFβ, S100A8 and S100A9 (Fig. 5A, B). 

Furthermore, the combination of HJC0152 and c-diAM(PS)2 resulted in significant and lasting 
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inhibition of tumor growth in the 4T1 syngeneic mouse model, suggesting that the use of the 

STING agonist in conjunction with the STAT3 inhibitor is a promising strategy for cancer 

treatment. Given the more profound sensitization effect of STAT3 inhibition in cGAS-/- THP1 

cells, we anticipate that the use of a combined STAT3 inhibitor and STING agonist treatment 

will be more effective in cGAS-defective cancer cell lines [58]. 

In summary, we here showed that STAT3 inhibition enhances STING signaling induced by a 

STING agonist, and that the STAT3 inhibitor HJC0152 synergizes with the STING agonist c-

diAM(PS)2 to induce anti-tumor immune responses in the tumor microenvironment. Our work 

provides a rationale for the combined use of STAT3 inhibitors and STING agonists in cancer 

immunotherapy. 
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Fig. 1. STAT3 inhibition enhances CDN-induced type I IFN signalling. (A, B) THP1 cells 

were treated with increasing amounts of HJC0152 (0, 5, 10 or 15 µM) in the presence or absence 

of 2 µg/ml c-diAM(PS)2 for 8 hr. The mRNA expression levels of IFNβ (A) and CXCL10 (B) 

were assessed by real-time PCR and normalized to GAPDH expression. (C, D) THP1 cells were 

stimulated with 15 µM HJC0152 and 2 µg/ml c-diAM(PS)2 as indicated. The samples were 

collected at the indicated times, and the mRNA expression levels of IFNβ (C) and CXCL10 (D) 

were compared. (E, F) THP1 cells were treated with increasing doses of c-diAM(PS)2 (0, 0.5, 1 

or 2 µg/ml) in the presence or absence of 15 µM HJC0152. At 48 hr after stimulation, IFNβ (E) 

and CXCL10 (F) protein levels in the supernatants were measured by ELISA. Error bars 

represent s.d. of independent experiments (n=3). ns, not significant, * p < 0.05, ** p < 0.01, *** 

p < 0.001 (Student’s t-test). 

 

Fig. 2. Loss of STAT3 enhances the activation of the cGAS-STING pathway by CDN. (A) 

THP1 cells were treated with 15 µM HJC0152 and 2 µg/ml c-diAM(PS)2 as shown for the 

indicated times. Whole cell lysates were prepared, and the levels of total STAT3, phospho-

STAT3 (pSTAT3-Tyr705), total TBK1, phospho-TBK1 (pTBK1-Ser172), total IRF3, phospho-

IRF3 (pIRF3-Ser386), and GAPDH were assessed by western blotting. (B-D) THP1 cells were 

transfected with negative control siRNA (N.C.) or siRNA targeting STAT3 (siRNA A and B) for 

36 hr and then were treated with 2 µg/ml c-diAM(PS)2 for the indicated times. The mRNA 

expression levels of IFNβ and CXCL10 were assessed by real-time PCR and normalized to 

GAPDH expression (B, C). Error bars represent s.d. of independent experiments (n=3). * p < 

0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test).  Whole cell lysates were prepared, and the 
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levels of total STAT3, total IRF3, phospho-IRF3 (pIRF3-Ser386), GAPDH were assessed by 

immunoblotting (D). 

 

Fig. 3. STAT3 inhibition enhances the cGAS-STING signalling in a STING-dependent 

manner. (A, B) THP1 cells, STING-/- THP1 cells and cGAS-/- THP1 cells were treated with 15 

µM HJC0152 and 2 µg/ml c-diAM(PS)2 as indicated for 12 hr. The mRNA expression levels of 

IFNβand CXCL10 were assessed and normalized to GAPDH expression (A, B). (C) Whole cell 

lysates were prepared, and the levels of total STAT3, phospho-STAT3 (pSTAT3-Tyr705), total 

TBK1, phospho-TBK1 (pTBK1-Ser172), total IRF3, phospho-IRF3 (pIRF3-Ser386), STING and 

GAPDH were assessed by immunoblotting. (D) STING-/- THP1 cells and cGAS-/- THP1 cells 

were stimulated with increasing amounts of c-diAM(PS)2 in the presence or absence of 15 µM 

HJC0152 for 48 hr. IFNβ and CXCL10 protein levels in the supernatants were measured by 

ELISA. Error bars represent s.d. of independent experiments (n=3). * p < 0.05, ** p < 0.01, *** 

p < 0.001 (Student’s t-test). 

 

Fig. 4. STAT3 inhibition promotes STING translocation. THP1 cells were differentiated by 

320 nM PMA for 30 h and then treated with 15 µM HJC0152 and 2 µg/ml c-diAM(PS)2 

individually or in combination for 30 minutes or 3 h. After that, the cells were fixed and co-

stained with STING and an ERGIC marker (ERGIC/p58). (A) Fluorescent micrographs show 

STING/ERGIC localization in PMA-THP1 cells after treatment. Scale bar, 5 µm. (B) 

Quantitation of colocalization was calculated as Pearson’s correlation coefficient (r) (n=10). * p 

< 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test). 

 

Fig. 5. STAT3 transcriptionally regulates STING signalling. (A) THP1 cells were stimulated 
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with 15 µM HJC0152 (H) or 2 µg/ml c-diAM(PS)2 (C) or their combination (HC) for 12 hr. The 

total RNA was extracted and differentially expressed genes were analysed using the algorithm 

DEGseq. (B) Total gene expression (number of reads normalized to total reads) are presented for 

the 7 red-marked genes: IFNB1, CXCL10, CD80, S100A8, IFI16, INSIG1 and NLRC3.  Error 

bars represent s.d. of samples (n=3). * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test). 

 

Fig. 6. STAT3 inhibition enhances STING agonist-mediated anti-tumor response. (A) Mice 

with 4T1 tumors were injected i.t. with vehicle (n=6), HJC0152 (30 µg, n=6), c-diAM(PS)2 (10 

µg, n=6) or their combination (n=6) three times (indicated by arrows). The tumor volumes were 

measured at the indicated time points. (B) Mice were weighted at the indicated time points. In 

addition, the percent change in body weight from the baseline for each treatment was calculated. 

(C) The individual tumor volumes for each treatment at the indicated time points are presented. 

(D, E) Gross appearance (D) and weight (E) of the tumors extracted from tumor-bearing mice at 

day 27 after treatment initiation. Error bars represent s.d.. * p < 0.05, ** p < 0.01, *** p < 0.001 

(Student’s t-test). Scale bar, 1 cm. 

 

Fig. 7. STAT3 inhibition enhances STING agonist-mediated anti-tumor immunity. (A, B) 

Tissue sections from 4T1 tumors receiving the indicated treatments were stained with an 

antibody for CD8a to detect cytotoxic T cells (A) or with Ly6G to detect MDSCs (B). The 

presented images are from representative sections of tumors. (C) The percentages of CD3e+, 

CD4+, Foxp3+, CD8+ and Ly6G+ cells in the tumor sections were calculated individually from 6 

images of different tumors from each treatment group. Error bars represent s.d. ns, not 

significant, * p < 0.05, ** p < 0.01, *** p < 0.001 (Student’s t-test). Scale bar, 50 µm.  
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Highlights: 

 

1. STAT3 inhibition enhances CDN-induced STING signaling. 

2. The sensitization effect of STAT3 inhibition depends on STING rather than cGAS. 

3. HJC0152 and c-diAM(PS)2 synergize to inhibit tumor growth in vivo. 

4. HJC0152 and c-diAM(PS)2 synergize to induce antitumor immunity in the TME. 
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