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Abstract: Cyclic GMP-AMP synthase (cGAS)-stimulator of intndn genes (STING)
pathway is a key regulator in innate immunity aras lemerged as a promising drug
target in cancer treatment, but the utility of thethway in therapeutic development is
complicated by its dichotomous roles in tumor depeient and immunity. The
activation of the STING pathway and the induceditamor immunity could be
attenuated by the feedback activation of IL-6/STAF&@hway. Here we reported that
STAT3 inhibition significantly enhanced the intagsand duration of STING signaling
induced by the STING agonist c-diAM(RS)Such sensitization effect of STAT3
inhibition on STING signaling depended on STINGheat than cGAS, which was
mediated by simultaneously upregulating the pasithodulators and downregulating the
negative modulators of the STING pathway. Furtheenohe combination treatment
with the STAT3 inhibitor and STING agonist markediggressed tumor growth in
syngeneic mice by increasing CDB cells and reducing regulatory T cells (Tregs) an
myeloid-derived suppressor cells (MDSCs) in the dummicroenvironment. Our work
provides a rationale for the combination of STATBibitors and STING agonists in

cancer immunotherapy.
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1. Introduction

Cyclic GMP-AMP synthase (cGAS)-stimulator of inendn genes (STING) signaling plays
an important role in innate immunity by sensingosglic double-stranded DNA (dsDNA) [1-4].
cGAS recognizes self or pathogenic cytosolic DNA anbsequently catalyses the synthesis of
cyclic GMP-AMP (cGAMP) from ATP and GTP [5]. cGAM&an bind to and activate STING
[6, 7], leading to recruitment and phosphorylatafifBK1. Activated TBK1, in turn, activates
interferon regulatory factor 3 (IRF3) and NB; resulting in the production of type | IFNs and
inflammatory cytokines, such as IL-6 and TMF8]. During downstream paracrine or autocrine
signaling, type | IFNs bind to cell surface receptand initiate the activation of the JAK-
STAT1/2 signaling pathway, regulating the trandasip of hundreds of IFN-stimulated genes
(ISGs) [9]. Similarly, IL-6 activates JAK-STAT3 sigling and initiates the transcriptional
regulation of related genes [10].

The transient activation of the cGAS-STING signglpathway is essential for host defense
against pathogens, while sustained signaling iolwed in autoimmune and inflammatory
diseases and even inflammation-associated canteus, the cGAS-STING pathway needs to
be tightly regulated [11-13]. Accumulating evidentas shown that cGAS-STING signaling
participates in antitumor immunity, while defecti@@®AS-STING signaling is closely associated
with the initiation and development of various tusfil4]. After tumor implantation or radiation
therapy, tumor-derived DNA can access the cytogolntratumoral dendritic cells (DCs),
activating the cGAS-STING pathway to induce tygEN production, promoting the maturation
of DCs and triggering COS8T cell priming to eliminate tumor cells [14, 18everal studies
have also demonstrated the protective effects@fSIRING pathway and type | IFNs in glioma

and colon cancer models [13, 16, 17]. Consistetit thiese studies, the STING ligand c-di-GMP



serves as an adjuvant in cancer vaccination taredt® metastases in a breast cancer model [18].
In addition, the direct intratumorial delivery oGAMP and its analogues in tumor-bearing
immune competent mice substantially inhibits tumgmowth and improves the survival of mice
[19]. On the other hand, a deficiency in the STIpBhway results in increased resistance to the
development of 7,12-dimethylbenz[a]anthracene (DNHB®luced skin tumors [20]. Moreover,
the activation of the STING pathway in the tumocroenvironment may also facilitate immune
evasion via the upregulation production of indoleemn?2,3-dioxygenase (IDO) and IL-10
production [21]. In addition to its roles in tumdevelopment and immune evasion, cGAS-
STING signaling is involved in tumor metastasistivation of STING in astrocytes by cGAMP
transferred from tumor cells through gap junctigamemotes the growth of metastatic brain
cancer cells [20, 22]. Therefore, the therapeubieptial of exploiting cGAS-STING signaling
requires a better understanding of its dichotonroless in the tumor microenvironment.
cGAS-STING signaling promotes the production of6lland the downstream activation of
STAT3 [23], while less is known about the role ofA 3 in the STING pathway. Previous
studies have shown that STAT3 negatively regul&8&AT1-dependent inflammatory gene
activation and type | IFN-mediated antiviral respes [24, 25]. In addition, STAT3 transduces
signals from numerous oncogenic proteins and patbwapromote tumor cell proliferation and
survival, and also to stimulate tumor angiogenasid invasion [26, 27]. Recent studies have
identified STAT3 as an important molecule that raées tumor-induced immunosuppression, in
which STAT3 regulates many genes that are cruaalifimunosuppression, such as IL-10,
TGH3, IFN-B, IL-12 and CD80/86 [28-30]. Among these genes,-[F&kpression is increased by

STAT3 inactivation through an unclear mechanism].[Z8ven these findings, we are highly



intrigued by the question of whether STAT3 inhititicould contribute to STING signaling in
anti-tumor immunity.

In this study, we demonstrated that the inhibittéthe STAT3 pathway by a small-molecule
inhibitor or siRNA markedly enhances STING signglimduced by the STING agonist c-
diAM(PS),, although the STAT3 inhibitor does not induce SGllsignaling by itself. This
sensitization effect on STING signaling primarilgpnds on multiple modulators of STING
protein regulated by STAT3 inhibition. Furthermatfee combined STATS3 inhibitor and STING
agonist treatment significantly enhanced tumor ghoimhibition and the anti-tumor immune
response in a 4T1 syngeneic mouse model compartdtiae single treatment. Our results
provide new insights into the development of a h@ambination 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 frome8ahem (Houston, TX, USA) and
dissolved in DMSO (Sigma-Aldrich, St Louis, MO, UpA-diAM(PS) was purchased from
InvivoGen (San Diego, CA, USA, Catalogue #tlrl-na2g and dissolved in endotoxin-free
water. Both solutions were subsequently portiomgd small aliquots and stored at -20°C. For
the in vivo studies, the molecules were furtheutéidl in buffer containing 2% DMSO, 10%
HS15 and 0.9% NacCl. All other reagents used fofdosifwere purchased from Sigma-Aldrich.
THP1 cells were purchased from SIBS (Shanghai, hi8TING" THP1 cell line was a kind
gift from Dr. Zhengfan Jiang (School of Life Sciend®eking University, Beijing, China). Both

THP1-Lucid™ cells and THP1-Dul' KO-cGAS reporter cells were purchased from InvieaG



(Catalogue #thpl-isg and #thpd-kocgas, respeciivel cells were cultured in RPMI1640
supplemented with 10% FBS and 0.1% Normocin (In&gn, Catalogue #ant-ar-1) at 37°C
with 5% CQ. 4T1 cells purchased from SIBS were stably trasisfe with genes encoding
luciferase to generate 4T1-luc cells, which werkuced in DMEM containing 10% FBS. The
antibodies used for immunblotting were as folloasti-STAT3 (Cell Signaling, Danvers, MA,
USA, Catalogue #9139), anti-phospho-STAT3 (Tyr7@»ll Signaling, Catalogue #9145), anti-

STATl (Abcam, Cambridge, UK, Catalogue #ab92506), ambspho-STAT (Tyr701)

(Abcam, Catalogue #ab29045),anti-TBK1 (Cell Sigmgli Catalogue #3504), anti-phospho-
TBK1 (Serl72) (Cell Signaling, Catalogue #5483)ti-#RF3 (Cell Signaling, Catalogue

#11904), anti-phospho-IRF3 (Ser386) (Abcam, Catasdogtab76493), anti-STING (Cell

Signaling, Catalogue #13647), anti-GAPDH (Cell Silgmg, Catalogue #5174), and anti-cGAS
(Cell Signaling, Catalogue #15102). The antibodised for immunofluorescence were as
follows: anti-TMEM173-Alexa Fluor® 488 (Abcam, Caigue #ab198950), anti-ERGIC/p58-
Cy3 conjugate (Sigma, Catalogue #E6782). The atigisaused for IHC-F were as follows: anti-
mouse CD3e biotin (ebioscience, San Diego, CA, USaAtalogue #13-0033-82), anti-mouse
CD4 biotin (ebioscience, Catalogue #13-9766-82)ti-ranuse CD8a biotin (ebioscience,
Catalogue #13-0081-82), anti-mouse Foxp3 biotinoghence, Catalogue #13-5773-82), anti-
mouse Ly6G biotin (ebioscience, Catalogue #13-5831-and Streptavidin Alexa FluorTM 594

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

2.2. Real-time PCR
WT or cGAS" or STING" THP1 Cells were incubated with the drugs for siietime and w

ere subsequently harvested in RNAiso Plus (TaK&Raan, Liaoning, China) for RNA isolatio



n according to the manufacturer’s instructions. tNthe isolated RNA was transcribed usinga T
ransScript All-in-One First-Strand cDNA Synthesig ({ransGen Biotech, Beijing, China). To
examine the mRNA levels, we utilized TB Green EF¥CR Mix (Takara, Ostu, Shiga, Japan) a
nd a CFX96 real-time PCR Detection System (Bio-Réatcules, CA, USA). The expression da
ta are expressed relative to the DMSO-treated aalisare normalized to the GAPDHV@lues.
The sequences of the gPCR primers used in thiy siigdas follows: 5’-GAACTTTGACATCC

CTGAGGAGATT-3 and 5-TGCGGCGTCCTCCTTCT-3 fafn £, 5-ATTTGCTGCCTTAT

CTTTCTG-3 and 5-CTTGATGGCCTTCGATTCTG-3' farxcl10, 5-CTTCGGTCCAGTTG
CCTTCTC -3 and 5-GCCTCTTTGCTGCTTTCACAC-3' fol6,5-AGACTGAAGACTGAA
CCTGAAGA-3" and 5-GAACCCATTG-CGGCAAACATA-3’ forifil6, 5-ATCCAGAGGAA
TGTCACTCTCTT-3 and 5-TGCGGCGTCCTCCTTCT-3 fonsigl, 5-CCTGCACGGACC
CAAAGAA-3’ and 5'-AGGGGTACAGTAGGCCAACAA-3 fornlrc3, and 5-AAGGCTGTG

GGCAAGGTCATC-3' and 5-AGGTGGAGGAGTGGGTGTCG-3’ fgapdh.

2.3. Immunablotting
Indicated cells were incubated with the drugs fpec#fic time and then harvested. Each

sample was added with 150 SDS sample buffefSigma-Aldrich and then boiled. After that,

the samples were separated in 10% SDS-PAGE gelsw@rskquently transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). The menalnes were blocked with 5% BSA in
TBST (Tris-buffered saline with 0.1% Tween20) ahdrt incubated with the indicated primary
antibodies at 4°C overnight. The membranes werd&dhsith TBST buffer for three times and
then incubated with an HRP-conjugated anti-rabb#rdi-mouse 1gG antibody (Cell Signaling)

at room temperature for 1 hr. After the incubatiand subsequent washing, bands were



developed using an FDbio Femto ECL kit (FDBio SceenShenzhen, China) and then were

exposed using MiniChemi (SAGECREATION, Beijing, 64).

2.4. Enzyme-linked immunosor bent assay (ELISA)

Indicated cells were incubated with the drugs foecific time. Then cell culture supernatants
were analysed by ELISAs for human CXCL10 (R&D Syste Catalogue # DY814-05) levels,
human IFM (R&D Systems, Catalogue # DY266-05) levels and &uirii-6 (BD Biosciences,

San Diego, CA, USA, Catalogue # 555220) accordinfp¢ manufacturer’s instructions.

2.5. RNA interference transfection
A total of 8X 10° THP1 cells were seeded into each well of 6-weltgd and were

subsequently transfected with 350 nM of relevanAB3-targeted siRNA from GenePharma
(Shanghai, China) using Entranster-R4000 (EngreesyBtem, Beijing, China). The siRNA
target sequences were as follows: siRNA A: 5-CCACGGTGTTTCATAATT-3’, B: 5'-

GCAACAGATTGCCTGCATTTT-3,, and negative control: 5'-
TTCTCCGAACGTGTCACGTTT-3'. Lastly, 36 h after tramestion, cells were treated as

described.

2.6. Immunofluorescence

THP1 cells were differentiated by 320 nM PMA for BOand then treated as described for
indicated time. After that, the cells were fixediwtold absolute methanol and blocked with 1%
BSA in PBST (PBS with 0.1% Tween20) for 1 hr. Fipathe cells were incubated with the

indicated primary antibodies at 4°C overnight andthfer stained with Prolong Diamond



Antifade Mountant with DAPI (Invitrogen). Fluoresteimages were acquired using a Nikon

Confocal microscope (100x Objective).

2.7. In vivo tumor study

Animal studies were approved and overseen by thie ebommittee of Laboratory Animal
Center of Peking University Shenzhen Graduate Scimoaccordance with the Policy on the
Care, Welfare, and Treatment of Laboratory Animalstotal of 1x16 4T1-Luc cells were
injected s.c. into 7- to 8-week-old Balb/C mice. &dhthe tumor sizes reached approximately
100 mni, the mice were separated randomly into groups )(arfl treated as described. Tumor
sizes were measured every three days using callipemor volumes were calculated according
to the following equation: (length x widi2. In vivo tumor imaging was performed using an
IVIS Spectrum Visualization System after the sudists were injected intraperitoneally into the

mice.

2.8. IHC-F and fluorescence microscopy

Tumor tissues were fixed successively in 4% panaébdehyde, 20% sucrose and 30%
sucrose in phosphate-buffered saline and then emtgedded in O.C.T. Compound (Sakura
Finetek, Torrance, CA, USA, Catalogue #4583). Tisgues were frozen in liquid nitrogen and
then stored at -80°C. Upon usage, the frozen tissue¥e sectioned into |@n slices using a
cryostat microtome (Leica, CM1950) and placed ositpee charged slides. The slices then were
allowed to air dry on a lab bench for a few minuéesl blocked using normal goat serum at
room temperature for 1 hr. Next, primary antibodidsted in blocking buffer were added to

each slice and incubated overnight at 4°C. Subsglyudhe slices were incubated with a



fluorochrome-conjugated secondary antibody dilutedblocking buffer for 1 hr at room
temperature in the dark. Finally, the slices wetained with Prolong Diamond Antifade
Mountant with DAPI (Invitrogen) and covered with veoslips. Fluorescent images were
acquired using an Olympus IX73 microscope (20x €ihje) and were further processed and

analysed using ImageJ.

2.9. RNA-Seg analysis

THP1 cells were incubated with the drugs for spetifme. Then total RNA extraction, library
preparation and RNA-Seq were carried out by BGE(&hen, China). RNA-Seq was performed
in triplicates. Differentially expressed genes waralysed with a DEGseq algorithm by BGI.
The list of genes induced after stimulation wasaot@d by filtering the DEG list, and a heatmap

of DEGs was generated with R.

2.10. Satistical analysis
All values were expressed as mean + SD. Two tafadient's t-test was performed for
statistical comparison. Asterisk indicates thatvhkies are significantly different (R < 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 STIN&gnaling, we employed real-time
guantitative PCR (qPCR) to examine mRNA levels Xl and the downstream target gene

CXCL10 in THP1 cells treated with the STAT3 inhditHJC0152 [31, 32] in the absence or



presence of the STING agonist c-diAM(PJL9, 33]. After 8 hr of treatment, HJC0152
significantly enhanced the expression level of I[FFikt+a dose-dependent manner in the presence
of c-diAM(PS), which was not observed in the absence of c-diAB}HFig. 1A). This result
was further confirmed by that HIC0152 significarglyhanced the expression of IBNn the
presence of increased amount of c-diAM@P&upplementary Fig. S1A), demonstrating that
HJC0152 amplifies STING signaling induced by c-di@&) but does not induce the STING
signaling by itself. Interestingly, in cells tredteith HIC0152, no obvious amplification effect
on the level of CXCL10 mRNA was observed in thespree of c-diAM(PS)Fig. 1B), while
the amplification effect was observed after 12 htreatment (Supplementary Fig. S1B). This
result may be due to interferon-stimulated gengsession being delayed compared with that of
IFN-B [9], and the sensitization effect of HIC0152 onCLA0 expression is displayed at a later
time point. To test this hypothesis, we measuredettpression of IFNt-and CXCL10 in THP1
cells treated with HJIC0152, c-diAM(RPsSand HIJC0152/c-diAM(Pgat different time points. c-
diAM(PS), induced rapid IFN3} expression in a time-dependent manner that pealted
approximately 1 hr and then decreased gradually ttee24 hr treatment (Fig. 1C). As expected,
the expression of CXCL10 in cells treated with AM(PS), peaked at approximately 8 hr and
then decreased thereafter. Notably, the combin€&DHI2 and c-diAM(PS)treatment induced
sustained IFN3 expression during the 24 hr treatment, and theresgmpn of CXCL10
correspondingly peaked at approximately 12 hr aad significantly higher than that induced by
c-diAM(PS), alone at this time point (Fig. 1D). To further §om the induction of IFNB and
CXCL10 by the combined HJCO0152 and c-diAM(P8katment, we used enzyme-linked

immunosorbent assays (ELISA) to measure the amoaht#~N-B and CXCL10 protein



produced by THP1 cells. Consistent with the genpression data, HJC0152 significantly
enhanced the production of IHNand CXCL10 induced by c-diAM(PS{Fig. 1E, F).

Higher concentration of c-diAM(P&)induced stronger STING signalling as reflected by
increased mRNA level of IF-and its downstream genes such as CXCL10 (Supptanyen
Fig. S1A, B). On the other hand,ug/ml or higher concentration of c-diAM(PS)ould cause
significant cell death (Supplementary Fig. S1D).amoid the potential side effect caused by the
cell death, we therefore chosepg/ml rather than 4ug/ml c-diAM(PS} in the following
experiments.

Enhance STING signalling by higher concentrationcafiAM(PS) also induced increased
MRNA level of IL6 (Supplementary Fig. S1C, 2C), at¢ feedback activation of STAT3
(Supplementary Fig. S1E). STAT3 inhibitor HIJCOl15aZrkedly suppressed the feedback
activation of STAT3 induced by c-diAM(PSjSupplementary Fig. S1E), and correspondingly
decreased the accumulated secretion of IL6 (Sumplaary Fig. S2D). On the other hand,
combined HJC0152 with c-diAM(PS)ncreased the activation of STAT1 due to the enbdn
production of IFNB (Supplementary Fig. S2A, B).

To verify the sensitization effect of STAT3 inhibih on STING signaling, we performed an
immunoblot analysis of THP1 cells to characteribe STING-TBK1-IRF3 pathway upon
treatment with HJC0152 and c-diAM(RS)The results of this analysis demonstrated that
HJC0152 markedly enhanced phosphorylation of TBKd BRF3 induced by c-diAM(P&)n a
time-dependent manner. Phosphorylation of TBK1 pdalat approximately 1 hr, and
phosphorylation of IRF3 peaked at 4 hr, and susthito approximately 12 hr, which is in
agreement with TBK1 being the upstream kinase RF3 [8]. In contrast, the HJC0152

treatment did not enhance phosphorylation of TBKdél &RF3 in the absence of c-diAM(RS)



further demonstrating that the activation of thdNB3 pathway is essential for the sensitization
effect of STAT3 inhibition on STING signaling (FigA).

To exclude potential off-target effects of HIC018& evaluated the sensitization effect of
direct knockdown of STAT3 on STING signaling inddcby c-diAM(PS). Similar to the
HJCO0152 treatment, knockdown of STAT3 via siRNAoaigeatly enhanced the expression of
IFN-B and CXCL10 in THP-1 cells induced by c-diAM(RSFig. 2B, C). Evaluation of IRF3
phosphorylation further confirmed the enhancemént-diAM(PS)-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 Her gensitization effect of STAT3
inhibition on STING signaling, we measured the esgion of IFNB and CXCL10 in cGAS
and STING  THP1 cells treated with HIC0152 and c-diAM(R®)s described above, HIC0152
significantly enhanced the expression of IBdnd CXCL10 in the wildtype THP1 cells induced
by c-diAM(PS). Notably, the sensitization effect of HJC0152 wasre prominent in cGAS
THP1 cells compared with the wildtype THP1 cells.dontrast to the wildtype and cGAS
THP1 cells, STING THP1 cells completely abrogated the ability to mrgpto c-diAM(PS)
and also to HJCO0152/c-diAM(PS)suggesting that the sensitization effect of HBE201s
associated with STING protein and the activatio®dfNG signaling (Fig. 3A, B).

c-diAM(PS), binds to STING protein and activates STING sigm@liTBK1 is then activated
by phosphorylation, leading to the recruitment awdivation of IRF3. It is therefore not

unexpected that c-diAM(PSjreatment results in defection in the inductiorpbbsphorylation



of TBK1 and IRF3 in STING THP1 cells. The similar defection of the combine#d8152 and
c-diAM(PS), treatment further confirmed that the sensitizatedfect of HIC0152 definitely
depends on STING protein (Fig. 3C, D). On the otlerd, the enhanced sensitization effect of
HJC0152 on STING signaling in cGASTHP1 cells was also demonstrated by the
immunoblotting analysis, reflected by the increagpdsphorylation of TBK1 and IRF3 in
cGAS” THP1 cells treated by HIJC0152/c-diAM(BSFig. 3C). The increased production of
IFN-B and CXCL10 in cGAS THP1 cells was confirmed by ELISA (Fig. 3D).

To further validate these observations, we usedRjRCexamine mRNA levels of IFR-and
CXCL10 in cGAS THP1 cells upon the combined HIC0152 and c-diAM{R®gtment over a
24-hr time course. Compared with the wildtype THE&lls, the combined HJC0152 and c-
diAM(PS), treatment induced more rapid, robust and sustamguression of IFNG and
CXCL10 in cGAS THP1 cells (Supplementary Fig. S3A, B). Correspoglyi, the enhanced
phosphorylation of TBK1 and IRF3 were detected dtrland 4 hr, respectively, and both
sustained to 24 hr (Supplementary Fig. S3C). Fumtbee, the enhanced sensitization effect of
STAT3 inhibition on STING signaling was also obsmivin PMA-differentiated THP-1
macrophages, which has significantly higher IFMind CXCL10 expression as compared to
undifferentiated THP-1 cells (Supplementary Fig). She translocation of STING from ER to
ERGIC (ER-Golgi intermediate compartment) is catidor STING activation [1, 34]. We
observed more profound perinuclear punctate strestuin PMA-differentiated THP-1
macrophages treated with combined HJC0152 and B} &)2 compared with that treated with
either HJIC0152 or c-diAM(PS)2, in which STING caltized with the ERGIC markers (Fig.

4A, B).



3.3 STAT3 inhibition enhances agonist-induced STING signaling via transcriptional regulations

STING signaling can be regulated by multiple medtras such as protein degradation [35,
36], trafficking [35, 37-41], and associations [42}. To understand the mechanism underlying
the sensitization effect of STAT3 inhibition on SIG signaling induced by c-diAM(Pg)we
evaluated RNA-Seq gene expression profiles in TEEME treated with HIC0152, c-diAM(PS)
and HJC0152/c-diAM(PS)or 12 hr. Consistent with the results describleova, the expression
of IFN-B and numerous interferon-stimulated genes, incu@XCL10, OAS family genes, and
IFI family genes, was markedly upregulated by tlenkined HJC0152 and c-diAM(PS)
treatment compared with that observed in celldeceavith HIC0152 or c-diAM(PgalongFig.
5A, B). Gene Ontology analysis further revealed tha top enriched genes are involved in type
| interferon signaling pathway (Supplementary 8§).

Both the HJC0152 and HJCO0152/c-diAM(P ®eatments downregulated the expression of
cell proliferation genes such as MYC, CCND1, and.BOwhich is attributable to the STAT3
inhibition caused by HJC0152. Furthermore, someroffenes suppressed by STAT3, such as
STAT1, IRF7, and IRF9 [45, 46], were upregulatediy HIC0152 and HIC0152/c-diAM(RS)
treatments (Fig. 5A), which may provide positivedback to the type I IFN signaling pathway.

Interferon-gamma inducible factor 16 (IFI16) hagm@roposed to activate STING signaling
by sensing cytosolic DNA directly or in cooperatiaith cGAS [43]. Furthermore, IFI16 also
facilitates the recruitment and activation of TBKilthe STING complex [47]. To validate the
enhanced expression of IFI16 in RNA-Seq analysig. (BA, B), we further determined the
expression of IFI16 by gPCR (Supplementary Fig. $6¢ single treatment of either HIC0152
or c-diAM(PS) had a modest effect on the expression of IFI16lenthe combined HJC0152

and c-diAM(PS) treatment dramatically enhanced the expressioRld6, which might partially



account for the sensitization effect of STAT3 intidn on STING signaling induced by c-
diAM(PS),.. Furthermore, both RNAseq and qPCR analysis asoodstrated that HJIC0152 or
HJCO0152/c-diAM(PS) treatment significantly upregulated the expressibninsulin-induced

gene 1 (INSIG1) (Fig. 5A, B, Supplementary Fig. ,Sé&) ER protein that facilitates the
ubiquitination of STING and its association with KB [35]. On the other hand, STAT3
inhibition by HJC0152 downregulated the expresssbrNLRC3 (Fig. 5A, B, Supplementary
Fig. S6), a caspase activating and recruitment doig@ARD)-containing NLR that has been
shown to directly bind to STING and impair its peografficking to perinuclear and punctuated
region [48]. These results demonstrated that STARition enhances the STING signaling
induced by c-diAM(PS) through simultaneously upregulating the positivedmators and

downregulating the negative modulator of STING algrg pathway.

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

STAT3 is a key molecular hub of tumorigenesis amddr-mediated immune suppression [49,
50], while STING is essential for innate immunep@sses and CD8T cell priming in the tumor
microenvironment. Given the sensitization effect FAT3 inhibition on STING signaling
induced by the STING agonist, we examined the wmtr effect of the combination of
HJCO0152 and c-diAM(P$%) 4T1-Luc murine breast cancer cells were subcotzsig
transplanted into immunocompetent BALB/c mice. Whamor volumes reached approximately
100 mn?, animals received three intratumoral (i.t.) doseBlJC0152 (3Qug), c-diAM(PS) (10
pg), or HIC0152/c-diAM(P3)X30 ug/10ug) over a one-week period. While the single treatme
of either HIC0152 or c-diAM(Pghad no effect or a modest inhibitory effect on turgrowth (-

15.6% and 36.3% reduction for HJC0152 and c-diAN}{P%espectively), the combined



HJCO0152 and c-diAM(Pg)treatment significantly inhibited tumor growth (4% reduction;
combinationvs. vehicle:p < 0.001; combinations. HJIC0152p < 0.001; and combinatiors. c-
diAM(PS): p < 0.01) (Fig. 6A and Supplementary Fig. 6). Moteksgly, the combined
HJCO0152 and c-diAM(Pg)treatment induced tumor regression over two weeké out of 6
(66.7%) mice, and over four weeks (the entire expemtal period) in 1 out of 6 (16.7%) mice
(Fig. 6C), highlighting that the combined HIJCO15® a-diAM(PS) treatment has a lasting
antitumor effect. This result was further confirmeg the appearance and weight of excised
tumors (Fig. 6D, E). In addition, no significantdyoweight loss was observed during the
experimental period for all treatments, includihg tontrol group (Fig. 6B), suggesting that the
effective i.t. dose of the combined HJC0152 andAdW{PS), treatment did not induce a severe
toxic effect.

To evaluate the effects of HJIC0152, c-diIAM(P3nd their combination on the immune
response in the tumor microenvironment, we charaeie the tumor-infiltrating immune cells in
tumor tissues by immunohistochemistry (IHC). Us@ig3eas a pan T-cell marker, we observed
a modest increase in the number of CD3ecells in response to the single drug treatment
compared to the vehicle treatment, while the coeabimrug treatment did not induce a
significant increase in the number of CD3E cells compared to either single drug treatment
(Supplementary Fig. 7 and Fig. 7C). Notably, thenbmed treatment caused a marked
decreased in the number of CDZ cells, especially Foxp3T cells (Tregs) (Fig. 7C and
Supplementary Fig. 8, 9), while it dramaticallyieased the number of CD§ cells (CTLs) in
tumor tissues compared to the other treatments. (/g C). Furthermore, the combined
treatment significantly decreased the accumulatibhy6G" myeloid-derived suppressor cells

(MDSCs) (Fig. 7B, C). These results demonstrateat the combined treatment profoundly



reduced the level of immune suppressive Tregs arfdSGE, and greatly induced the
accumulation of cytotoxic CD8T cells in the tumor microenvironment. We notedttkhe
STING agonist c-diAM(PS)induced substantial antitumor immune responsed®ifj and the

STAT3 inhibitor HJIC0152 further significantly enteeal this effect (Fig. 7C).

4. Discussion

In this study, we demonstrated that STAT3bitlon by a small-molecule inhibitor HIC0152
or siRNA dramatically enhanced STING signaling ioeld by the STING agonist c-diAM(PS)
The observed enhancement was reflected in botimtéesity and duration of STING signaling.
The treatment of cells with Ag/ml c-diAM(PS) alone induced weak IFR-expression that
peaked at approximately 1 hr before decreasingleWtdC0152 significantly amplified STING
signaling induced by c-diAM(P&)and sustained the signal for a longer period okti This
sensitization effect was dependent on STING butBAS, although the sensitization effect was
more profound in cGASTHP1 cells. Previously, STAT3 has been shown tenaiate type |
IFN signaling in myeloid cells by sequestering STAGnd suppressing the formation of DNA-
binding STAT1 homodimers [25]. Moreover, STAT3 niagaly regulates type | IFN signaling
pathway by inhibiting the expression of STAT1, IRFRAhd IRF9 [46]. However, there is
currently little evidence describing how STATS3 ibition increases IFNB- production through
the STING pathway.

The STING pathway is regulated by multiple layefsmechanisms [51, 52]. Our data here
indicated that the observed sensitization effepedds on STING rather than cGAS, suggesting
that STATS3 inhibition regulates the downstream évesf STING activation initiated by the

CDN ligand (Fig. 3). Upon binding with agonistxhlas cGAMP, STING translocates from the



ER to an ER-Golgi intermediate compartment andh&Golgi apparatus, where STING recruits
and activates TBK1, which subsequently phosphagl#RF3 and activates the downstream type
I IFN pathway [1]. During this process, IFI16 sesva&s a bridge that mediates the interaction
between STING and TBK1 [47], INSIG1 also facilitatihe association of STING with TBK1
through ubiquitination of STING [53], whereas NLR@8pairs the proper trafficking of STING
and the interaction between STING and TBK1 [48]tHa current study, we demonstrated that
HJCO0152 increases the expression of INSIG1 andedses the expression of NLRCS3.
Moreover, HIC0152 synergizes with c-diAM(R&) upregulate the expression of IFI16. These
results are consistent with the results of an imoblot assay in which HJIC0152 treatment was
observed to enhance the phosphorylation of TBK1 #RE3 induced by c-diAM(PS)
Furthermore, although IFI16 cooperates with cGASTING signaling, cGAS knockout would
release more IFI16 to facilitate agonist-mediattuitment of TBK1 to STING [43, 47], which
may account for the enhanced sensitization effetX0152 observed in cGASTHP1 cells
(Fig. 3, Supplementary Fig. S3A, B). In consisteath this hypothesis, the previous study has
shown that PMA-stimulated differentiation dramallicadecreased the level of cGAS while
significantly enhanced the level of IFI16 in THRedlls, and the expression of IFI16 correlates
with the ability of cells to induce IFI8- expression in response to. monocytogenes
infection[54]. Furthermore, we also observed enkdreensitization effect of STAT3 inhibition
on STING signaling in PMA-differentiated THP-1 maphages (Supplementary Fig. S4).
Accumulating evidence indicates that cGAS-STINGhpaty is an important player in
cancer immunity and is a potential therapeuticegafgr cancer treatment [23]. Tumor-derived
DNA triggers the production of type | IFNs throughe cGAS-STING pathway, which is

essential for the maturation of DCs and priming@D8" T cells that provide important



immunosurveillance against tumor cells. Intratumloradministration of STING agonists,
including cGAMP and its modified analogues, effeely blocks tumor growth in mouse models
of various malignancies [19, 33, 55]. c-diIAM(RSgalso known as ADU-S100 or MIW815)
alone or in combination with immune checkpoint bitdrs are currently being evaluated in
phase | clinical trials to treat advanced/metaststiid tumors or lymphomas (NCT03172936,
NCT03010176 and NCT02675439). On the other hardc@AS-STING pathway is associated
with inflammation-driven carcinogenesis and immuwpggession, highlighting a necessity of
fine tuning the cGAS-STING pathway in cancer immilneoapeutics [56]. Immunosuppression
of the STING pathway may be attributable to inceglsegulatory T cell infiltration [57], MDSC
infiltration [12], and induced immunoregulatory oldamine 2,3-dioxygenase (IDO) enzyme
[21]. Although detailed mechanisms for these olmgsus warrant further characterization,
feedback activation of STAT3 by the STING pathwagynbe the potential target involved in the
observed tumor promoting effect and immunosuppresactivity of STING signaling, since
STAT3 is a key molecular hub of tumorigenesis amddr-mediated immune suppression [49,
50]. In this study, we observed that the STAT3 lator HIC0152 synergizes with the STING
agonist c-diAM(PS) to decrease the infiltration of Tregs and MDSQsd & increase the
accumulation of cytotoxic COST cells in the tumor microenvironment. In consistaith these
observations, the combined HJC0152 and c-diAM(P&2atment markedly upregulates the
expression of cytokines such as CXCL10 and CXClz@ #ne crucial for chemotaxis of CDB
cells, as well as the expression of CD80 and Cb8stimulatory ligands of T cells (Fig. 5A, B).
Moreover, the combined HJC0152 and c-diAM(PS)2 tineat also downregulates the
expression of immune-suppressive genes such a$,T&RFO0A8 and S100A9 (Fig. 5A, B).

Furthermore, the combination of HJIC0152 and c-diRBJ resulted in significant and lasting



inhibition of tumor growth in the 4T1 syngeneic meumodel, suggesting that the use of the
STING agonist in conjunction with the STAT3 inhiitis a promising strategy for cancer
treatment. Given the more profound sensitizatideoefof STAT3 inhibition in cGAS THP1
cells, we anticipate that the use of a combined B Ahibitor and STING agonist treatment
will be more effective in cGAS-defective cancer tiekes [58].

In summary, we here showed that STAT3 inhibitiohates STING signaling induced by a
STING agonist, and that the STAT3 inhibitor HICOXyRergizes with the STING agonist c-
diAM(PS), to induce anti-tumor immune responses in the tumigroenvironment. Our work
provides a rationale for the combined use of STA8bitors and STING agonists in cancer

immunotherapy.
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Fig. 1. STAT3 inhibition enhances CDN-induced type | IFN signalling. (A, B) THP1 cells
were treated with increasing amounts of HIC015%,(Q0 or 15uM) in the presence or absence
of 2 ug/ml c-diAM(PS) for 8 hr. The mRNA expression levels of IFNA) and CXCL10 B)
were assessed by real-time PCR and normalized ®0BRexpression.(d, D) THP1 cells were
stimulated with 15uM HJC0152 and Zug/ml c-diAM(PS) as indicated. The samples were
collected at the indicated times, and the mRNA eggion levels of IFBI(C) and CXCL10(D)
were comparedH, F) THP1 cells were treated with increasing doses @fAd4(PS), (0, 0.5, 1
or 2ug/ml) in the presence or absence ofud HJIC0152. At 48 hr after stimulation, IBNE)
and CXCL10 F) protein levels in the supernatants were measbreELISA. Error bars
represent s.d. of independent experiments (n=3natssignificant, *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 8V HJC0152 and Zig/ml c-diAM(PS) as shown for the
indicated times. Whole cell lysates were prepased] the levels of total STAT3, phospho-
STAT3 (pSTAT3-Tyr705), total TBK1, phospho-TBK1 (BK1-Serl72), total IRF3, phospho-
IRF3 (pIRF3-Ser386), and GAPDH were assessed byeweblotting. B-D) THP1 cells were
transfected with negative control SIRNA (N.C.) dRNA targeting STAT3 (siRNA A and B) for
36 hr and then were treated withu®/ml c-diAM(PS) for the indicated times. The mRNA
expression levels of IHfNand CXCL10 were assessed by real-time PCR and atized to
GAPDH expressiong, C). Error bars represent s.d. of independent exmsisn(n=3). *p <

0.05, * p < 0.01, *** p < 0.001 (Student’s t-test)Whole cell lysates were prepared, and the



levels of total STATS3, total IRF3, phospho-IRF3Rp1B-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
uM HJCO0152 and 2g/ml c-diAM(PS} as indicated for 12 hr. The mRNA expression lewéls
IFNBand CXCL10 were assessed and normalized to GAPRQiression A, B). (C) Whole cell
lysates were prepared, and the levels of total SITAhospho-STAT3 (pSTAT3-Tyr705), total
TBK1, phospho-TBK1 (pTBK1-Serl72), total IRF3, ppbe-IRF3 (pIRF3-Ser386), STING and
GAPDH were assessed by immunoblottifg) STING~ THP1 cells and cGASTHP1 cells
were stimulated with increasing amounts of c-diABEPin the presence or absence of g
HJCO0152 for 48 hr. IFRland CXCL10 protein levels in the supernatants waeasured by
ELISA. Error bars represent s.d. of independenegrgents (n=3). < 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 % HJC0152 and Zug/ml c-diAM(PS)
individually or in combination for 30 minutes ori3 After that, the cells were fixed and co-
stained with STING and an ERGIC marker (ERGIC/p%8). Fluorescent micrographs show
STING/ERGIC localization in PMA-THP1 cells aftereatment. Scale bar, m. (B)
Quantitation of colocalization was calculated aarBen’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



with 15 puM HJC0152 (H) or 21g/ml c-diAM(PS) (C) or their combination (HC) for 12 hr. The
total RNA was extracted and differentially expresgenes were analysed using the algorithm
DEGseq. B) Total gene expression (number of reads normalizedtal reads) are presented for
the 7 red-marked genes: IFNB1, CXCL10, CD80, S1Q0R8.6, INSIG1 and NLRC3. Error

bars represent s.d. of samples (n=3).<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 6zHJC0152 (3Qug, n=6), c-diIAM(PS) (10

ug, n=6) or their combination (n=6) three times {taded by arrows). The tumor volumes were
measured at the indicated time poin®) Mice were weighted at the indicated time poirts.
addition, the percent change in body weight fromlthseline for each treatment was calculated.
(C) The individual tumor volumes for each treatmenthatindicated time points are presented.
(D, E) Gross appearancB®) and weight [£) of the tumors extracted from tumor-bearing mite a
day 27 after treatment initiation. Error bars reerg s.d.. < 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 iatdid treatments were stained with an
antibody for CD8a to detect cytotoxic T cell&)(or with Ly6G to detect MDSCsB|. The
presented images are from representative sectibhsnwrs. C) The percentages of CD3e
CD4', Foxp3, CD8 and Ly6G cells in the tumor sections were calculated irdiigily from 6
images of different tumors from each treatment groError bars represent s.d. ns, not

significant, *p < 0.05, **p < 0.01, *** p < 0.001 (Student’s t-test). Scale bar 50.
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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), synergize to inhibit tumor growth in vivo.

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