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Abstract

Stimulator of interferon genes (STING), a major adaptor protein in antiviral innate immune signaling, is considered as one of the
most important regulators of antiviral and antitumor immunity. Although STING agonists are now intensively studied in clinical
trials as a new class of adjuvants to boost cancer immunotherapy, the tumor-intrinsic role of the STING pathway in shaping the
tumor microenvironment remains controversial. Here, we discovered that STING plays a vital role in regulation of myeloid-
derived suppressor cell (MDSC) differentiation and antitumor immunity in Epstein-Barr virus (EBV)-associated nasopharyngeal
carcinoma (NPC). Mechanistic analyses reveal that STING represses NPC-derived MDSC induction by enhancing SOCS1
expression in both tumor cells and MDSCs. SOCS1 physically interacts with STAT3 through its SH2 domain to prevent STAT3
phosphorylation and dimerization, resulting in reduced MDSC induction via inhibition of GM-CSF and IL-6 production.
Notably, reduced tumoral STING expression was found to be significantly associated with a poor prognosis for NPC patients.
Our findings reveal a novel mechanism linking STING to tumor microenvironmental cytokine production and MDSC induction.

Introduction

The differentiation of myeloid lineage cells is perturbed in
the tumor microenvironment, resulting in expansion of
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tumor-derived myeloid cell populations, primarily myeloid-
derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs), which suppress cytotoxic T-cell
functions, contributing to tumor escape from immune sur-
veillance [1-3]. This interplay between tumor cells and
MDSCs results in tumor growth, relapse, and metastasis
[4, 5]. MDSC induction is mainly regulated by the
JAK-STAT signaling pathway, which is activated by IL-6
and GM-CSF [6]. However, the function and regulation of
these key immune signaling molecules during MDSC
formation and expansion in the tumor microenvironment
has not yet been fully investigated.
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Stimulator of interferon genes (STING; also known as
ERIS, MYPS, or MITA), encoded by TMEM173, is a
central adaptor protein in DNA virus-related innate
immunity [7, 8]. Upon recognition of aberrant DNA
species released from a number of invading pathogens,
many DNA sensors, including cGAS and DDX41, acti-
vate STING to mediate TBK1-dependent IRF3 activation,
which induces the production of type I interferons (IFNs)
and numerous pro-inflammatory cytokines [8—13]. In
addition to these important roles in host immunity and
autoimmune diseases, STING signaling is usually inacti-
vated in tumor cells and involved in antitumor immunity
against various tumors, such as glioma [14, 15], sarcoma
[3], melanoma [16-18], and colorectal tumors [19, 20].
Priming the STING signaling pathway using STING
agonists has shown potent antitumor efficacy in several
cancer therapeutic models [21, 22].

Thus far, the majority of STING-centric studies have
focused on its function in myeloid populations, especially
dendritic cells (DCs) [23, 24]. However, STING is widely
expressed in many tumor types, where its tumor-intrinsic
role in non-myeloid cells in shaping the tumor micro-
environment remains controversial. TRIM29-mediated
STING degradation in epithelial cells has been reported to
result in immunosuppression, which was proposed as the
etiology for chronic EBV infection in nasopharyngeal car-
cinoma (NPC) cells [25]. On the other hand, Liang et al.
investigated radiation-induced tumor-intrinsic STING acti-
vation and surprisingly found that, unlike its role in DCs,
intra-tumoral STING activation led to MDSC recruitment
and immunosuppression [26].

In this study, we used nasopharyngeal carcinoma
(NPC), a DNA virus-related tumor, as a model to inves-
tigate the functions of STING signaling in tumor cells and
its impact on regulating cross-talk between tumor cells and
MDSC:s in the tumor microenvironment. Using both gain-
and loss-of-function approaches, we demonstrate that
STING restrains NPC-derived MDSC differentiation by
preventing IL-6 and GM-CSF production by NPC cells.
This inhibitory function of STING is dependent on cross-
talk between TBK1-dependent type I IFN signaling and
STATS3 signaling via SOCS1 in the tumor microenviron-
ment. Mechanistically, SOCS1 is induced by the STING-
TBKI1-IRF3 axis and deactivates STAT3 signaling by
physically interacting with the SH2 domain of STAT3 in
both NPC cells and MDSCs. Importantly, STING protein
expression is decreased in human NPC tissues and is
negatively associated with the density of tumor-infiltrating
CD33™" cells. Of note, reduced levels of tumoral STING
correlate with poor NPC patient survival. Taken together,
our findings identify an unrecognized role of the STING-
SOCS1-STAT3 axis in MDSC induction, highlighting
the potential for targeting innate immune molecules in

designing and optimizing cancer therapies in DNA virus-
associated malignancies.

Results

STING inhibits tumor-associated MDSC
differentiation

STING signaling, the major innate antiviral signaling
pathway in response to DNA viral infection, has been
linked to antitumor immunity in recent years [27]. Here, we
observed that the protein level of STING but not that of
other key antiviral signaling proteins was reduced in NPC
cell lines, including CNE2, C666, and TWO03, compared
with the normal NP cell line NP69 (Fig. 1a). Ectopic
expression of STING in TWO03 and CNE2 cells had no
direct effect on the growth of NPC cells (Supplementary
Fig. la, b). Interestingly, the percentage of HLA-DR
“CD11b"CD33" MDSCs induced by TW03 and CNE2
cells with forced exogenous STING expression was sig-
nificantly decreased in an in vitro co-culture system
(Fig. 1b). We next generated STING-knockdown TWO03
and CNE2 cells using STING-specific small hairpin RNAs
(shRNAs) (Supplementary Fig. 1c) and observed that the
percentage of HLA-DR™CD11b"CD33" MDSCs induced
by STING-knockdown TWO03 and CNE2 cells was
increased (Fig. 1c). Furthermore, MDSCs induced by NPC
cells with forced exogenous STING expression showed a
sharply decreased suppressive ability against CD4" and
CD8™ T-cell proliferation, while MDSCs induced by NPC
cells with knockdown of endogenous STING showed an
increased suppressive ability against the proliferation of
CD4" and CD8" T cells (Supplementary Fig. 1d). Notably,
among the suppressive molecules, including p-STATS3,
PD-L1, Arg-1 and iNOS, the p-STAT3 and PD-L1 levels in
NPC-induced MDSCs mediated by CNE2-STING cells
were significantly decreased compared with corresponding
control cells (Fig. 1d). The opposite p-STAT3 and PD-L1
expression pattern was observed in the NPC-induced
MDSCs mediated by CNE2-shSTING cells (Fig. le). Pre-
viously, we identified IL-6 and GM-CSF release from NPC
cells are critical for NPC-induced MDSC differentiation
[28]. Here, we found that STING potently repressed IL-6
and GM-CSF secretion from NPC cells (Fig. 1f). These
results suggest that STING restrains NPC-induced MDSC
differentiation by suppressing IL-6 and GM-CSF secretion.

To investigate whether STING affects MDSC differ-
entiation in vivo, we measured the proportion of MDSCs in
Tmem173%~ mice and observed a significant increase in the
proportion of murine MDSCs (CD11b*Gr-1%) in spleens
from TmemI73"~ mice (Supplementary Fig. 2). Murine
MDSCs consist of two major subsets: granulocytic MDSCs
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Fig. 1 STING inhibits the differentiation of NPC-induced MDSCs.
a Protein levels of STING and other signaling proteins in the NPC cell
lines CNE2, C666, and TWO03 or the normal NP cell line NP69.
b Representative flow cytometry plot (left) and quantification (right) of
MDSC differentiation assays are shown as the CD33"CDI11b" cells in
the HLA-DR™ gate induced by medium, NPC-empty vector (EV) or
NPC-STING cells co-cultured with CD33" cells isolated from healthy
PBMC:s. The percentage of MDSCs was decreased in STING-transfected
TWO03- and CNE2-mediated MDSC induction. ¢ Representative plot
(left) and quantification (right) are shown as the CD337CD11b™ cells in
the HLA-DR™ gate induced by medium, NPC-shControl (shCtrl) or
NPC-shSTING in different combinations. The percentage of MDSCs

(G-MDSCs) that express Ly6G (CD11b"Ly6G Ly6C™)
and monocytic MDSCs (Mo-MDSCs) that express Ly6C
(CD11b"Ly6G Ly6C™) [29]. We found that the G-MDSC
population was significantly increased in spleens from
Tmem173%~ mice (Supplementary Fig. 2). Taken together,
these findings indicate that STING inhibits MDSC differ-
entiation under physiological conditions.
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was increased in shSTING-transfected TWO03- and CNE2-mediated
MDSC induction. d Histogram of flow cytometry staining for the
p-STAT3 and PD-L1 level in NPC-induced MDSCs mediated by CNE2-
EV and CNE2-STING cells. e Representative histogram of p-STAT3
and PD-L1 expression in NPC-induced MDSCs mediated by CNE2-
shCtrl and CNE2-shSTING-02 cells. f IL-6 and GM-CSF production
were determined by ELISA in the cultural supernatants of NPC-EV,
NPC-STING, NPC-shCtrl, and NPC-shSTING-02 cells. All of the
experiments were performed at least three times, and quantification data
are plotted as the means + SEM. Statistical analyses were conducted with
an unpaired Student’s r-test; *p <0.05, **p <0.01, and ***p <0.001 vs.
the corresponding control

STING suppresses tumor-induced MDSC
differentiation by inhibiting STAT3 signaling

Given the important role of the STAT3 signaling pathway
in MDSC differentiation by promoting the production of
IL-6 and GM-CSF [30, 31], we next explored whether
STING directly regulates STAT3 activation in NPC cells.
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STAT3 phosphorylation (p-STAT3, both pY705 and
pS727) was decreased when STING was overexpressed in
CNE2 cells with or without IL-6 stimulation (Fig. 2a), while
p-STAT3 (pY705 and pS727) was increased when endo-
genous STING was knocked down in CNE2 cells (Fig. 2b).
STAT3 reporter assays further demonstrated that STING
inhibits the transcriptional activity of STAT3 (Fig. 2c, d),
suggesting that STING potently inhibits STAT3 activation
in NPC cells.

We further investigated the effect of STING-mediated
STAT3 inhibition during the NPC-induced MDSC differ-
entiation process and found that the increased secretion of
IL-6 and GM-CSF induced by STING deficiency was
reversed by cryptotanshinone [32], a STAT3 inhibitor
(Fig. 2e). Moreover, cryptotanshinone reversed the pro-
motion of NPC-induced MDSC differentiation mediated by
both wild-type NPC cells and STING-deficient NPC cells
(Fig. 2f). Taken together, these results suggest that STING
suppresses the differentiation of NPC-induced MDSCs by
inhibiting STAT?3 signaling.

STING-mediated type | IFN signaling is involved in
NPC-induced MDSC differentiation

STING recruits TBK1 and IRF3 to induce type I IFN sig-
naling upon DNA virus infection, and the S358 site at the
C-terminal region of STING is critical for STING to acti-
vate type I IFN signaling [33]. Therefore, we generated a
STING S358A (STING-SA) mutant as an inactive form of
STING and found that this mutation completely eliminated
STING’s ability to activate type I IFN signaling in NPC
cells (Fig. 3a, b). We confirmed that the STING-SA mutant
neither activates TBK1 nor inhibits STAT3 phosphorylation
(Fig. 3c). Furthermore, ectopically expressed STING-SA
did not inhibit IL-6 or GM-CSF production by TWO03 and
CNE2 cells (Fig. 3d). Consistent with these results,
NPC-induced MDSC differentiation was impeded by forced
expression of exogenous STING-WT but not STING-SA
in NPC cells (Fig. 3e and Supplementary Fig. 3a). Collec-
tively, these data indicate that activation of type I IFN
signaling is required for STING to suppress NPC-induced
MDSC differentiation.

To further explore the impact of STING-mediated type I
IFN signaling on NPC-induced MDSC differentiation, we
knocked out the TBK1 gene, a major kinase downstream of
STING in the type I IFN signaling pathway, in TWO03 cells
using the CRISPR/Cas9 system (Supplementary Fig. 3b).
In these TBK1-KO cells, STING did not inhibit STAT3
phosphorylation (Fig. 3f) or suppress the secretion of IL-6
and GM-CSF (Fig. 3g). The STING-dependent reduction in
MDSC differentiation was also abrogated in TBK1-KO
cells (Fig. 3h and Supplementary Fig. 3c). Taken together,
these findings indicate that STING inhibits MDSC

differentiation by activating type I IFN signaling in a
TBK1-dependent manner.

STING inhibits tumor-induced MDSC differentiation
by enhancing SOCS1 expression

We next asked whether type I IFN directly affects MDSC
differentiation. Interestingly, we found that IFN-p, a typical
type I IFN, has no functional role in MDSC differentiation
(Supplementary Fig. 4), suggesting that the inhibition of
NPC-induced MDSC differentiation mediated by STING
signaling is independent of type I IFN-activated JAK-STAT
signaling. Therefore, we assessed downstream genes
induced by STING signaling and observed that the mRNA
levels of SOCSI and other ISG genes, including ISGI5,
ISG54, and ISG56, were upregulated by STING over-
expression (Fig. 4a and Supplementary Fig. 5a) but
depressed by STING knockdown in NPC cells (Fig. 4b and
Supplementary Fig. 5b). However, unlike ISGI5, ISG54
and ISG56, SOCSI could not be upregulated by IFN-a or
IFN-B in CNE2 cells (Supplementary Fig. 5c), suggesting
that SOCS1 is regulated directly by the STING-TBK1-IRF3
axis. SOCSI1 is a potent-negative regulator of JAK-STAT
signaling [34, 35], and we further observed that STING but
not STING-SA enhances TBKI1 phosphorylation and
SOCSI1 expression and inhibits STAT3 phosphorylation in
TWO03 and CNE2 cells (Fig. 4c). Conversely, STING
knockdown decreased the levels of p-TBK1 and SOCS1 but
increased the level of p-STAT3 in TWO03 and CNE2 cells
(Fig. 4d). Similar alterations in SOSCI1, p-TBKI1, and
p-STAT3 levels were observed in STING-KO CNE2 cells
(Supplementary Fig. 5d).

We next found that in SOCS1-KO cells, STING no longer
inhibited STAT3 phosphorylation (Fig. 4e). In addition,
forced STING overexpression did not inhibit the production
of IL-6 and GM-CSF when SOCS1 was knocked out
(Fig. 4f). Therefore, SOCS1 deficiency abrogates the inhibi-
tion of NPC-induced MDSC differentiation caused by forced
expression of exogenous STING in NPC cells (Fig. 4g and
Supplementary Fig. Se). Taken together, these data indicate
that STING promotes SOCS1 activation to suppress STAT3
phosphorylation, leading to inhibition of IL-6 and GM-CSF
secretion and NPC-induced MDSC differentiation.

SOCS1 prevents STAT3 phosphorylation and
dimerization via its SH2 domain

To further investigate the mechanism by which SOCS1 reg-
ulates STAT3 phosphorylation in NPC, we overexpressed
Flag-tagged SOCS1 in NPC cells and found that SOCS1
inhibits STAT3 phosphorylation (pY705 and pS727)
in a dose-dependent manner (Fig. 5a). Importantly, ectopic
SOCS1 expression still inhibited STAT3 phosphorylation in

SPRINGER NATURE
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Fig. 2 STING downregulates STAT3 signaling during NPC-derived
MDSC differentiation. a CNE2 cells were transfected with a
Myec-tagged-empty vector (Myc-EV) and a Myc-tagged-STING
(Myc-STING) expression vector for at least 24 h, followed by treat-
ment with IL-6 (20 ng/ml) for 30 min. The STAT3 pY705, STAT3
pS727, total STAT3, Myc, and f-actin levels were detected by
immunoblot assay. b Immunoblot analysis of the indicated CNE2 cells
treated with IL-6 (20 ng/ml) for 30 min before collecting of the lysates.
¢ CNE2 cells were transfected with a STAT3-targeted gene promoter-
driven luciferase reporter (STAT3-luc) and TK-Renilla luciferase (TK-
luc), together with expression plasmids encoding Myc-EV or Myc-
STING, for at least 24 h before treatment with or without IL-6 sti-
mulation for 30 min. Luciferase assays (top) were performed to
determine the relative STAT3 luciferase expression (fold), and an
immunoblot assay (bottom) was used to detect STING expression.
STAT3 (WT) and STAT3 (Y705F) mutants were used as positive and
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negative controls for STAT3 transcriptional activity, respectively.
d Control or STING-knockdown CNE2 cells were transfected with
STAT3-luc and TK-luc expression vectors, followed by IL-6 stimu-
lation for 30 min. After 24 h, luciferase assays (top) and an immuno-
blot assay (bottom) were performed to determine STAT3 activity and
STING expression. e ELISA assay of IL-6 and GM-CSF production in
the culture supernatants of shCtrl NPC cells or of shSTING-02 NPC
cells treated with cryptotanshinone for 48h. f Representative
image (top) and quantification (bottom) of MDSC differentiation
assays in which CD33" cells were co-cultured with NPC-shCtrl or
cryptotanshinone-treated shSTING-02 NPC cells for 48h. CD33%
cells in medium alone were included as a control. All experiments
were performed at least three times, and quantification data are plotted
as the mean + SEM. Statistics was conducted with an unpaired Stu-
dent’s r-test; *p <0.05, **p <0.01, and ***p <0.001 vs. the corre-
sponding control
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Fig. 3 STING-mediated Type I IFN signaling inhibits NPC-induced
MDSC differentiation. a Top: schematic diagram of the STING wild-
type (WT) and STING S358A mutant (SA). Bottom: the lysates of NPC
cells stably expressing Flag-tagged EV, STING-WT, and STING-SA
were subjected to immunoblotting with anti-Flag antibody. b Luciferase
assay of the empty vector (EV), STING-WT, and STING-SA NPC cells
transfected with IFNf-luc (top) and ISRE-luc (bottom), together with
TK-luc. ¢ The lysates of NPC cells stably expressing Flag-tagged EV,
STING-WT, and STING-SA were subjected to immunoblotting with the
indicated antibodies. d ELISA assay of IL-6 and GM-CSF levels in the
culture supernatants of cells stably expressing EV, STING WT, and

STING-KO CNE2 cells (Fig. 5b), indicating that SOCS1
exerts its inhibitory function downstream of STING.
Indeed, exogenous STAT3 specifically interacted with
SOCS1 but not SOCS3 (Fig. 5c). Further endogenous co-
immunoprecipitation assessments illustrated that SOCSI
binds STAT3 under physiological conditions in NPC cells
(Fig. 5d). To confirm whether SOCS1 could directly bind to
STAT3, we prepared His-SOCS1 and GST-STAT3 from
bacteria, and in vitro GST-pulldown assays showed that
SOCSI1 physically associated with STAT3 through direct
interaction (Fig. 5e).

STING SA. e Quantification analysis of the percentage of MDSCs
induced by NPC cells stably expressing EV, STING WT, and STING
SA. f Wild type (WT) and TBK1-KO TWO3 cells were transfected with
Flag-tagged EV and STING for 48 h. The cell lysates were immuno-
blotted with the indicated antibodies. g ELISA assay and h MDSC
differentiation assay of the supernatants from WT and TBK1-KO TW03
cells transfected with Flag-tagged EV and STING for 48 h. All experi-
ments were performed at least three times, and the quantification data are
plotted as the mean + SEM. Statistical analyses were conducted with an
unpaired Student’s #-test; *p < 0.05, **p <0.01, and ***p < 0.001 vs. the
corresponding control. NS not significant

To determine the detailed mechanisms underlying
how SOCSI inhibits STAT3 phosphorylation and activation,
we generated a deletion mutant containing the SH2 domain
of SOCSI1, which is the element responsible for binding
and competing for substrates [36]. Subsequent co-
immunoprecipitation assays showed that the SOCS1 SH2
domain strongly interacts with STAT3 (Fig. 5f). We next
generated three domain-deletion mutants of STAT3 and
found that STAT3 interacts with SOCS1 through its
C-terminal region, which contains the SH2 and TAD domains
(Supplementary Fig. 6a). In addition, SOCS1 failed to interact

SPRINGER NATURE
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Fig. 4 STING inhibits NPC-induced MDSC differentiation by acti-
vating SOCS1. a The mRNA expression levels of SOCSI were
determined in NPC cells stably expressing STING-WT or STING-SA
or in control cells using quantitative real-time PCR (qRT-PCR).
b gRT-PCR assays to determine the mRNA levels of SOCSI in
STING-knockdown (shSTING-01 and shSTING-02) and control
(shCtrl) NPC cells. ¢, d Lysates of TWO03 and CNE2 cells with stable
overexpression of STING-WT or STING-SA c¢ or transfected with
STING-specific shRNAs d were subjected to immunoblotting with the

with STAT3 in the absence of its SH2 domain, which con-
tains the Y705 binding domain (Fig. 5g and Supplementary
Fig. 6b). These data suggest that SOCS1 can inhibit
STAT3 signaling by physically binding to the SH2 domain of
STATS3. Interestingly, the C-terminal domain of STAT3 has
been found to be responsible for STAT3 dimerization [37]
(Supplementary Fig. 6c¢); we thus hypothesized that SOCS1
might also disrupt STAT3 dimerization via its SH2 domain.
Indeed co-immunoprecipitation experiments revealed that
SOCS1 disrupts STAT3 dimerization in a dose-dependent
manner (Fig. 5h). In addition, the SH2 domain of SOCSI
alone inhibits STAT3 phosphorylation and dimerization
(Fig. 5i). Taken together, these data indicate that SOCSI1
disrupts STAT3 phosphorylation and dimerization through a
heteromeric SH2-SH2 domain interaction, leading to inacti-
vation of STAT3 signaling.

The STING-TBK1-SOCS1 axis suppresses STAT3
activation in MDSCs

We next investigated whether the function and mechanism of
STING-mediated signaling in NPC cell lines also occurs in
MDSC:s. First, we observed that the SOCSI mRNA level was
positively correlated with the STING mRNA level in MDSCs
(Fig. 6a). Exogenous STING expression enhanced TBK1
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indicated antibodies. € WT and SOCS1-KO CNE2 cells were trans-
fected with Flag-tagged EV and STING for 48 h. The cell lysates were
then immunoblotted with the indicated antibodies. f, g ELISA assay
f and MDSC differentiation assay g of WT and SOCS1-KO CNE2
cells transfected with Flag-tagged EV and STING for 48h. All
experiments were performed a minimum of three times, and the
quantification data are plotted as the means + SEM. Statistical analysis
was performed with an unpaired Student’s #-test; ***p <0.001 vs. the
corresponding control. NS not significant

phosphorylation and SOCS1 induction and inhibited STAT3
phosphorylation in MDSCs (Fig. 6b). Importantly, exogenous
STING-WT but not STING-SA directly inhibited MDSC
differentiation, whereas knockdown of endogenous STING in
MDSCs promoted MDSC differentiation in vitro (Fig. 6¢ and
Supplementary Fig. 7). Moreover, exogenous STING-WT but
not STING-SA decreased the p-STAT3 and PD-L1 levels in
MDSCs (Fig. 6d). The opposite p-STAT3 and PD-L1
expression pattern was observed in STING-knockdown-
MDSCs (Fig. 6e). In addition, we found that STING
directly impedes MDSC differentiation through regulating the
STAT3 pathway in MDSCs, because the STAT3 inhibitor
cryptotanshinone reversed the differentiation of MDSCs
mediated by STING deficiency (Fig. 6f). Taken together,
these data suggest that the STING-TBKI-SOCSI axis
directly suppresses MDSC differentiation by inhibiting
STATS3 signaling activation in MDSCs.

Reduced STING expression is correlated with poor
prognosis of NPC patients

Based on the above observations, we further investigated
a possible association between STING expression
and MDSC accumulation in NPC tissues. This analysis
revealed that STING levels in tumor tissues (T) were
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Fig. 5 SOCS1 prevents STAT3 phosphorylation and dimerization via
its SH2 domain. a TWO03 and CNE2 cells were transfected with
increasing amounts of Flag-SOCSI1. Cell lysates were immunoblotted
with the indicated antibodies. b Wild-type (WT) and STING-KO
CNE2 cells were transfected with Flag-EV and Flag-SOCS1 for 48 h.
Cell lysates were subjected to immunoblotting with the indicated
antibodies. ¢ 293T cells were transfected with Flag-EV, Flag-SOCSI1,
and Flag-SOCS3, together with HA-STAT3 expression vectors, for 24
h. The cell extracts were subjected to immunoprecipitation with anti-
Flag-beads and immunoblot analysis with anti-HA antibody.
d Extracts of CNE2 cells were subjected to immunoprecipitation with
anti-SOCS1 antibody and immunoblot analysis with an anti-STAT3
antibody. e His-SOCS1 and GST-STAT3 were purified from bacteria
and incubated in reaction buffer in vitro. The proteins were immu-
noprecipitated with anti-GST beads and immunoblotted with an anti-
His antibody. f Top: Schematic diagram of SOCS1 and its SH2
domain mutant. Bottom: Lysates from 293T cells transfected with

lower than in adjacent non-tumor tissues (NTs) from
the same NPC patients (Fig. 7a, b, n = 22). Importantly,
intra-tumoral STING expression was negatively asso-
ciated with the number of tumor-infiltrating CD33™ cells
(Fig. 7c, n=061). Moreover, reduced tumoral STING
expression was positively correlated with poor patient
disease-free survival (DFS) (Fig. 7d, n = 77). Finally, the

[B-actin - == 40

Myc-EV, Myc-SOCS1, and Myc-SOCS1-SH2 mutant, together with
Flag-STATS3, were subjected to immunoprecipitation with anti-Myc-
beads and immunoblot analysis with anti-Flag antibody. g 293T cells
were transfected with Myc-EV, Myc-STAT3 WT, and ASH2 mutant,
together with Flag-SOCS1, and the lysates from these cells were
immunoprecipitated with anti-Myc beads and immunoblotted with an
anti-Flag antibody. h 293T cells were transfected with HA-EV,
HA-STATS3, and Flag-STAT3 for 8 h, followed by transfection with
increasing amounts of Myc-SOCS1 for 36 h. The lysates were sub-
jected to immunoprecipitation with anti-Flag-beads and immunoblot
analysis with an anti-HA antibody. i 293T cells were transfected with
HA-STAT3 and Flag-STAT3 for 8h, followed by transfection
with Myc-SOCS1 SH2 for 36h. The lysates were subjected to
immunoprecipitation with anti-Flag-beads and immunoblot analysis
with an anti-HA antibody. All of the experiments were performed at
least three times

level of tumoral STING was significantly negatively
correlated with NPC patient relapse (p < 0.05) but not sex,
age, tumor stage, lymph node metastasis (N) or clinical
grade (Supplementary Table 1, n=77). In sum, these
findings suggest that in humans NPC STING signaling
impedes the activity of MDSCs, resulting in improved
patient outcomes.

SPRINGER NATURE
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Fig. 6 STING signaling directly regulates MDSC differentiation.
a CD33" cells were cultured in medium alone or with administration
of recombinant lentivirus vectors containing Flag-empty vector (EV),
Flag-STING, Flag-STING SA, shControl or shSTING-02 for 48 h.
qRT-PCR was performed to determine the mRNA levels of STING and
SOCS1 in the CD33" cells cultured under the different inducement
conditions described above. b Lysates of MDSCs treated with medium
or infected with lentivirus containing the indicated expression vectors
were subjected to immunoblot analysis with the indicated antibodies.
¢ Quantification of MDSC cells (CD337CD11b™ cells in the HLA-DR

Discussion

Although numerous studies have described the myriad
functions of STING in antiviral immunity [8, 33, 38—42],
increasing evidence indicates that STING signaling is one
of most important pathways for remodeling of the tumor
microenvironment [21, 43, 44]. STING-mediated
antitumor immunity is associated with an enhancement
in antigen-presenting cells (APCs) and tumor antigen-
specific CD8* T cells [15, 18, 22]. However, the function
of STING in other tumor-infiltrating immune cells and
tumor cells within the tumor microenvironment has not
been elucidated. In this study, we found that STING
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~ gated population) induced by medium or infected with lentivirus
containing the indicated expression vectors. d The quantification of
p-STAT3, PD-L1, Arg-1, and iNOS expression in the indicated
MDSCs. e Quantification of p-STAT3 and PD-L1 expression in
STING-knockdown MDSCs. f A representative image of CD33" cells
treated with medium or lentivirus containing shControl or shSTING-
02 for 24 h and then treated with cryptotanshinone. All experiments
were performed at least three times, and quantification data are plotted
as the mean+ SEM. Statistical analyses were conducted with an
unpaired Student’s -test; ***p <0.001 vs. the corresponding control

expression is negatively associated with the number
of tumor-infiltrating CD33% cells, suggesting that
STING might play a role in tumor-associated MDSC
differentiation. We then found that STING signaling
decreases the percentage of NPC-induced HLA-DR
“CD11b"CD33" MDSCs in vitro, implying that STING
has a protective role against tumor progression. Con-
sistent with these observations, another study also
observed that CD11b*Gr1™ immature myeloid suppressor
cells (mouse MDSCs) are increased in glioma-bearing
STINGE"8" mice [15]. Recently, another study showed that
PD-L1 antibody therapy exhibited reduced antitumor
efficacy in STING#¢' mice, which was associated with an
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Fig. 7 STING expression and its clinical relevance in NPC.
a Representative images from immunohistochemistry (IHC) assays
to examine the expression of STING in pairs of paraffin-embedded
non-tumor tissues (NT) and tumor tissues (T) from 22 NPC patients.
b The STING level was lower in tumor tissues than in non-tumor
tissues. Statistical analyses were conducted with a paired Student’s
t-test. Scale bars, 50 um. ¢ Negative correlations were found
between the number of tumor-infiltrating CD33" cells and tumor
STING levels in NPC patients (n =61). The statistical analysis
was performed using Spearman’s correlation and linear regression.

increased MDSC population in the tumor microenviron-
ment [45], consistent with our results.

The STATS3 signaling pathway plays an important role
in the tumor microenvironment by propagating several
levels of cross-talk between tumor cells and immune cells
[46]. Constitutively activated STAT3 signaling is fre-
quently observed in tumor cells, leading to upregulation of
the MDSC differentiation-associated cytokines IL-6 and
GM-CSF [47]. STAT3 activation also directly enhances
immunosuppressive activity by upregulating ROS pro-
duction [48]. Furthermore, STAT3 promotes the produc-
tion of various immunosuppressive factors in MDSCs,
including PD-L1, Arg-1, and iNOS, resulting in alteration
of gene expression programs to restrain antitumor immu-
nity [30]. Our results reveal that STING inhibits NPC-
derived MDSC induction via TBKI1-dependent type I
IFN and STAT3 signaling. STING-mediated type I IFN
production leads to antitumor immunity in many cancers
[23]. However, we found that IFN-f, a typical type I
IFN, has no effect on MDSC differentiation in NPC.
Notably, it has been reported that chronic IFN-a expres-
sion promotes MDSC accumulation to strongly suppress
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R, Spearman’s correlation, is the correlation coefficient. d Disease-
free survival (DFS) rates showing that the tumor STING level
(n="77, p=0.024) was significantly associated with the poor
prognosis of NPC patients. e A cartoon demonstrating the role of
STING-SOCS1-STAT3 axis in regulation of cross-talk between
tumor cells and MDSCs in the NPC microenvironment. The cutoff
point of STING for [HC data was 4.7. Cutoff selection was based on
X-tile. The data in b are plotted as the mean + SEM. *p <0.05, and
**%*p <0.001 vs. the corresponding control

specific CD8" T cells, leading to a poor immune response
against viral infection [49]. This apparent contradiction
may be explained by the doses used and times stimulated
with type I IFN in different experimental models. Indeed, a
high type I IFN dose enhances antiviral immune responses,
whereas a low dose has the opposite effect. A similar study
demonstrated that chronic but not acute viral infection
induces MDSC expansion [50]. These reports illustrate the
complexity of type I IFN signaling with regard to MDSC
differentiation, which should be further elucidated in
future studies.

Here, our data suggest that genes downstream of
STING-mediated type I IFN signaling might regulate
tumor-associated MDSC differentiation in NPC. Indeed,
we observed that SOCS1, which is upregulated by STING-
TBKI1 signaling, physically interacts with STAT3 at both
SH2 domains to inhibit STAT3 phosphorylation at both
S727 and Y705. Importantly, this interaction also disrupted
STAT3 dimerization, leading to further inhibition of
STAT3 signaling. This mechanism underlies the observed
STAT3 inhibition by the STING-TBK1 axis, which occurs
in a SOCS1-dependent manner.

SPRINGER NATURE
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Currently, the immune function of STING in non-
myeloid cells is controversial. On the one hand, Xing et al.
identified that TRIM29-mediated STING degradation in
epithelial cells results in immunosuppression [25]. On the
other hand, Liang et al. found that intra-tumoral STING
activation led to MDSC recruitment and immunosuppres-
sion [26]; however, they did not investigate the function of
STING in induction of tumor-derived cytokines and MDSC
differentiation in the tumor host. Here, our studies provide
strong evidence supporting a model in which there is no
functional difference between myeloid cells and tumor cells
for STING-mediated immune-regulation: tumor-intrinsic
STING activation also promotes antitumor immunity by
suppressing immunosuppressive cytokine production within
the tumor microenvironment.

Based on our findings, we propose a working model to
illustrate how STING regulates MDSC differentiation in NPC
(Fig. 7e). In EBV-positive NPC tumor microenvironments,
STING serves as an antitumor protein to activate TBK1-IRF3
signaling to upregulate SOCS1 in tumor cells and myeloid
cells. SOCSI then interacts with STAT3 to inhibit its phos-
phorylation and dimerization. Released IL-6 and GM-CSF
from those cells eventually leads to induction of MDSC dif-
ferentiation to promote MDSC-mediated immunosuppression
and tumor progression.

In conclusion, our study unveils a previously unrecog-
nized function of the STING-SOCS1-STAT3 axis in reg-
ulating MDSC differentiation in virus-associated NPC.
Given the critical roles of type I IFN signaling and
STAT3 signaling in tumor immunity, a more comprehen-
sive understanding of the cross-talk between STING and
STAT3 signaling in the pathogenesis of NPC may provide
an opportunity to develop novel therapeutic strategies by
adjusting the tumor microenvironment.

Materials and methods
Sample collection and mice

In total, 77 fresh tumor specimens, including 22 pairs of
non-tumor and tumor tissues from NPC patients at the first
diagnosis, were collected at the Sun Yat-sen University
Cancer Center, Guangzhou, China between 2011 and 2013
(Supplementary Table 1). This study was conducted in
accordance with the Helsinki Declaration, and all patients
and healthy donors signed a consent form approved by the
Research Ethics Committee of the Sun Yat-sen University
Cancer Center (GZR2013-040).

Female 6- to 7-week-old C57BL/6 mice were purchased
from the Guangdong Medical Laboratory Animal Center
and maintained in pathogen-free conditions at the Animal
Experiment Center of Sun Yat-Sen University. Tmem173 "~
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mice were a gift from Professor Hui Zhang (Zhongshan
Medical School, Sun Yat-sen University). All procedures
were approved by the Animal Care and Use Committee of
Sun Yat-Sen University and conformed to the legal man-
dates and national guidelines for the care and maintenance of
laboratory animals.

Cell culture and reagents

HEK293T, TWO03, C666, and CNE2 cells were cultured in
DMEM (Life Technologies, Beijing, China) or RPMI-1640
medium (Life Technologies) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA) and 1%
L-glutamine (Gibco). The normal NP69 cell line was
maintained in keratinocyte-SFM medium (Invitrogen).
Human peripheral blood mononuclear cells (PBMCs) were
isolated from the blood of healthy donors. The pSTAT3
inhibitor cryptotanshinone was purchased from Selleck
(Houston, TX, USA).

Colony formation assay

For colony formation assays, NPC cells were directly
plated in 6-well plates at a density of 1000 cells per well in
RPMI-1640 containing 10% FBS for 2-3 weeks. Cells
were stained with crystal violet (Beyotime Biotechnology,
Xiamen, China) and counted using ImageJ software.

Enzyme-linked immunosorbent (ELISA) assay

For ELISA assays, human IL-6 (R&D Systems, Minnea-
polis, MN, USA), and GM-CSF ELISA kits (eBioscience,
San Diego, CA, USA) were used. Briefly, a 96-well plate
was coated with 100 pL of coating diluent at 4 °C over-
night. Then, 100 uL. of a standard or samples from the
serum of NPC patients and cells was added to the
appropriate wells and incubated for 2h at room tem-
perature (RT). The wells were washed five times with
wash buffer, and an anti-STING, anti-IL-6, or anti-GM-
CSF conjugate was added to all wells followed by further
incubation at RT. The plate was again washed 5-7 times,
and 100 pL of avidin-HRP was added. The plate was then
incubated for 30 min at RT, and 100 uL of a substrate
solution was added to each well after a wash with wash
buffer. The plate was subsequently incubated for 15 min
at RT in the dark, after which 50 uL of stop solution was
added to each well, and the absorption at 450 nm was
detected using a 96-well plate reader (Bio-Rad).

Immunohistochemistry (IHC) assay

A primary rabbit anti-human STING antibody (ProteinTech
Group, Wuhan, China) was used to stain all specimens from
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NPC patients, most of which (n=61) were also stained
using a primary mouse anti-human CD33" antibody
(Abcam, Cambridge, MA) according to the manufacturer’s
instructions. Normal goat IgG (Santa Cruz Biotechnology,
Dallas, TX, USA)-negative control staining was performed
and evaluated. Briefly, paraffin-embedded tissues were
sectioned continuously at a thickness of 4 um, followed by
staining with a STING antibody according to the manu-
facturer’s instructions. The data were scored for STING
expression in tumor nests and adjacent tissues in 5 separate
x400 high-power microscopic fields (HPFs). Specimens
were scored using a semi-quantitative immunoreactivity
scoring system, which ranged from O to 12 and was derived
from multiplication of the intensity of immunohistochem-
ical staining (0—no staining; 1—weak; 2—moderate; and 3
—strong) and the percentage of positive tumor cells
[1(<25%), 2 (25-50%), 3 (50-75%), 4 (>75%)]. The slides
were scored independently by two pathologists. Cutoff
selection was based on X-tile (Version 3.6.1, Yale Uni-
versity, New Haven, CT, USA).

Plasmids and transfection

Plasmids encoding expression genes were constructed
according to previously described methods [51]. STING-
specific shRNA (shSTING, #HSH009286-LVRU6GP)
and control (shCtrl, #CSHCTRO001-LVRU6GP) vectors
were purchased from GeneCopoeia (Guangzhou, China).
Flag-SOCS1 was kindly provided by Dr. Xiao Yu.
Myc-STAT3 domain mutants and a Myc-STAT3 Y705F
plasmid were constructed using standard molecular
techniques. Cells were transfected with plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. For gene-
knockdown assays, cells were infected with lentivirus
encoding shRNAs.

Lentivirus production and generation of stable
expression or knockdown cell lines

For lentivirus production, 293T cells were transfected
with corresponding vectors (expression vectors: AS8.9:
VSVG =5:3:2) for 48h, and supernatants containing
lentiviral particles were collected and stored at 4 °C until
use. For generating stable cell lines, lentivirus was tittered
by infection of TW03 and CNE2 cells with serial dilutions
of lentivirus in the presence of 8 ug/ml polybrene (Abbott
Laboratories, Abbott Park, IL, USA). Then, 48 h post
infection, lentivirus-infected NPC cells were cultured with
3 pg/ml puromycin (Sigma-Aldrich, St. Louis, MO, USA)
for 2 weeks. Puromycin-resistant colonies were then col-
lected and expanded for further analysis under selection
conditions.

Generation of knockout cells using CRISPR/Cas9
technology

Plasmids containing STING, TBK1, and SOCS1 sgRNAs
for the CRISPR/Cas9 system were constructed as described
previously [52]. The sequences are as follows:
GFP sgRNA (control), 5'-GGGCGAGGAGCTGTTCA
CCG-3’
STING sgRNA 1, 5'-GGTGCCTGATAACCTGAGTA-3’
STING sgRNA 2, 5'-GCGGGCCGACCGCATTTGGG-3’
TBK1 sgRNA 1, 5'-TTTGAACATCCACTGGACGA-3’
TBK1 sgRNA 2, 5'-CATAAGCTTCCTTCGTCCAG-3’
SOCS1 sgRNA 1, 5-TGCCGGTAATCGGCGTGCG
AA-3’
SOCSI
GC-3'.

sgRNA 2, 5-GGGCGAAAAAGCAGTTCC

Fluorescence-activated cell sorting (FACS) analysis

For FACS analysis, single-cell suspensions were stained with
corresponding fluorescence-labeled antibodies according to
the manufacturer’s instructions. Fluorescence-labeled anti-
bodies against the following proteins, along with matched
isotypes, were purchased from eBioscience (San Diego, CA,
USA): CD33 (85-45-0338-42); CD11b (85-25-0118-42);
CD4 (555346); CD8 (12-0088-42); p-STAT3 (17-9033-41);
and PD-L1 (85-11-9969-42). Antibodies targeting iNOS
(IC5868F) and Arg-1 (sc-7271AF647) were purchased from
R&D Systems (Minneapolis, MN, USA) and Santa Cruz
(Dallas, TX, USA), respectively. Antibodies specific for
murine MDSC markers, including CD11b (11-0112-85), Gr-1
(12-5931-85), Ly6C (45-5932-82) and Ly6G (12-9668-82),
were a kind gift from Professor Jie Zhou (Zhongshan Medical
School, Sun Yat-sen University). All data were analyzed
using FlowJo software (Treestar).

MDSC differentiation assay and T-cell proliferation
assay

CD33" cells were separated from healthy PBMCs using
human CD33 MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s
instructions. Isolated CD33" cells were co-cultured with
NPC cells in 24-well plates using a transwell system
(0.4-mm pore, Corning) at a ratio of 1:5 for 48 h. CD33"
cells cultured in medium alone were evaluated as a control.
A panel of collected cells was used to analyze MDSC
marker expression via staining, and the remaining cells
were subjected to the T-cell proliferation assay. Briefly,
PBMCs from HDs were labeled with carboxyfluorescein
diacetate succinimidyl ester (CSFE, 10uM), plated in
OKT3-coated 96-well plates and added to the induced
MDSC:s, followed by culture for 3 days. The cells were then
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stained for CD3, CD4, and CDS8 cell surface markers. Flow
cytometry was performed using an FC500 flow cytometer,
and data were obtained with CXP software (Beckman
Coulter, San Jose, CA).

Quantitative RT-PCR analysis

Total RNA from various cells was extracted with Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Quantification and quality con-
trol assessment of total RNA were performed in triplicate
with a NanoDrop2000 spectrophotometer (Thermo Sci-
entific). In a 20-ul PCR mixture, 1 mg of total RNA was
reverse-transcribed into first-strand cDNA using HiScript®
II QRT SuperMix for qPCR (Vazyme, Nanjing, China),
and real-time PCR was performed using a 2xRealStar
SYBR Mixture (Genestar, Beijing, China). The mRNA
expression levels of examined genes were determined
using the AACt method, and RPL13A was used as the
reference gene. The data indicate the relative mRNA levels
(Fold induction), with the relative quantity of the control
cells set to 1. The following specific primers, including
the forward (F) and reverse (R) primers (from 5’ to 3),
were used:

RPLI3A F: 5'-CCTGGAGGAGAAGAGGAAAGAGA-3’

R: 5'-TTGAGGACCTCTGTGTATTTGTCAA-3’

STING F: 5'-CCAGAGCACACTCTCCGGTA-3’

R: 5'-CGCATTTGGGAGGGAGTAGTA-3’

SOCS!I F: 5'-TTTTCGCCCTTAGCGTGAAGA-3’

R: 5'-GAGGCAGTCGAAGCTCTCG-3’

ISG15 F: 5'-TCCTGGTGAGGAATAACAAGGG-3’

R: 5'-GTCAGCCAGAACAGGTCGTC-3’

ISG54 F: 5'-GGAGGGAGAAAACTCCTTGGA-3’

R: 5'-GGCCAGTAGGTTGCACATTGT-3’

ISG56 F: 5'-TCAGGTCAAGGATAGTCTGGAG-3’

R: 5-AGGTTGTGTATTCCCACACTGTA-3’

Immunoprecipitation and immunoblot analysis

For endogenous immunoprecipitation, CNE2 cell extracts
were prepared and incubated overnight with a SOCS1 anti-
body plus Protein A/G beads (Thermo, Rockford, IL, USA).
For tagged protein immunoprecipitation, 293T or CNE2 cells
were transfected with the corresponding expression vectors
for 24 h, and then, Flag or Myc was pulled down using Flag-
beads or Myc-beads (Sigma-Aldrich, St. louis, MO, USA)
and immunoblot analysis was performed.

Horseradish peroxidase (HRP)-FLAG (A8592) and
mouse anti-p-actin (A2228) antibodies were purchased from
Sigma (St. Louis, MO, USA). Anti-HRP-hemagglutinin
(HA, clone 3F10) and anti-c-Myc-HRP (11814150001)
antibodies were purchased from Roche Applied Science
(Mannheim, Germany). Rabbit anti-STING (13647), anti-
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STAT3 phosphorylated at Tyr705 (pY705 or pSTATS3,
9131), anti-STAT3 phosphorylated at Ser727 (pS727,
9134), anti-STAT3 (4904), anti-STAT3 phosphorylated at
Ser172 (pTBKI1, 5483) and anti-TBK1 (3504) antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA). HRP-conjugated 6*His, His-Tag antibody
(HRP-66005), rabbit GST Tag antibody (10000-0-AP),
anti-SOCS1 antibody (25852-1-AP) was from ProteinTech
(Wuhan, China). Mouse anti-c-Myc (9211) and anti-STAT3
(sc-293151) antibodies were purchased from Transgen
(Beijing, China) and Santa Cruz (Dallas, TX, USA),
respectively.

Luciferase reporter assay

For luciferase assays, ISRE-luciferase (ISRE-luc), IFN-f-
luc, and TK-luc have been described previously [51). The
STAT3 reporter plasmid (STAT3-luc, 11503ES03) was
purchased from Yensen (Guangzhou, China). NPC cells
were co-transfected with overexpression or knockdown
plasmids along with reporter-luc and TK-luc plasmids.
Then, the cells were lysed with passive lysis buffer (Pro-
mega, Madison, WI, USA) 36-48 h after treatment. The
relative luciferase units (RLUs) were calculated by nor-
malizing the reading of reporter-luc to that of TK-luc, and
the RLU of the control cells was set to 1. A 500-bp
fragment of the STING WT 3’-UTR was cloned down-
stream of the Gaussia luciferase gene into a pEZX-MTO05
vector (GeneCopoeia, Guangzhou, China), and a mutant
(MT) 3’-UTR plasmid was subsequently generated via site-
directed mutagenesis.

In vitro GST-pulldown binding assay

GST-STAT3 and GST-STAT3 ASH2 were cloned into the
vectors pGEX-5x, and His-SOCS1 was cloned into pET-28a
(+), for bacterial expression. E. coli BL21 were transformed
with pGEX-5x-STAT3, pGEX-5x-STAT3 ASH2 and pET-
28a (+)-SOCS1 vectors. GST-STAT3 and His-SOCS1 pro-
tein expression were induced with IPTG and purified using
Glutathione Agarose (a kind gift from Dr. Xiya Zhang) and
Ni-NTA Agarose beads (Qiagen, #30210) according to
standard protocols. Purified GST-STAT3 and His-SOCS1
were incubated in reaction buffer at 4 °C for 1 h and then with
GST-beads overnight at 4 °C. Afterwards, the beads were
washed four times with low-salt buffer, and bound proteins
were eluted and subjected to immunoblot analysis.

Statistical analyses
All analyses were performed using GraphPad Prism 5

(La Jolla, CA, USA) and SPSS 18.0 software (Chicago, IL,
USA). Two-tailed Student’s #-test was used for comparison
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of the numerical data, which are presented as the mean +
standard error of the mean (SEM). Pearson’s chi-squared
test was used to analyze the correlation between immuno-
histochemical variants and patient clinic pathological para-
meters. The Kaplan—Meier and log-rank test were used for
survival analysis, and a y* test was also used in some
experiments as indicated. Cutoff values were obtained using
X-tile (Version 3.6.1, Yale University, New Haven, CT,
USA). In this study, *p <0.05, **p<0.01, ***p<0.001,
and p <0.05 were considered significant.

Authenticity of the data

The authenticity of this article has been validated by
uploading the key raw data onto the Research Data Deposit
(RDD) public platform (www. researchdata.org.cn), with
the RDD approval number RDDB2018000483.
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