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Abstract: The anti-diabetes drug metformin has emerged as a promising antitumor agent in pancreatic ductal ad-
enocarcinoma (PDAC) among other cancers by promoting the infiltration of immune cells in the tumor microenvi-
ronment (TME). However, the mechanisms underlying the antitumor effects of metformin in PDAC remain unclear.
In this study, we revealed that metformin induced stimulator of interferon genes (STING) expression in pancreatic
cancer cells in a dose- and time-dependent manner. Metformin also activated the STING/IRF3/IFN- pathway by
inhibiting AKT signaling in PDAC cells. Importantly, the combination of metformin with the STING agonist 2’'3’-cGAMP
exerted synergistic effects in activating the STING/IRF3/IFN-B pathway in pancreatic cancer cells. Additionally, met-
formin augmented the antitumor effects of 2'3’-cGAMP in mouse models by enhancing the infiltration of T cells in
the TME. These findings unveiled a previously unknown mechanism contributing to the antitumor effects of metfor-

min in PDAC, and provide a rationale for its use in combination with existing or novel immunotherapies.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is
the fourth leading cause of cancer-related
deaths worldwide; the 5-year overall survival
rate of PDAC patients is only 8%, the lowest
among all cancers [1, 2]. According to the
Global Burden of Diseases (GBD) study, pancre-
atic cancer was the eighth most common cause
of cancer-related mortality in 2016 [3]. Despite
the advances in surgical techniques and che-
motherapy, the prognosis of PDAC patients
remains poor. Recently, immune checkpoint
blockade (ICB) has emerged as a promising
treatment approach for patients that do not
respond well to radiotherapy and chemothera-
py; however, ICB has proven ineffective in treat-
ing PDAC patients, which may reflect the immu-
nosuppressive tumor microenvironment (TME)
of pancreatic cancer [4]. Thus, exploring novel
therapeutic strategies for pancreatic cancer
remains of high clinical importance.

The biguanide metformin is one of the most
widely used anti-diabetes medications [5].

Mounting evidence suggests that metformin
can reduce tumor burden in various cancer
types, including lung, prostate, and colon [6-
10]. It has also become evident that the antitu-
mor effects of metformin are mediated through
diverse mechanisms, including the inhibition of
AMPK/mTOR [11] and insulin/insulin-like grow-
th factor-1 (IGF-1) pathways [12]. Metformin has
also been shown to suppress tumor growth by
modulating antitumor immune responses, such
as inducing immune cell infiltration in tumors
[13], inhibiting the infiltration of tumor-associat-
ed macrophages (TAMs) [14], and promoting
antitumor CD8* T cell immune responses [15].
However, the mechanisms underlying the anti-
tumor effects of metformin in PDAC remains
unclear.

The stimulator of interferon genes (STING) is
a transmembrane protein activated by cyclic
dinucleotides (CDNs) generated by cyclic GMP-
AMP synthase (cGAS) [16]. STING regulates the
TME of solid tumors by promoting CD8" T cell
recruitment and activation [17]. STING activa-
tion results in the activation of TANK-binding
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kinase-1 (TBK1), phosphorylation of IRF-3, and
production of type | interferons (IFNs) [18],
which trigger tumor antigen cross-presenta-
tion and antitumor T cell immune responses
[19]. Although interventions enhancing cGAS-
cGAMP-STING signaling have been shown to
exert potent anti-cancer effects [20], the thera-
peutic potential of STING pathway modulation
in pancreatic cancer remains unclear.

Herein, we show that metformin represses
tumor growth by promoting STING expression
and activation, subsequently increasing T cells
infiltration in the TME. Our findings unveil a pre-
viously unknown mechanism involved in the
antitumor effects of metformin and support the
potential therapeutic benefit of the combina-
tion of metformin with existing immunothera-
pies to treat pancreatic cancer.

Materials and methods
Cell culture and antibodies

The human PDAC cell lines PANC-1, BxPC-3,
and SW1990 were purchased from The Cell
Bank of Type Culture Collection of the Chine-
se Academy of Sciences (Shanghai, China).
PancO2 cells were obtained from Tong Pai
Technology (Shanghai, China). PANC-1 cells
were cultured in Dulbecco’s Modified Eagle
Medium (HyClone Laboratories, Logan, UT,
USA) supplemented with 10% fetal bovine
serum (FBS; HyClone, USA) and 1% penicillin/
streptomycin. BxPC-3 cells were cultured in
RMPI-1640 (Gibco, USA) supplemented with
10% FBS, while SW1990 cells were maintained
in L-15 medium (HyClone Laboratories, Logan,
UT, USA) containing 10% FBS. All cell lines were
maintained at 37°C in a humidified 5% CO,
atmosphere.

Antibodies against STING (19851-1-AP, 1:
1000), GAPDH (10494-1-AP, 1:3000), AKT (10-
176-2-AP, 1:1000), and phospho-AKT (66444-
1-1g, 1:1000) were purchased from Proteintech,
while those against IRF3 (4302S, 1:1000) and
phospho-IRF3 (37829S, 1:1000) were obtained
from Cell Signaling Technology.

Western blot

Cell lysates were prepared in RIPA lysis buffer
(Beyotime Institute of Biotechnology, Guang-
zhou, China) supplemented with 1% protease

2852

and phosphatase inhibitors according to the
manufacturer’s instructions. Protein concentra-
tions were determined using a BCA protein
assay kit (Pierce Biotechnology, USA) Subse-
quently, equal amounts of proteins were sepa-
rated using 10% SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) mem-
branes (Pierce Biotechnology, USA). Membran-
es were blocked with 5% non-fat milk in TBST
(10 mM Tris-HClI, pH 8.0; 150 mM NaCl; 0.05%
Tween-20) for 1 h at room temperature, fol-
lowed by overnight incubation with primary anti-
bodies at 4°C. After washing with TBST, mem-
branes were incubated with HRP-conjugated
secondary antibodies for 1 h. Finally, the mem-
branes were incubated with ECL detection
reagents and imaged using the ChemiDoc XRS
imaging system (Bio-Rad Laboratories, Inc.
Hercules, CA, USA). Protein band intensities
were determined using Image Lab software
(Bio-Rad Laboratories, Inc. Hercules, CA, USA);
GAPDH was used as a loading control.

Quantitative real-time PCT (qRT-PCR)

TRIzol reagent (Thermo Fisher Scientific, USA)
was used to extract total RNA from cells, and
cDNA was synthesized using 2 pyg of RNA and
the cDNA Reverse Transcription kit (Prime-
Script™ RT reagent Kit, Code No. RRO37A).
The gRT-PCR analysis was conducted using
a PCR kit (TB Green™ Fast qPCR Mix, Code
No. RR430A) according to the manufacturer’s
instructions. Relative mRNA levels were calcu-
lated using the 24°t method were normalized
to the respective GAPDH mRNA levels.

Enzyme-linked immunosorbent assay (ELISA)

IFN-B levels were determined by ELISA. Cells
were lysed, and the supernate was collected
after centrifugation. Standards and samples
were added to the wells, which were pre-incu-
bated with an anti-IFN-B monoclonal antibody.
After a 2 h incubation, samples were incubated
for 1 h with a detection antibody. Samples were
then incubated with the HRP conjugate for 30
min, and the chromogenic substrate was
added. After development in the dark for 30
min, stop solution was added, and absorbance
(OD) at 450 nm was measured on a microplate
reader. The curve-fitting method was used to
plot a four-parameter logistic curve based on
the standards and calculate IFN-3 levels in the
test samples.
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Syngeneic tumor model and treatments

Six-week-old C57BL/6 mice were purchased
from Charles River Laboratories (Wuhan, Chi-
na). Panc02 cells (5 x 10° cells in 100 yL 1 x
PBS) were injected subcutaneously into the
right flanks. The tumor volume was measured
every other day. The mass of tumors was also
measured. Metformin was administered at 200
mg/kg daily, starting on the day of tumor cell
transplantation. According to the Reagan-Shaw
method for dose transformation from animal to
human studies [21], the human equivalent of a
murine dose of 200 mg/kg is 972 mg for an
average-sized (60 kg) adult human. Therefore,
this dose is clinically relevant and within the
safe therapeutic range for humans. Five and
ten days after implantation, 10 pg of 2'3'’-
CGAMP in Lipofectamine 2000 was injected
into transplanted tumors. All experimental pro-
cedures involving animals were approved by
the Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology.

The resecting tumors were dissociated in Cell
Lytic M (#C2978; Sigma) supplemented with a
protease inhibitor cocktail (S8820; Sigma).
Following a 10 min incubation at room temper-
ature, samples were centrifuged at 12,000 x
g. Proteins from tumors were extracted for
Western blot and ELISA [22].

Flow cytometry analysis

Mouse tumors were used to prepare single-
cell suspensions. Samples were stained with
the following antibodies: APC-conjugated anti-
CD45 (#103112; Biolegend, USA); FITC-con-
jugated anti-CD4 (#100510; Biolegend, USA),
and PE-conjugated anti-CD8 (#100708; Biole-
gend, USA). After 15 min incubation at room
temperature, cells were washed three times
with PBS, resuspended in PBS, and analyzed by
flow cytometry. Data were analyzed with FlowJo.

Bioinformatics mining

The analytical tool Tumor IMmune Estimation
Resource TIMER; (https://cistrome.shinyapps.
io/timer/) [23] was used to estimate the corre-
lation between STING or IFNB1 mRNA levels
and the immune infiltration levels in pancrea-
tic adenocarcinoma (PAAD). The correlation
between the mRNA levels of STING and IFNB1
in PAAD was assessed using GEPIA (http://
gepia.cancer-pku.cn/).
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Statistical analysis

We used GraphPad Prism 6 software (Graph-
Pad Software, Inc) for all statistical analyses.
Statistical analyses were performed using one-
sided or two-sided paired Student’s t-test for
comparisons between two groups and one-way
or two-way ANOVA with a post hoc test for mul-
tiple comparisons. P-values < 0.05 were con-
sidered statistically significant. All values were
expressed as means * standard deviation (SD).

Results

Metformin up-regulates STING in pancreatic
cancer cells

It has been reported previously that STING sig-
naling plays an important role in the regulation
of immune cell infiltration in the TME [24]. To
assess the relationship between STING and
immune cell infiltration in PDAC, we used TIMER
to analyze the association between STING
MRNA levels and the infiltration levels of differ-
ent T cell subsets. Interestingly, we found a sig-
nificant association between STING expression
levels and the infiltration levels of CD8* and
CD4* T cells in PAAD (Figure 1A).

Previous studies have shown that metformin
modulated antitumor immune responses by
regulating T cell infiltration in the TME [13, 25].
Hence, we investigated the effects of metfor-
min on the STING pathway in three pancreatic
cell lines. We found that metformin-treated
pancreatic cells had higher STING mRNA and
protein levels than control cells (Figure 1B, 1C).
We also found that the metformin-induced
STING up-regulation at the mRNA and protein
levels was dose-dependent (Figure 1D-G).
These results suggest that metformin induces
the expression of STING in pancreatic cancer
cells.

Metformin activates the STING/IRF3/IFN-3
pathway in pancreatic cancer cells

STING pathway activation has been shown to
induce immune cell infiltration by activating
the IRF3/IFN-B pathway [17]. Here, we explored
the ability of metformin to activate the STING/
IRF3 pathway in pancreatic cancer cells. We
found that metformin-treated cells had higher
phosphorylation levels of IRF3 than control
cells, indicating STING/IRF3 pathway activation
(Figure 2A). We also found that STING mRNA
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Figure 1. STING is up-regulated by metformin treatment in pancreatic cancer. (A) TIMER web tool was used to search
the relationship of the mRNA expression level of STING and the infiltration of CD4*/CD8* T cells. Purity was mean-
while measured as blank control. (B and C) RT-PCR (B) analysis to show the mRNA expression level of STING and
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Western blot analysis (C) to show the protein level of STING in PANC-1, SW1990, and BxPC-3 cell lines with/without
treatment with metformin (5 mM) for 24 h. Data were shown as the mean * SD of three independent experiments.
GAPDH served as an internal reference. ***, P < 0.001. (D and E) RT-PCR analysis (D) to show the mRNA expression
level and Western blot analysis (E) to show the protein expression level of STING in PANC-1, SW1990 and BxPC-3 cell
lines with the treatment of metformin (0 mM, 1.25 mM, 2.5 mM, or 5 mM, respectively) for 24 h. Data were shown
as the mean + SD of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F and G) RT-PCR
analysis (F) to show the mRNA expression level and Western blot analysis (G) to show the protein expression level
of STING in PANC-1, SW1990 and BxPC-3 cell lines with treatment of metformin (5 mM) for O h, 24 h, 48 h, or 72
h respectively. Data presented as the mean + SD of three independent experiments. GAPDH served as an internal

reference. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2. Metformin activated STING/IRF3/IFN-B pathway in pancreatic cancer cells. A. Western blot analysis to
show the protein expression level of STING, IRF3, and p-IRF3 in PANC-1, SW1990 and BxPC-3 cell lines with or
without treatment with metformin (5 mM) for 24 h. GAPDH served as an internal reference. B. GEPIA web tool
was searched for the relationship between the of mMRNA expression level of IFN- and STING (TMEM173) in PAAD
patients. C. TIMER web tool was searched for the relationship between the expression level of IFN-B and the infiltra-
tion of CD4*/CD8"* T cells, purity was meanwhile measured as blank control. D. RT-PCR analysis to show the mRNA
expression level of IFN-B in PANC-1, SW1990, and BxPC-3 cell lines with the treatment of metformin (5 mM) for 24
h. Data presented as the mean + SD of three independent experiments. ***, P < 0.001. E. RT-PCR analysis to show
the mRNA expression level of IFN-B in PANC-1, SW1990, and BxPC-3 cell lines with the treatment with metformin(0
mM, 1.25 mM, 2.5 mM, or 5 mM, respectively) for 24 h. Data presented as the mean + SD of three independent
experiments.*, P < 0.05; **, P < 0.01; ***, P < 0.001. F. ELISA analysis of the protein expression level of IFN-B in
PANC-1, SW1990, and BxPC-3 cell lines with the treatment of metformin(5 mM) for 24 h. Data presented as the
mean + SD of three independent experiments. *** P < 0.001. G. ELISA analysis of the protein expression level of
IFN-B in PANC-1, SW1990, and BxPC-3 cell lines with the treatment with metformin (0 mM, 1.25 mM, 2.5 mM, or 5
mM, respectively) for 24 h. Data presented as the mean + SD of three independent experiments.ns, not significant;

*, P <0.05; ***, P <0.001.

levels were associated with those of IFNB1
(Figure 2B) and with CD4*/CD8* T cell infiltra-
tion levels (Figure 2C) in pancreatic cancer.
Furthermore, metformin treatment in pancre-
atic cancer cells induced IFN-B expression at
the mRNA and protein level in a dose-depen-
dent manner (Figure 2D-G), suggesting that
metformin activated the STING/IRF3/IFN-(3
pathway in pancreatic cancer cells.

Metformin enhances STING expression by in-
hibiting the AKT pathway in pancreatic cancer
cells

Previous studies have shown a negative corre-
lation between AKT phosphorylation levels and
STING pathway activation [26] and that metfor-
min negatively regulates the AKT pathway in
cancer cells [27, 28]. Therefore, we examined
whether the effects of metformin on STING
expression levels in pancreatic cancer cells are
mediated through the AKT signaling pathway.
We found that metformin treatment in three dif-
ferent pancreatic cancer cell lines inhibited
AKT phosphorylation (Figure 3A) while increas-
ing STING expression. However, STING induc-
tion in response to metformin was concealed or
abrogated by the AKT inhibitor MK2206 (Figure
3B, 3C). Conversely, the metformin-induced
STING up-regulated was rescued when cells
were treated with the AKT agonist SC79 (Figure
3D, 3E). These results suggest that the metfor-
min-mediated STING up-regulation was depen-
dent on AKT pathway inhibition.

Metformin and cGAMP treatment synergisti-
cally activate the STING/IRF3/IFN-3 pathway
in pancreatic cancer cells

Having established that metformin activates
the STING/IRF3/IFN-B pathway in pancreatic
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cancer cells, we investigated the potential syn-
ergistic effects of the STING pathway agonist
2'3’-cGAMP in pancreatic cancer when com-
bined with metformin. We found that 2'3-
cGAMP increased p-IRF3 and IFN-B levels in
pancreatic cancer cells (Figure 4A, 4B); this in-
crease was potentiated when cells were simul-
taneously treated with metformin and 2'3-
cGAMP (Figure 4C, 4D). These results demon-
strated the synergistic effects of metformin
and 2’3-cGAMP on STING/IRF3/IFN-B pathway
activation (Figure 6).

Metformin suppresses tumor growth and pro-
motes T cell infiltration in vivo

Next, we investigated the effects of metformin
in T cell infiltration in vivo. We confirmed that
metformin activated the STING/IRF3/IFN-B
pathway in murine PancO2 tumor cells, and the
combination of metformin and 2’'3’-cGAMP fur-
ther increased p-IRF3 and IFN-B levels com-
pared with metformin or 2’3’-cGAMP alone
(Figure 5A, 5B). After subcutaneously injecting
PancO2 cells into the flanks of C57BL immune-
proficient mice, we treated mice with metfor-
min and 2'3’-cGAMP (Figure 5C). STING path-
way activation after treatment with metformin
or 2'3-cGAMP significantly reduced tumor vol-
ume and mass. Importantly, the combination of
metformin and 2’3’-cGAMP showed a synergis-
tic effect in inhibiting tumor growth (Figure 5D,
5E) and prolonging the survival of tumor-bear-
ing mice (Figure 5F). Moreover, treatment with
metformin and 2’3’-cGAMP alone or in combi-
nation promoted tumor infiltration by CD45*
CD4* and CD45*CD8* T cells (Figure 5G), which
may explain their synergistic effect in suppress-
ing tumor growth. Additionally, we confirmed
that the combination of metformin and 2'3’-
cGAMP had a synergistic effect on STING/

Am J Cancer Res 2020;10(9):2851-2864



Metformin activates STING pathway in pancreatic cancer

A PANC-1 SW 1990 BxPC-3
p-AKT-5473 [ p-AKT-5473 [ p-AKT-S473 [
AKT - AKT AKT -
GAPDH [ CAPDH i CAPDH [

Metformin - + Metformin - + Metformin - +
B PANC-1 SW 1990 BxPC-3
— — ©
2 g g
Q@ 12 Q@ Z o » Hl NC
10 Metformin
é g & % g % =z :: : MK 2206
x = x = [= - B Metformin + MK2206
£ E ' = |(7) Q - :
2% 2% 25,
s , 5 S
2 4 &
C PANC-1 SW 1990 BxPC-3

pakT [ e
AKT o o e i o S e e i i i e

STING [ e G G | ———
CAPDH e . o s, e s . e, e s s, s
- + = + - + - +

Metformin - + - +
MK 2206 - * * * - : + - ) * *
D PANC-1 SW 1990 BxPC-3
EJ 10- Jp— § 8- ee % 104 # ns EE NC
@ i Teee . __Ds ] e s E 8l Il Metformin
<o < o > g . SC-79
& Z¢ &z DE: =61 B Metformin + SC-79
E 54_ E 54- (O] 524'
25 25, £°
5 5 3
&J o0 & 0- (14
E PANC-1 SW 1990 BxPC-3
PART = ™ ey, = ™ s e T e
AT - - D S < S g
GAPDH et  ——— e ———
Metformin - + 2 + z + 5 £ & " . "
SC-79 - - + * - : * = = ) = +

Figure 3. The promotion of metformin towards STING is driven by the suppression of phosphorylation level of AKT
in pancreatic cancer. A. Western blot analysis to show the protein expression level of AKT and p-AKT in PANC-1,
SW1990 and BxPC-3 cell lines with or without treatment with metformin (5 mM) for 24 h. GAPDH served as an inter-
nal reference. B. RT-PCR analysis to show the mRNA expression level of STING in PANC-1, SW1990 and BxPC-3 cell
lines treated with metformin (5 mM), MK2206 (10 uM), or the combination of metformin (5 mM) and MK2206 (10
uM). Data presented as the mean + SD of three independent experiments. ns, not significant; **, P < 0.01; ***,
P < 0.001. C. Western blot analysis to show the protein expression level of p-AKT, STING in PANC-1, SW1990 and
BxPC-3 cell lines treated with metformin (5 mM), MK2206 (10 uM), or the combination of metformin (5 mM) and
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MK2206 (10 uM). GAPDH served as an internal reference. D. RT-PCR analysis to show the mRNA expression level of
STING in PANC-1, SW1990 and BxPC-3 cell lines treated with metformin (5 mM), SC79 (20 uM), or the combination
of metformin (5 mM) and SC79 (20 uM). Data presented as the mean + SD of three independent experiments. ns,
not significant; **, P < 0.01; ***, P < 0.001. E. Western blot analysis to show the protein level of p-AKT, STING in
PANC-1, SW1990 and BxPC-3 cell lines treated with metformin (5 mM), SC79 (20 uM), or the combination of met-
formin (5 mM) and SC79 (20 uM). GAPDH served as an internal reference.
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Figure 4. Metformin and cGAMP treatment synergistically activated the STING/IRF3/IFN-B pathway in pancreatic
cancer. A. Western blot analysis to show the protein expression level of STING, IRF3, and p-IRF3 in PANC-1, SW1990
and BxPC-3 cell lines treated with or without 2'3’-cGAMP (150 nM). GAPDH served as an internal reference. B.
ELISA analysis to show the protein expression level of IFN-3 in PANC-1, SW1990 and BxPC-3 cell lines treated with
or without 2'3’-cGAMP (150 nM). Data presented as the mean + SD of three independent experiments. **, P <
0.01; *** P < 0.001. C. Western blot analysis to show the protein expression level of STING, IRF3, and p-IRF3 in
PANC-1, SW1990 and BxPC-3 cell lines treated with metformin (5 mM), 2'3’-cGAMP (150 nM) or combination of
metformin (5 mM) and 2’3’-cGAMP (150 nM). D. ELISA analysis to show the protein expression level of IFN-3 in
PANC-1, SW1990 and BxPC-3 cell lines treated with metformin (5 mM), 2'3’-cGAMP (150 nM), or combination of
metformin (5 mM) and 2’3’-cGAMP (150 nM). GAPDH served as an internal reference. **, P < 0.01; ***, P < 0.001.

IRF3/IFN-B pathway activation in vivo (Figure
5H, 5l). These results suggest that metformin
suppressed tumor growth and promoted T cell
infiltration in vivo, especially when mice were
also treated with 2'3’-cGAMP.

Discussion

Tumors cells can escape the host’'s immune
responses through multifarious tumor cell-
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intrinsic and extrinsic mechanisms [19], con-
tributing to immunotherapy resistance. The
particularly low immunogenicity of pancreatic
cancer, possibly due to the presence of an
extensive fibroinflammatory and desmoplastic
stroma with a rich extracellular matrix, is large-
ly responsible for the absence of infiltrating
CD8* T cells and immunotherapy failure [29].
Therefore, improved immunotherapies are of
utmost necessity.
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Figure 5. Metformin suppressed the tumor growth and promoted the infiltration level of T cells in vivo. A. Western
blot analysis to show the protein expression level of STING, IRF3, and p-IRF3 in Panc02 cell line treated with met-
formin (5 mM), 2'3’-cGAMP (150 nM), or the combination of metformin (5 mM) and 2'3’-cGAMP (150 nM). GAPDH
served as an internal reference. B. ELISA analysis to show the protein expression level of IFN-B in Panc02 cell line
treated with metformin, 2'3’-cGAMP (150 nM), or combination of metformin (5 mM) and 2'3’-cGAMP (150 nM).
GAPDH served as an internal reference. ***, P < 0.001. C. Schematic diagram of the procedure of in vivo experi-
ments, cGAMP and metformin doses were indicated above. D. The PancO2 tumors growth curves (n = 5/group).
Groups were compared with each other. *** P < 0.001. E. The Panc02 tumors mass (n = 5/group). Groups were
compared with each other. *** P < 0.001. F. Kaplan-Meier percent survival curves for each group with different
treatments. *** P < 0.001. G. Flow cytometry analysis to show the percentage of CD45*CD4* and CD45*CD8* T
cells infiltrated per 10,000 tumor cells. Data presented as the mean + SD of five independent experiments. *** P
< 0.001. H. Western blot analysis to show the protein expression level of STING, IRF3, and p-IRF3 in the collected
tumors. I. ELISA analysis to show the protein expression level of IFN-B in in the collected tumors. GAPDH served as

an internal reference. ***, P < 0.001.
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Figure 6. Scheme showing the activation of the STING pathway by cytosolic DNA and regulation by metformin. Cy-
tosolic dsDNA is recognized by cGAS, which leads to the generation of cGAMP. cGAMP binds and activates STING,
which then translocate from the ER to perinuclear sites. This translocation results in the recruitment and activation
of TBK1 by autophosphorylation. The activation of TBK1 phosphorylates the transcription factor IRF3, which trans-
locates to the nucleus to induce transcription of type | IFN genes. Metformin can suppress the phosphorylation of
AKT and promotion the expression of STING, which then further leads to the up-regulation of phosphorylation of
IRF3 and the generation of IFN-{.

The anti-diabetes drug metformin has recently ovarian cancer [31], and non-small cell lung
emerged as a promising antitumor agent in var- cancer (NSCLC) [8]. The discovery of the potent
ious cancers, including prostate cancer [30], antitumor effects of metformin has provided
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hope for cancer treatment, especially pancre-
atic cancer, which shows little to no response to
surgery, radiotherapy, and chemotherapy. No-
tably, preliminary studies have shown that met-
formin improved outcomes in pancreatic can-
cer patients [32]. In this study, we confirmed
metformin’s ability to inhibit tumor growth and
prolong survival of tumor-bearing mice, further
supporting its potential use to treat pancreatic
cancer.

The mechanisms underlying metformin’s anti-
tumor effects remain unclear, especially in
regard to immune regulation. Previous studies
have shown that metformin downregulates
CD39*/CD73* T cells infiltration [33], inhibits
the infiltration of TAMs [14], and induces tumor
infiltration by inflammatory cells [13]. In this
study, we demonstrated that metformin en-
hanced the infiltration of CD4* and CD8* T cells
in the TME, which could explain the ability of
metformin to inhibit pancreatic cancer growth
and provides a rationale for its use in combina-
tion with existing or novel immunotherapies.

The STING pathway plays an essential role in
antitumor immune responses [34] by inducing
the production of type | interferons (IFNs) and
other pro-inflammatory cytokines [35]. STING/
TBK1/IRF3 also promotes immune cell infiltra-
tion [36]. In this study, we confirmed that STING
levels positively correlated with the extent of
CD4*/CD8* T cell infiltration in pancreatic
tumors. We also identified STING/IRF3/IFN-(3
pathway activation as a previously unknown
mechanism contributing to the antitumor
effects of metformin.

HER2/AKT signaling has been previously sho-
wn to negatively regulate the STING pathway
[27], and metformin has been demonstrated to
improve clinical outcomes in HER2* breast can-
cer [37]. In this study, we confirmed the link
between metformin, AKT, and STING in pancre-
atic cancer. We also showed that metformin
enhanced STING expression by suppressing
AKT phosphorylation and subsequent activa-
tion, unveiling a previously unknown mecha-
nism involved in the metformin-mediated
STING pathway activation (Figure 6).

The STING agonist 2'3-cGAMP has been shown
to modulate the TME and reduce the tumor bur-
den in pancreatic cancer [38]. In this study, we
showed that 2'3-cGAMP suppressed tumor
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growth and prolonged the survival of tumor-
bearing mice. Importantly, 2’'3’-cGAMP promot-
ed the infiltration of CD4* and CD8* T cells in
the TME; all these effects were potentiated by
the combined treatment with metformin and
2'3’-cGAMP. 2'3’-cGAMP is a second messen-
ger of the STING pathway [39] directly binding
to and activating STING [40, 41]. Our findings
provide evidence that the combined treatment
with metformin and 2’3-cGAMP exerts syner-
gistic antitumor effects because they activate
the STING/IRF3/IFN-B via different mechani-
sms.

Conclusion

In this study, we established the ability of met-
formin to suppress tumor growth in pancreatic
cancer. Importantly, metformin inhibited AKT
phosphorylation and induced STING expres-
sion, activating the STING/IRF3/IFN-B pathway
and promoting T cells infiltration in the TME. We
also demonstrated that metformin augmented
the antitumor effects of 2’3’-cGAMP in pancre-
atic cancer, providing a rationale for its use
in combination with cGAMP or other STING-
activating agents (Figure 6). Future clinical
studies are required to further investigate the
clinical benefits of metformin combined with
existing or novel immunotherapies.
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