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Objective: Macrophages and myeloid-derived suppressor cells (MDSCs) are key immune cells within the tumor microenviron-
ment. Activation of the stimulator of interferon genes (STING) pathway and its downstream secretion of C-X-Cmotif chemokine
ligand 10 (CXCL10) can suppress tumor development. This study investigated whether the STING–CXCL10 axis inhibits tumor
progression by preventing macrophage M2 polarization and the differentiation of bone marrow cells (BMCs) into MDSCs.
Methods: Western blotting and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) were used to assess the
expression levels of STINGandCXCL10. Lung cancer cell culture supernatants were collected and co-culturedwithmacrophages
and bone marrow cells (BMCs). Flow cytometry was employed to evaluate macrophage polarization and the differentiation of
MDSCs. Enzyme-linked immunosorbent assay (ELISA) was performed to measure CXCL10 levels in the lung cancer cell culture
supernatant. To assess cell viability and invasion, BMCs or M0 macrophages were co-cultured with lung cancer cells, and the
roles of STING and CXCL10 in these processes were analyzed.
Results: STING signal pathway is downregulated in lung cancer cell lines. Silencing of STING promotes macrophage M2 po-
larization and BMCs to MDSCs differentiation. In addition, knockdown of STING led to a downregulation of CXCL10 levels.
Effects of STING overexpression were abolished by neutralizing antibody to CXCL10 (NAb-CXCL10). Co-culture of lung cancer
cells with M0 macrophages or BMCs enhanced their viability and invasive capacity, whereas STING overexpression inhibited
these effects by upregulating CXCL10.
Conclusions: This study suggests that the activation of the STING/CXCL10 axis inhibits macrophage M2 polarization and dif-
ferentiation of BMCs to MDSCs. This study further suggests that the STING/CXCL10 axis is a potential target for lung cancer
therapy.
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Introduction

Lung cancer is a highly prevalent and deadly malig-
nancy worldwide, and has become the second common
cancer in the world, and the mortality rate is always high
[1,2]. Lung cancer can metastasize throughout the body,
with brain metastases being particularly common and as-
sociated with a poor prognosis. The tumor microenviron-
ment (TME) plays a crucial role in the metastatic process
of lung cancer [3]. Immune cells such as macrophages
and myeloid-derived suppressor cells (MDSCs) are ma-
jor components of the TME and can significantly promote
the immune evasion of malignant tumor cells [4]. In the
early stages of cancer, macrophages and bone marrow cells
(BMCs) are recruited to form the tumor immune microen-
vironment around the tumor. In later stages, as cancer cell
growth becomes uncontrolled, macrophages polarize from
the anti-tumor M1 phenotype to the pro-tumor M2 phe-

notype, and BMCs differentiate into MDSCs, which not
only contribute to tumor growth and progression but also
significantly influence therapeutic efficacy and prognosis
[5]. Therefore, targeting key components of the TME has
emerged as a promising research direction for the treatment
of lung cancer.

Activation of the stimulator of interferon gene
(STING) signaling pathway facilitates the blockage of can-
cer metastasis. The anti-tumor properties of STING are at-
tributed to its role in cancer-associated immune responses,
remodeling of the TME, and the eventual elimination of tu-
mor cells [6,7]. STING agonists are primarily used in tu-
mor immunotherapy, where activation of STING in tumor
cells promotes interferon (IFN) production and initiates T
cell responses [8]. In BRCA1-deficient breast cancer cells,
poly (ADP-ribose) polymerase (PARP) inhibitors stimu-
late the release of double-stranded DNA (dsDNA) frag-
ments, which are detected by STING sensors within tumor
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cells, leading to increased type I interferons (IFN-I) pro-
duction and activation of CD8⁺ T cell-mediated anti-tumor
responses [9]. In contrast, the catalytic degradation of cyto-
plasmic DNA can suppress STING-dependent immune ac-
tivation in cancer cells [10]. Therefore, STING-mediated
immune activation within the TME remains a promising
area of investigation.

STING was found to inhibit small cell lung can-
cer progression by stimulating IFN-gamma-inducible pro-
tein 10 (CXCL10), which recruits immune T cells [11].
CXCL10 is a ligand for C-X-C motif chemokine recep-
tor 3 (CXCR3) and exerts its biological effects through
the binding of both. In lung cancer, the upregulation of
CXCL10 by high mobility group protein A2 (HMGA2) re-
cruits CD8+ T cells and thus exerts anti-tumor effects [12].
In addition, CXCL10 has been shown to act as a ligand
for CXCR3 and correlate with the infiltrative capacity of
tumor-infiltrating lymphocytes [13]. In lung cancer, Jie et
al. [14] found that CXCL10 enhanced the killing effect of
CD8+ T cells. In the TME, the programmed cell death pro-
tein 1 (PD1)/programmed cell death-ligand 1 (PD-L1) axis
attenuated the killing effect of CD8+ T cells by inhibiting
their cytokine production and cell migration [15]. This in-
dicates that the mechanism by which CXCL10 restores the
killing effect of CD8+ T cells on tumor cells is also a topic
of further investigation.

This study aims to explore the immunoregulatory
mechanism of the STING–CXCL10 axis within the tumor
microenvironment, with a particular focus on its synergistic
effects on macrophage polarization and the differentiation
of MDSCs. Previous research has shown that STING acti-
vation can enhance anti-tumor immunity through the induc-
tion of CXCL10. However, whether this pathway simulta-
neously reshapes the tumor immune microenvironment by
inhibiting M2-type macrophage polarization and the differ-
entiation of bone marrow cells into MDSCs remains un-
clear. This study will systematically investigate the key
role of STING–CXCL10 signaling in regulating immune
cell fate, with the goal of providing a new molecular basis
for developing lung cancer treatment strategies targeting the
STING pathway.

Materials and Methods

Animal Ethics
Thirteen male C57BL/6J mice (6–8 weeks old, 20–25

g) were obtained from Hangzhou Medical College (Zhe-
jiang, China) and housed under controlled conditions (20–
26  °C, 40–70% humidity) with free access to food and wa-
ter on a 12-hour light/dark cycle. All animal procedures
were conducted in accordance with the guidelines of the
China Council on Animal Care and Use and were approved
by the Ethics Committee of Zhejiang Baiyue Biotech Co.,
Ltd. for Experimental Animals Welfare (NO. ZJBYLA-
IACUC-20230622).

Cell Culture

All mouse lung cancer cell lines—D122
(CVCL_0242, Cellosaurus, Lausanne, Switzerland),
BC215 (CVCL_Y281, Cellosaurus, Lausanne, Switzer-
land), and A9 (CVCL_S007, Cellosaurus, Lausanne,
Switzerland)—as well as the mouse lung epithelial cell line
MLE-12 (AW-CM0081, Anweisci, Shanghai, China), were
cultured in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) 50/50 medium (10-092-
CV, Corning, NY, USA), supplemented with 10% fetal
bovine serum (FBS; 35-081-CV, Corning Incorporated,
Corning, NY, USA), 2 mM L-glutamine (99-595-CM,
Corning Incorporated, Corning, NY, USA), 100 IU/mL
penicillin (61-238-RM, Corning Incorporated, Corning,
NY, USA), and 100 µg/mL streptomycin (HY-B1906,
MCE, NJ, USA), and maintained until reaching 100%
confluency. Mouse RAW 264.7 cells (AW-CM0088,
Anweisci, Shanghai, China) were cultured in RPMI-1640
medium (11875093, Thermo Fisher, Waltham, MA, USA)
supplemented with 10% FBS, 0.05 mM β-mercaptoethanol
(31350010, Thermo Fisher, Waltham, MA, USA), 1%
penicillin/streptomycin (P/S), and 4.5 g/L dextrose. RAW
264.7 cells were then stimulated with 20–100 ng/mL
phorbol 12-myristate 13-acetate (PMA; HY-18739, MCE,
NJ, USA) overnight to induce differentiation into non-
committed M0 macrophages [16]. MLE-12 and RAW
264.7 cells were short tandem repeat (STR) verified by the
supplier, and all cell lines tested negative for mycoplasma
contamination. Mycoplasma testing confirmed negative
results for all cell lines: D122, BC215, and A9. D122 and
BC215 cells exhibited epithelium-like adhesion growth,
while A9 cells displayed fibroblast-like morphology. All
cell lines were in good condition with no contamination
detected.

Primary bone marrow cells (BMCs) were isolated
from the femurs of mice. Animals were sacrificed by in-
traperitoneal injection of 2% pentobarbital sodium (100
mg/kg). The bilateral femurs were then aseptically ex-
cised, with attached muscles and connective tissues re-
moved, and both ends of the femurs cut off. Bone mar-
row was flushed into cold phosphate-buffered saline (PBS)
(10010023, Thermo Fisher, Waltham, MA, USA) supple-
mented with 2% heat-inactivated FBS using a syringe. The
cells were repeatedly flushed up and down 4–6 times to
dissociate them. Cell clumps and debris were removed by
passing the suspension through a 70 µm filter. The resulting
cell suspension was then treated with three volumes of 0.8%
NH4Cl and incubated on ice for 10minutes to lyse red blood
cells. The cells were centrifuged at low temperatures for 5
min and resuspended with cold PBS+2% inactivated FBS
[17]. All cells tested negative for mycoplasma. The iden-
tity of primary BMCs was confirmed based on their char-
acteristic morphology observed under a microscope and the
analysis of cell-specific surface markers by flow cytometry.
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Table 1. The primer sequences of related genes.
Gene Forward primer (5′-3′) Reverse primer (5′-3′)

STING (mouse) GCCAGCCTGATGATCCTTTG GGCCAAACATCCAACTGAGG
GAPDH (mouse) AGTGTTTCCTCGTCCCGTAG CATTCTCGGCCTTGACTGTG
STING, stimulator of interferon genes; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Table 2. Antibodies used in this study.
Name Catalog Molecular weight Dilution Manufacturer

CXCL10 ab271208 10 kDa 1/1000 abcam, UK
p-STING PA5-105674 40 kDa 1/1000 Invitrogen, USA
STING ab189430 42 kDa 1/1000 abcam, UK
GAPDH ab8245 37 kDa 1/1000 abcam, UK
Goat anti mouse ab205719 — 1/2000 abcam, UK
Goat anti rabbit 31460 — 1/5000 Thermo Fisher, USA
CXCL10, IFN-gamma-inducible protein 10; STING, stimulator of interferon gene; p-STING,
phospho-STING; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Transfection
Cells were seeded in 24-well culture plates at a den-

sity of 1.0 × 105 cells per well and incubated for 24 h.
The transfection mixture consisted of 1.2 µL FuGENE® 6
transfection reagent (F6-1000, Neobioscience, San Diego,
CA, USA), 18.8 µL OPTI-MEM medium (31985088,
Thermo Fisher, Waltham, MA, USA), and either STING
overexpression plasmid (Yunzhou Biosciences Co., Ltd.,
Guangzhou, China), negative control (NC), short hairpin
STING (shSTING: 5′-AGAGGTCACCGCTCCAAATAT-
3′) (Yunzhou Biosciences Co., Ltd., Guangzhou, China),
or short hairpin RNA negative control (shNC: 5′-
CAACAAGATGAAGAGCACCAA-3′). This mixture was
immediately added to the cells for transient transfection.
The coding sequence (CDS) region of STING is provided
in the supplementary materials. Following transfection,
cells were incubated for an additional 48 h at 37 °C in a hu-
midified atmosphere containing 95% air and 5% CO2 be-
fore analysis of transfection efficiency.

Quantitative Reverse Transcription-Polymerase
Chain Reaction (qRT-PCR) Analysis

The total RNA was extracted using TRIzol Reagent
(A33251, Thermo Fisher, Waltham, MA, USA). RNA qual-
ity was tested using NanoDrop One (840-317400, Thermo
Fisher, Waltham, MA, USA). The cDNA was obtained
by cDNA synthesis kit (6210A, Takara, Kusatsu, Shiga,
Japan). TB Green® Fast qPCR Mix (RR430S, Takara,
Kusatsu, Shiga, Japan) was added into cDNA for qRT-
PCR. The results were analyzed using qRT-PCR instru-
ment (V514732, Thermo Fisher, Waltham, MA, USA).
The relative mRNA expression levels were calculated us-
ing the 2−∆∆CT method [18] and normalized to an inter-
nal reference (glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)). All primer sequences are summarized in Ta-
ble 1.

Western Blotting

Proteins were isolated from cells using a commer-
cial kit (BB-31013, Bestbio, Shanghai, China). Protein
concentration was determined with a Bicinchoninic Acid
(BCA) Protein Assay Kit (P0012, Beyotime, Shanghai,
China). For subsequent analysis, 30 µg of protein was
loaded per sample. Proteins were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) (P0690, Beyotime, Shanghai, China) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(FFP24, Beyotime, Shanghai, China). Membranes were
blocked with 5% bovine serum albumin (BSA) (ST025,
Beyotime, Shanghai, China). After washing, membranes
were incubated overnight at 4 °C with primary antibodies.
GAPDH served as the endogenous loading control. Mem-
branes were then incubated with appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1
h. Protein bands were visualized using enhanced chemi-
luminescence (ECL) reagent (P0018AS, Beyotime, Shang-
hai, China) and imaged with the BeyoImage™600 Chemi-
luminescent Imaging System (EI600, Beyotime, Shanghai,
China). All antibodies used are listed in Table 2. Band
intensities were quantified using ImageJ software and nor-
malized to GAPDH. Data are presented as fold change rel-
ative to the control group.

Co-Culture of A9/D122 Cells Supernatant With RAW
264.7 Cells or BMCs

The experiments were divided into the following
groups: M0, M0+A9, M0+A9+NC, M0+A9+STING,
M0+A9+shNC, M0+A9+shSTING, and M0+A9+STING
with neutralizing antibody to CXCL10 (NAb-CXCL10).
RAW 264.7 cells in the M0 group were induced into
M0 macrophages as described above. In the M0+A9
group, A9 culture supernatant was co-cultured with M0
macrophages in 6-well plates at a total volume of 2
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mL per well for 72 hours [16]. For the M0+A9+NC,
M0+A9+STING, M0+A9+shNC, M0+A9+shSTING, and
M0+A9+STING+NAb-CXCL10 groups, A9 cells were
transfected with the respective plasmids and cultured for
48 hours. The resulting culture supernatants were then
collected and co-cultured with M0 macrophages in 6-
well plates (2 mL per well) for 72 hours. In the
M0+A9+STING+NAb-CXCL10 group, the neutralizing
antibody to CXCL10 (NAb-CXCL10; 0.1 mg, BE0440,
Bioxcell, Lebanon, NH, USA) was additionally added [19].

The experiments were divided into the follow-
ing groups: BMC, BMC+D122, BMC+D122+NC,
BMC+D122+STING, BMC+D122+shNC,
BMC+D122+shSTING, and BMC+D122+STING+NAb-
CXCL10. In the BMC group, bone marrow cells
(BMCs) were cultured under normal conditions. For
the BMC+D122 group, D122 cells were cultured
for 48 hours, and the culture supernatant was col-
lected. Then, 2 mL of this supernatant was added
to BMCs in 6-well plates, and co-cultured for 72
hours. In the BMC+D122+NC, BMC+D122+STING,
BMC+D122+shNC, BMC+D122+shSTING, and
BMC+D122+STING+NAb-CXCL10 groups, D122
cells were transfected with the respective plasmids
and cultured for 48 hours. The culture supernatant
was collected and added to BMCs in 6-well plates
(2 mL per well) for co-culture over 72 hours. In the
BMC+D122+STING+NAb-CXCL10 group, neutralizing
antibody to CXCL10 (NAb-CXCL10; 0.1 mg) was addi-
tionally added. After co-culture, macrophages and BMCs
were collected for flow cytometry analysis.

Flow Cytometry
After macrophages were co-cultured with culture su-

pernatant for 72 h, co-cultured macrophages were then
stained with CD206 Alexa Flour 488 (C068C2, BioLw-
gend, San Diego, CA, USA) and CD163 Pecy7 (S15049F,
BioLwgend, San Diego, CA, USA). After staining, cells
were washed twice with PBS. Flow cytometry data were
acquired using a BD LSRII cytometer (644788, BD, USA),
and analysis was performed with FlowJo X software (ver-
sion 10.8.1; BD Life Sciences, Ashland, OR, USA).
MDSCs were identified using the markers Ly6C Alexa
Fluor 488 (HK1.4, BioLegend, USA) and purified Ly6G
(S19018G, BioLegend, San Diego, CA, USA); all other
procedures remained consistent. For experiments involv-
ing a neutralizing antibody, the antibody was purified from
the culture supernatant and conjugated to R-phycoerythrin
(R-PE). After removing free R-PE, flow cytometry detec-
tion was performed.

Enzyme-Linked Immunosorbent Assay (ELISA)
An ELISA kit (ab260067, abcam, Cambridge, UK)

specific for the detection of mouse CXCL10 was used. Su-
pernatants were collected and experiments were performed

according to the manufacturer’s instructions. Finally, the
absorbance of the samples was read at 450 nm using a mi-
croplate reader (1681135, Bio-Rad Laboratories, Shanghai,
China).

Co-Culture of A9/D122 Cells With RAW 264.7 Cells
or BMCs

As the subsequent experiments need to detect the
vitality and invasion of cancer cells, co-culture was
performed using Transwell chambers (FTW001, Be-
yotime, Shanghai, China). A9 cells were divided
into the following groups: A9, M0+A9, M0+A9+NC,
M0+A9+STING, and M0+A9+STING+NAb-CXCL10. In
the A9 group, A9 cells were cultured under normal condi-
tions. In the M0+A9, M0+A9+NC, M0+A9+STING, and
M0+A9+STING+NAb-CXCL10 groups, M0 macrophages
were placed in the upper chamber, and A9 cells transfected
with the corresponding plasmids were placed in the lower
chamber, with no direct cell contact between the two. In
the M0+A9 group, the lower chamber contained untreated
A9 cells, while the M0+A9+STING+NAb-CXCL10 group
added 0.1 mg NAb-CXCL10 to the lower chamber.

D122 cells were divided into the follow-
ing groups: D122, BMC+D122, BMC+D122+NC,
BMC+D122+STING, and BMC+D122+STING+NAb-
CXCL10. In the D122 group, D122 cells were cul-
tured under normal conditions. For the BMC+D122,
BMC+D122+NC, BMC+D122+STING, and
BMC+D122+STING+NAb-CXCL10 groups, BMCs
were seeded in the upper Transwell chamber, while D122
cells transfected with the respective plasmids were seeded
in the lower chamber. In the BMC+D122 group, untreated
D122 cells were placed in the lower chamber. In the
BMC+D122+STING+NAb-CXCL10 group, 0.1 mg of
neutralizing antibody to CXCL10 (NAb-CXCL10) was
added to the lower chamber. All Transwell co-cultures
were incubated for 1.5 days.

Cell Counting Kit-8 (CCK-8) Analysis
Following the manufacturer’s instructions, A9 or

D122 cells (3000 cells/well) were seeded into 96-well plates
(FCP962, Beyotime, Shanghai, China). Cell viability was
assessed using the CCK-8 (C0038, Beyotime, Shanghai,
China). After adding 10 µL of CCK-8 reagent, the cells
were incubated for 2 hours, and then the absorbance at 450
nm was measured using a microplate reader (Bio-Rad, Her-
cules, CA, USA).

Transwell Investigation
The upper chamber of the Transwell insert was coated

with a uniformly diluted Matrigel (C0372, Beyotime,
Shanghai, China) and allowed to solidify for 30 minutes.
A total of 200 µL of A9 or D122 cell suspension (1 × 105
cells/mL) was added to the upper chamber, while 600 µL
of culture medium containing 20% FBS was added to the
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lower chamber. The chambers were incubated at 37 °C
with 5% CO2 for 24 hours. After incubation, the Tran-
swell insert was removed, and cells and Matrigel remain-
ing in the upper chamber were gently wiped away. The
insert was then fixed with methanol (C06901102, Nanjing
Reagent, Nanjing, China) for 30minutes, followed by stain-
ing with 0.1% crystal violet (C0121, Beyotime, Shanghai,
China) for another 30 minutes. Invaded cells were counted
under a Olympus CKX53 microscope at 200× magnifica-
tion (Olympus, Center Valley, PA, USA). The number of
invaded cells was determined by counting three random
fields per well and normalized to the control group (un-
treated cells, set as 100%).

Statistical Analysis
The one-way ANOVA was used for comparison

among multiple groups, and Tukey’s method was used for
post hoc tests. Data were described by mean± standard de-
viation, which was calculated by GraphPad 8.0 (Graphpad
Software Inc., San Diego, CA, USA). And differences were
considered statistically significant at p < 0.05.

Results

STING Is Downregulated in Lung Cancer Cell Lines
Mouse lung cancer cell lines D122, BC215, and A9

were selected to assess STING expression. The results
showed that STINGmRNA levels were significantly down-
regulated in these lung cancer cell lines compared to mouse
lung epithelial cells (MLE-12) (Fig. 1A, p < 0.001). Sub-
sequently, expression levels of STING pathway-related
proteins were analyzed by western blotting. While total
STING protein expression remained unchanged, the ratio of
phosphorylated STING to total STING (p-STING/STING)
was significantly lower in lung cancer cell lines than
in MLE-12 cells (Fig. 1B, p < 0.001). A9 cells were
then transfected with either STING-silencing or STING-
overexpression plasmids, resulting in successful downregu-
lation and upregulation of STING expression, respectively
(Fig. 1C, p < 0.001). These findings indicate that the ac-
tivity of the STING signaling pathway is reduced in lung
cancer cells, suggesting a potential role for STING in regu-
lating tumor progression.

Silencing of STING Promotes Macrophage M2
Polarization and Downregulates CXCL10

To investigate the effect of STING downregulation
on macrophages in the lung TME, A9 cell culture super-
natants were collected and co-cultured with RAW264.7M0
macrophages. Flow cytometry analysis revealed that co-
culture with lung cancer cells promoted macrophage M2
polarization. Knockdown of STING further enhanced M2
polarization, whereas STING overexpression significantly
reduced it (Fig. 1D, p < 0.001). To explore the role of the
regulatory factor CXCL10, ELISA was used to measure

CXCL10 levels in A9 culture supernatants. STING over-
expression upregulated CXCL10, while silencing STING
downregulated it (Fig. 1E, p < 0.05). Next, CXCL10
expression during macrophage polarization was assessed.
Upon co-culture with A9 cells, CXCL10was upregulated in
macrophages with STING overexpression, whereas STING
knockdown resulted in CXCL10 downregulation (Fig. 1F,
p < 0.05). These findings suggest that silencing STING
reduces CXCL10 secretion and promotes macrophage M2
polarization, thereby contributing to the immunosuppres-
sive tumor microenvironment.

Silencing of STING Promotes BMCs to MDSCs
Differentiation and Downregulates CXCL10

Continuing to investigate the effects of STING down-
regulation on MDSCs in the lung TME, D122 cell culture
supernatants were collected and co-cultured with BMCs.
Consistent with previous findings, STING knockdown and
overexpression plasmids were transfected into D122 cells
(Fig. 2A, p < 0.001). The identity of the primary BMCs
was confirmed by their characteristic morphology and anal-
ysis of cell-specific surface markers via flow cytometry
(Fig. 2B,C). Primary mouse bone marrow cells form a
heterogeneous population, primarily composed of adher-
ent fibroblast-like stromal cells, round hematopoietic stem
cells, and lymphoblast-like lymphocytes (Fig. 2B). Flow
cytometry analysis revealed that neutrophils constitute the
largest proportion in primary mouse bonemarrow cells, fol-
lowed by B cells, myeloid progenitor cells, and hematopoi-
etic stem cells. This cellular composition aligns with the
typical features of normal mouse bone marrow, demonstrat-
ing successful isolation of primary cells with expected bio-
logical activity (Fig. 2C). Flow cytometry results demon-
strated that co-culture promoted BMC differentiation to-
ward MDSCs, and knockdown of STING similarly en-
hanced this differentiation, whereas STING overexpression
inhibited BMC differentiation into MDSCs (Fig. 2D, p <

0.001). ELISA detection of CXCL10 levels in D122 cul-
ture supernatant showed that STING overexpression upreg-
ulated CXCL10, while STING knockdown downregulated
it (Fig. 2E, p < 0.01). Furthermore, CXCL10 expression
in BMCs was increased by STING overexpression and de-
creased by STING knockdown (Fig. 2F, p < 0.05). These
results suggest that co-culture and STING silencing pro-
mote BMC differentiation into MDSCs, whereas STING
overexpression, via upregulation of CXCL10, inhibits this
process.

STING Overexpression Suppresses Tumor
Progression via CXCL10-Mediated Pathways

To investigate the effect of the cytokine CXCL10
on macrophage polarization and BMC differentiation to-
ward MDSCs, we added a neutralizing antibody against
CXCL10 (NAb-CXCL10) to a co-culture system involv-
ing STING-overexpressing cancer cells. Flow cytometry
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Fig. 1. STING is lowly expressed in lung cancer and silencing of STINGpromotesmacrophageM2polarization and downregulates
CXCL10. (A) Expression of STING in various lung cancer cell lines (D122, BC215, A9) was detected by qRT-PCR. (B) Expression
of STING protein in various lung cancer cell lines (D122, BC215, A9) was detected by WB. (C) The expression of STING in A9 cells
was detected by qRT-PCR. (D–F) M0 macrophages were co-cultured with A9 lung cancer cell culture supernatants. (D) Detection of M2
macrophage polarization was assessed by flow cytometry. (E) CXCL10 levels in the A9 culture supernatant were measured by ELISA.
(F) CXCL10 protein expression in macrophages was detected by WB. STING, stimulator of interferon gene; CXCL10, IFN-gamma-
inducible protein 10; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; WB, western blotting; ELISA, enzyme-
linked immunosorbent assay; NC, negative control. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an endogenous
control in qRT-PCR and WB. Data are presented as mean ± SD (n = 3). *p < 0.05, ***p < 0.001.

results showed that NAb-CXCL10 reversed the inhibitory
effect of STING overexpression on M2 macrophage po-
larization (Fig. 3A, p < 0.001). Co-culture with M0
macrophages promoted A9 cell viability and invasion

(Fig. 3B,C, p < 0.01). STING overexpression suppressed
these effects, while NAb-CXCL10 reversed the suppres-
sion (Fig. 3B,C, p < 0.01). Similarly, STING overex-
pression inhibited MDSC differentiation, and this effect
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Fig. 2. Silencing of STING promotes BMCs toMDSCs differentiation and downregulates CXCL10. (A) STING expression in D122
cells was detected by qRT-PCR. (B) Morphology of BMCs was observed under an inverted microscope at 100× magnification (scale
bar: 100 µm). (C) Surface markers of BMCs were identified by flow cytometry. (D–F) BMCs were co-cultured with D122 lung cancer
cell culture supernatants. (D) Differentiation of BMCs into MDSCs was assessed by flow cytometry. (E) CXCL10 levels in the D122
culture supernatant were measured by ELISA. (F) CXCL10 protein expression in BMCs was detected by WB. STING, stimulator of
interferon gene; CXCL10, IFN-gamma-inducible protein 10; BMC, bone marrow cell; MDSC, myeloid-derived suppressor cell; ELISA,
enzyme-linked immunosorbent assay; WB, western blotting; NC, negative control. GAPDH was used as an endogenous control in WB.
Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. Regulation of M2 macrophage and lung cancer progression by CXCL10 blockade and STING overexpression. (A) M0
macrophages and A9 lung cancer cell culture supernatants were co-cultured with CXCL10 neutralizing antibody, and M2 macrophage
polarization levels were assessed by flow cytometry. (B) The viability of A9 cells co-cultured with M0 macrophages and CXCL10
neutralizing antibody was measured using the CCK-8 assay. (C) A9 cell invasion was evaluated by Transwell assay under the same co-
culture conditions with CXCL10 neutralizing antibody, and the invasion rate was quantitatively analyzed. Representative images were
captured at 200× magnification with a scale bar of 200 µm. STING, stimulator of interferon gene; CXCL10, IFN-gamma-inducible
protein 10; CCK-8, cell counting kit-8. Data are presented as mean ± SD (n = 3). **p < 0.01, ***p < 0.001.

https://www.discovmed.com/


2396

Fig. 4. Regulation of MDSC differentiation and lung cancer progression by CXCL10 blockade and STING overexpression. (A)
BMCs and D122 lung cancer cell culture supernatants were co-cultured with CXCL10 neutralizing antibody, and the differentiation of
BMCs into MDSCs was assessed by flow cytometry. (B) The viability of D122 cells co-cultured with BMCs and CXCL10 neutralizing
antibody was measured using the CCK-8 assay. (C) D122 cell invasion was evaluated by Transwell assay under the same co-culture
conditions with CXCL10 neutralizing antibody, and the invasion rate was quantitatively analyzed. Representative images were captured
at 200× magnification with a scale bar of 200 µm. STING, stimulator of interferon gene; CXCL10, IFN-gamma-inducible protein 10;
BMC, bone marrow cell; MDSC, myeloid-derived suppressor cell; NC, negative control. Data are presented as mean ± SD (n = 3). *p
< 0.05, **p < 0.01, ***p < 0.001.
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was reversed by NAb-CXCL10 (Fig. 4A, p < 0.001). Co-
culture with BMCs enhanced D122 cell viability and in-
vasion (Fig. 4B,C, p < 0.01), which were reduced by
STING overexpression; NAb-CXCL10 reversed these ef-
fects (Fig. 4B,C, p < 0.05). These results suggest that
STING overexpression inhibits macrophage polarization
toward the M2 phenotype and reduces MDSC differenti-
ation through CXCL10-dependent mechanisms.

Discussion

In this study, we identified the role of STING in
regulating macrophage polarization and BMC differenti-
ation, highlighting the key cytokine CXCL10 and val-
idating the importance of the TME in lung cancer re-
search. Under normal physiological conditions, STING
remains inactive. Upon detection of abnormal DNA, the
signaling molecule STING is activated via cyclic GMP–
AMP synthase (cGAS), which catalyzes the formation of
cyclic GMP-AMP (cGAMP) fromGTP and ATP. Activated
STING then induces the release of chemokines and other
factors to mediate immune responses and exert anti-tumor
effects [20,21]. A previous study has reported STING si-
lencing in Kras mutant lung cancers [22]. Consistent with
these findings, our results showed that STING was down-
regulated and its signaling pathway inactivated in lung can-
cer cell lines. Overexpression of STING in these cells led
to changes that inhibited tumor progression, providing new
insights into the anti-tumor mechanism of STING through
modulation of the microenvironment. Interestingly, despite
a decrease in STING mRNA levels, total protein levels did
not show a corresponding reduction, suggesting potential
post-transcriptional regulation, which warrants further in-
vestigation in future studies.

In general, the malignant development of cancer cells
is often accompanied by defects in the cGAS-STING path-
way [23]. A study of tumor and immune cell co-cultures
found that downregulation of the cGAS-STING pathway in
tumor cells caused reduced immune cell infiltration and de-
creased downstream IFN-I expression [24].

Our study found that inhibiting STING expression in
lung cancer cells significantly promotes tumor-associated
macrophage polarization toward the M2 phenotype. This
is consistent with previous reports demonstrating that sup-
pression of STING expression in cancer cells facilitates M2
macrophage polarization within the TME [25,26]. Con-
versely, Li et al. [27] reported that activation of the STING
pathway in cancer cells mobilizes downstream IFN-I, pro-
moting macrophage M1 polarization and inducing apop-
tosis in lung adenocarcinoma tumors. IFN-I is a critical
regulator of both innate and adaptive immunity and a key
component of the cGAS-STING pathway [28]. Among
IFN-1 family members, IFN-β has been shown to induce
the expression of the chemokine CXCL10 in macrophages
[29]. Our results further suggest that CXCL10 acts as a

downstream cytokine of the STING pathway, mediating
STING’s regulation of macrophage polarization within the
lung cancer TME. These findings provide new experimen-
tal evidence for the regulatory role of the STING signaling
pathway in shaping the tumor microenvironment.

Our research revealed that silencing the STING
gene in lung cancer cells promotes not only macrophage
polarization but also the differentiation of BMCs to-
ward MDSCs. This finding confirms the cross-talk be-
tween macrophages and MDSCs, where MDSCs enhance
macrophage polarization toward the immunosuppressive
M2 phenotype within the TME [30]. More importantly, it
highlights the pivotal role of STING signaling in regulating
these two immunosuppressive cell populations. At the on-
set of cancer, MDSCs are recruited to the site of pathology,
where they suppress the function of normal immune effec-
tor cells [31,32]. Consistent with the report by Mohamed
et al. [33] showing that conditional knockout of STING
restores the immunosuppressive potential of MDSCs, our
study further clarifies the direct regulatory role of STING
in MDSC differentiation within the lung cancer microenvi-
ronment. Additionally, prior studies have shown that acti-
vation of STING signaling in cancer cells can support anti-
tumor immune responses by inhibiting and reprogramming
MDSCs in the TME [33,34]. Our findings also demonstrate
that STING activation in lung cancer cells stimulates the
upregulation of downstream CXCL10, which may be a key
mechanism to alleviate MDSC-mediated immune suppres-
sion. This provides a novel molecular explanation support-
ing existing literature.

The role of chemokine CXCL10 in the TME has been
widely studied. Limagne et al. [35] found that inhibition of
Mitogen-activated protein kinase kinase (MEK) in lung tu-
mors promotes mitochondrial autophagy, induces CXCL10
production and improves the effect of chemotherapy. In fi-
brotic hepatocellular carcinoma, CXCL10was able to regu-
late the TME, especially the infiltration effect of anti-tumor
immune cells [36]. In our study, overexpression of STING
in lung cancer cell lines upregulated CXCL10, which in-
fluenced macrophage polarization and BMC differentiation
within the TME. The STING/CXCL10 axis appears to pre-
cisely inhibit tumor infiltration and metastasis while pro-
moting tumor apoptosis by modulating and reprogramming
immune cells in the TME. Notably, M0 macrophages and
BMCs were found to enhance the malignant behavior of
lung cancer cells, and these effects were regulated by the
STING/CXCL10 axis. These findings suggest that target-
ing the STING pathway could be a promising strategy to re-
program immune cells in the TME, thereby improving the
efficacy of current lung cancer therapies and reducing tu-
mor progression.

While this study add a new direction for think-
ing about anti-tumor immunotherapy and suggest that the
STING/CXCL10 axis is a potential target for lung can-
cer therapy, several limitations remain. First, the findings
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are primarily based on in vitro experiments, animal experi-
ments can be added to later studies to verify whether these
findings are equally feasible in vivo. Moreover, although
STING has shown immunomodulatory effects in various
tumors, its therapeutic efficacy and safety in lung can-
cer patients need further investigation using human-derived
cell lines or patient tumor samples. Additionally, mono-
culture experiments could help differentiate tumor cell-
autonomous effects from immune-mediated mechanisms,
which we plan to explore in future studies.

Conclusions

This study revealed the critical regulatory role of the
STING/CXCL10 axis in the lung cancer microenvironment
by inhibiting macrophageM2 polarization and blocking the
differentiation of BMCs into MDSCs. These findings pro-
vide a new direction for developing targeted strategies that
modulate tumor-immune cell interactions in lung cancer
therapy. Our results suggest that the STING/CXCL10 axis
represents a promising therapeutic target for lung cancer
treatment.
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