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Activation of STING in pancreatic 
cancer‑associated fibroblasts exerts 
an antitumor effect by enhancing 
tumor immunity
Yoshimasa Suzuki 1, Takeshi Sato 1, Makoto Sugimori 2, Yushi Kanemaru 1, Sho Onodera 1, 
Hiromi Tsuchiya 2, Yoshinori Nakamori 2, Sho Tsuyuki 2, Aya Ikeda 1, Ryosuke Ikeda 1, 
Yoshihiro Goda 1, Hiroaki Kaneko 1, Kuniyasu Irie 1, Soichiro Sue 1 & Shin Maeda 1*

Pancreatic ductal adenocarcinoma (PDAC) has a high mortality rate; therefore, the development 
of effective treatments is a priority. The stimulator of interferon genes (STING) pathway enhances 
tumor immunity by inducing the production of type 1 interferon (IFN) and proinflammatory cytokines 
and chemokines and promoting the infiltration of cytotoxic T cells. To assess the function of STING 
on pancreatic tumorigenesis, Ptf1aER-Cre/+ LSL-KrasG12D/+ p53loxP/loxP mice (KPC mice) and Ptf1aER-Cre/+ 
LSL-KrasG12D/+ p53loxP/loxP/STING−/− mice (KPCS mice) were generated. However, STING deletion did 
not affect pancreatic tumorigenesis in mice. Because STING is expressed not only in immune cells but 
also in cancer-associated fibroblasts (CAFs), we evaluated the STING function in PDAC CAFs. A mouse 
STING agonist 5,6-Dimethyl-9-oxo-9H-xanthene-4-acetic acid (DMXAA) was administered to KPC 
mice and CAFs from KPC mice and the resulting immune response was evaluated. DMXAA activated 
STING in PDAC CAFs in KPC mice, promoting cytotoxic T cell infiltration by secreting proinflammatory 
cytokines and enhancing tumor immunity. We next generated STING-deficient PDAC cells and 
subcutaneous tumors in which STING was expressed only in CAFs by performing bone marrow 
transplantation and assessed the antitumor effect of STING-activated CAFs. The administration of 
DMXAA to subcutaneous tumors expressing STING only in CAFs sustained the antitumor effect of 
DMXAA. About half of human PDACs lacked STING expression in the cancer stroma, suggesting that 
STING activation in PDAC CAFs exerts an antitumor effect, and STING agonists can be more effective 
in tumors with high than in those with low STING expression in the stroma.

Pancreatic ductal adenocarcinoma (PDAC) has a 5-year survival rate of approximately 12% because of a lack of 
effective treatments and the difficulty of early detection1. Although immune checkpoint inhibitors (ICIs)—such 
as antibodies against programmed death receptor-1 (PD-1), PD-1 ligand 1 (PD-L1), and cytotoxic T-lymphocyte 
associated antigen 4 (CTLA-4)—are effective in various types of cancer2, the findings of early trials using ICIs for 
advanced PDAC were disappointing3,4. One reason for this is the immunosuppressive tumor microenvironment 
(TME) of PDAC. In addition to low PD-L1 expression in cancer cells, PDAC has few infiltrating cytotoxic T 
cells, which weakens the effectiveness of ICIs5. Therefore, ICIs should be used in combination with other tumor-
immunity-activating agents to enhance T-cell infiltration and thus improve the effectiveness of ICIs for PDAC.

PDAC is histologically characterized by a marked desmoplastic reaction. Cancer-associated fibroblasts (CAFs) 
in the tumor stroma are essential components of the TME. CAFs establish an immunosuppressive TME by 
interacting with multiple types of immunosuppressive cells, including regulatory T cells (Tregs), bone marrow-
derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs)6. Targeting CAFs has therapeutic 
potential but is challenging due to their heterogeneity and tumor-suppressive effect7.

Stimulator of interferon genes (STING), an adapter four-transmembrane protein localized to the endoplasmic 
reticulum, is a vital innate-immune sensor for cytoplasmic DNA. STING is activated by cyclic dinucleotides 
(CDNs) such as 2-cyclic GMP-AMP synthase (cGAMP), which is a second messenger of cyclic GMP-AMP syn-
thase (cGAS) that detects cytoplasmic DNA. STING activation triggers the phosphorylation of TANK-binding 
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kinase 1 (TBK1) and interferon regulatory transcription factor 3 (IRF3); the result is upregulation of immune-
stimulated genes (ISGs) and activation of NF-κB. Therefore, STING activation induces the production of type 
I interferon (IFN) and other immune cell-recruiting cytokines, triggering the migration of cytotoxic CD8+ T 
cells8,9. STING activation enhances tumor immunity and in combination with ICIs may have therapeutic poten-
tial for PDAC. STING agonists have shown marked antitumor effects in preclinical studies10–12 and multiple 
pharmacologic classes of these agents are undergoing clinical trials13.

STING agonists affect a variety of cells in the PDAC TME, including immune cells, adipocytes, nerve cells, 
vascular endothelial cells, and fibroblasts. STING agonists affect tumor immunity differently in these various 
cell types14. Li et al. reported that STING activation in B cells suppresses the functions of natural killer cells via 
IL-35 and weakens tumor immunity15, and Gulen et al. showed that STING activation induces apoptosis of T 
cells16. Although CAFs are abundant in the PDAC TME, only two authors have reported the effect of STING 
activation in CAFs on tumor immunity17,18.

Here, we report that STING activation in CAFs enhances tumor immunity in vitro and in vivo and that 
STING agonists can overcome the CAF-induced immunosuppressive TME.

Material and methods
Mice
Mice were maintained in filter-topped cages and fed autoclaved food and water at the Graduate School of Medi-
cine of Yokohama City University according to the guidelines of the National Institutes of Health and ARRIVE 
guidelines. Ptf1aER-Cre/+, LSL-KrasG12D/+, Trp53tm1Brn/+ (p53loxP/+) (Jackson Lab, Bar Harbor, ME, USA)19–21, and 
STING−/− (RIKEN BioResource Center, Tsukuba, Japan)22 mouse strains were used in this study. Knockout strains 
were developed on the C57BL/6 genetic background. The animal experiments were approved by the Ethics Com-
mittee for Animal Experimentation of Yokohama City University and were conducted in accordance with the 
Guidelines for the Care and Use of Laboratory Animals. All animals were humanely euthanized under gradual 
CO2 exposure followed by cervical dislocation.

Reagents
For cell culture experiments, the STING agonist 5,6-dimethyl-9-oxo-9H-xanthene-4-acetic acid (DMXAA, 
chemscene) was dissolved in DMSO to a final concentration of 70 μM. Mice were administered doses of 450 μg 
of DMXAA in 200 μL of 0.67% (v/v) NaHCO3–phosphate-buffered saline (PBS) (intratumoral injection) or 
in 500 μL of PBS (intraperitoneal injection). The following primary antibodies were used: anti-STING (Cell 
Signaling Technology, #13647), anti-phospho-STING (Cell Signaling Technology, #72971), anti-IRF3 (Cell Sign-
aling Technology, #4302), anti-phospho-IRF3 (Cell Signaling Technology, #79945), anti-α-SMA (Cell Sign-
aling Technology, #56856), anti-Multi-Cytokeratin (Leica Biosystems, NCL-L-AE1/3-601), anti-F4/80 (Cell 
Signaling Technology, #71299), anti-PDGFRβ (Cell Signaling Technology, #3175), anti-CD3ε (Cell Signaling 
Technology, #99940), anti-CD4 (Cell Signaling Technology, #12504), anti-CD8a (Cell Signaling Technology, 
#98941), anti-cleaved caspase-3 (Cell Signaling Technology, #9661), anti-phospho-TBK1 (ABclonal, A3458), 
anti-TBK1(ABclonal, AP1026), and anti-β-actin (Wako). Tamoxifen (Sigma) was dissolved in corn oil containing 
10% ethanol and was administered by oral gavage to mice at 6 weeks of age (8 mg per mouse).

Human tissue array
The human PDAC tissue array was purchased commercially from TissueArray.com (No.PA482a).

Immunohistochemical examination
The pancreas or allografted tumor were isolated from mice and fixed in 10% formalin in phosphate buffer. Tissues 
were embedded in paraffin, sectioned, mounted on slides, subjected to staining with H&E and processed for IHC. 
After deparaffinization and rehydration, the slides were autoclaved for 10 min at 121 °C for antigen retrieval and 
incubated with 0.3% H2O2 at room temperature to block endogenous peroxidase activity. Subsequently, the slides 
were incubated overnight at 4 °C with the indicated primary antibodies. Immunoreactivity was visualized using 
3,3-diaminobenzidine (DAB; Sigma) and a peroxidase-based Histofine Simple Stain Kit (MAX PO R, Nichirei).

Immunofluorescence
Slides were deparaffinized, rehydrated, and autoclaved for 15 min at 121 °C. Next, the slides were incubated 
with the indicated primary antibodies overnight at 4 °C. Alexa Fluor 488- or 594-conjugated secondary anti-
bodies (Life Technologies) were applied for 1 h at room temperature in the dark and covered with mounting 
medium containing DAPI (Vector Laboratories). Images were obtained using a fluorescence microscope (BZ-
X800; Keyence).

RNA in situ hybridization
In situ detection of IFN-β mRNA was performed using RNAscope (Advanced Cell Diagnostics) according to 
the manufacturer’s protocol.

Immunoblotting
Cells were washed and lysed with sodium dodecyl sulfate sample buffer. Next, proteins were separated by 5–20% 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride mem-
brane. The membrane was cut off where it is not needed prior to hybridization with the antibody. The membrane 
was incubated with the indicated primary antibodies at 4℃ overnight. After incubation with a horseradish 
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peroxidase-linked secondary antibody, immunoreactive bands were detected using the Amersham Image Quant 
800UV Imaging System in Automatic chemiluminescence exposure mode (Cytiva).

RT‑qPCR
RNA was extracted from pancreatic tissue or cultured cells using ISOGEN (Nippon Gene, Tokyo, Japan). cDNA 
was generated using ReverTra Ace qPCR RT Master Mix (FSQ-201, Toyobo). Quantitative reverse-transcription 
PCR was performed using KOD SYBR qPCR Mix (QKD-201T, Toyobo) in accordance with the manufacturer’s 
instructions. Primer sequences are shown in Table S1.

Cell culture
We established a murine pancreatic cancer cell line from Ptf1aER-Cre/+; LSL-KrasG12D/+; p53loxP/loxP mice (KPC) 
and Ptf1aER-Cre/+; LSL-KrasG12D/+; p53loxP/loxP/STING−/− mice (KPCS). CAFs were established from KPC mice 
as reported previously23. Cells were cultured in D-MEM medium (Wako) containing 10% fetal bovine serum 
(Biosera), and 2% penicillin–streptomycin (Thermo Fisher Scientific).

Bone‑marrow transplantation model
Approximately 8-week-old WT or STING−/− mice were subjected to 6 Gy of whole-body radiation twice at 
4-h intervals24. The following day, bone marrow cells were extracted from the femurs of non-irradiated WT or 
STING−/− mice, and 3.0 × 106 cells per mouse were injected intravenously into the irradiated mice. The allograft 
experiment was performed 1 month after bone marrow transplantation.

Subcutaneous tumor allograft model
Pancreatic tumor cells (KPC or KPCS) were implanted subcutaneously into four locations on the backs of 
approximately 8-week-old mice (2.0 × 106/location). Mice were treated with intratumoral injections of DMXAA 
(450 μg/mouse) or vehicle into every tumor at days 11, 14, and 17. Tumor area (mm2) was calculated as: (major 
diameter) × (minor diameter); tumor diameters were measured using calipers.

Immune cell preparation
To prepare active cytotoxic T cells, the thymus was isolated from WT mice, mechanically minced, lysed in 
ultrapure water for 30 s for hemolysis, and dissolved in RPMI to 3.0 × 106/mL. The cells were incubated with 
5 μg/mL functional CD28 antibody (eBioscience™ #16-0281-82) and 1 μg/mL functional CD3 antibody (eBiosci-
ence™ #16-0032-82) for 3 days. To collect murine peritoneal macrophages, thioglycolate medium (Nissui) was 
injected into the intraperitoneal cavity, and macrophages were collected 4 days later using D-PBS (−) and lysed 
in ultrapure water for 30 s.

Cell migration assay
The CytoSelect™ 96-well Cell Migration Assay (5 μm) was performed in accordance with the manufacturer’s 
instructions. Activated T cells (5.0 × 106/mL) in RPMI without FBS were placed in the upper wells, the super-
natant of STING-activated CAFs (supernatant incubated for 24 h on CAFs after DMXAA treatment for 1 h) or 
non-treated CAFs was placed in the lower wells. The number of activated T-cells migrating from the upper to 
the lower wells was measured by quantifying fluorescence.

Statistical analysis
Values are means ± standard errors of the mean (SEM), and individual data are shown as dots. The significance 
of differences was examined by Student’s t-test. P < 0.05 was considered indicative of statistical significance.

Results
STING deletion did not affect pancreatic tumorigenesis in mice
To investigate the role of STING in pancreatic tumorigenesis, we generated pancreas cancer mice (KPC mice: 
Ptf1aER-Cre/+ KrasG12D/+ p53loxP/loxP) and STING-knockout pancreatic cancer mice (KPCS mice: Ptf1aER-Cre/+ 
LSL-KrasG12D/+ p53loxP/loxP/STING−/−) by crossing Ptf1aER-Cre/+ p53loxP/loxP/STING+/− mice with LSL-KrasG12D/+ 
p53loxP/loxP/STING+/− mice. Ptf1aER-Cre/+ mice (CTRL mice) were used as controls (Fig. 1a). Inducible murine 
PDAC model was used because this model more closely resembles the human carcinogenesis process19,25. We 
prepared two mouse cohorts. First, we prepared KPC mice (N = 8, 4 males and 4 females) and KPCS mice (N = 11, 
5 males and 6 females) for survival study. However, there was no survival difference between KPC and KPCS mice 
(Fig. 1b). Second, to explore the differences of tumor formation between KPC mice and KPC mice, we prepared 
another cohort. CTRL, KPC, and KPCS mice (each group N = 8, 4 males and 4 females) were treated with tamox-
ifen at 6 weeks of age and at 18 weeks of age the pancreas was removed (Fig. 1c). Pancreatic tumors developed 
in all mice in both KPC and KPCS mice, even though 4/8 KPC and 5/8 KPCS mice developed apparent PDAC. 
The detail of these mice was shown in Table S2. At 18 weeks of age, there was no difference in pancreatic tumor 
mass (Fig. 1d) or tumor formation (Fig. 1e) between KPC and KPCS mice. No apparent metastasis was found in 
both groups. IHC revealed that, in KPC mice, STING was expressed in epithelial cells of ductal adenocarcinoma 
and surrounding stromal cells. By contrast, STING was expressed in immune cells in the stroma but not acinar 
cells in CTRL mice. STING was deleted completely in KPCS mice tumor (Fig. 1f). IHC revealed significantly 
fewer CD8a-positive cells in KPCS compared to KPC mice, and vice versa for CD4-positive cells. There was no 
difference in the number of CD3ε-positive cells (Fig. 1g,h). These results indicated that STING deletion altered 
the profile of infiltrating immune cells but did not affect pancreatic tumorigenesis.
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Figure 1.   STING did not affect pancreatic tumorigenesis in mice. (a) Schematic of mouse mating. (b) Kaplan–
Meier curves for KPCmice (N = 8, black line, 4 males and 4 females) and KPCSmice (N = 11, red line, 5 males 
and 6 females). (c) KPC or KPCS mice were fed tamoxifen at 6 weeks of age and dissected at 18 weeks of age. 
(d) Ratio of pancreas weight to bodyweight (pancreas ÷ BW) (N = 8, 4 males and 4 females per group) (*P < 0.05) 
Each dot indicates a measure, and the bars indicate the mean. (n.s. = Not significant). (e) Representative 
H&E-stained images of the indicated mice (scale bar, 500 μm). CTRL mice; Ptf1aER-Cre/+ mice. (f) IHC analysis 
of STING in the indicated mice (scale bar, 100 μm). (g) IHC analysis of CD8a, CD4, and CD3ε in KPC and 
KPCS mice (scale bar, 50 μm). (h) Number of positive cells per high-power field per mouse (N = 8) (n.s. = not 
significant). Each dot indicates a measure, and the bars indicate the mean.
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The response to STING agonist in PDAC of KPC mice
STING deletion did not affect pancreatic tumorgenesis in mice, but STING agonists was reported to have marked 
antitumor effects in murine subcutaneous pancreatic tumor10. So we next administered STING agonist DMXAA 
intraperitoneally to KPC mice. In DMXAA-treated mice, STING activation, determined by phosphorylation 
of STING, was observed in not only tumor cells but also in stromal cells. STING phosphorylation was not 
detected in mice not treated with DMXAA (Fig. 2a). qRT-PCR of the pancreas in DMXAA-treated KPC mice 
showed markedly increased production of IFN-β, tumor necrosis factor (TNF)-α, chemokine (C-X-C motif) 
ligand 1 (CXCL1), CC chemokine ligand-2 (CCL2), CXCL2, CXCL10, and interleukin (IL)-6 (Fig. 2b). IHC 
revealed significantly more CD8a- and cleaved caspase-3- positive cells in DMXAA-treated pancreas compared 
to vehicle-treated mice (Fig. 2c,d). And qRT-PCR showed that the mRNA levels of granzyme B and perforin, 
markers of activated T cells, were significantly elevated in DMXAA-treated mice (Fig. 2e). These data suggested 
that DMXAA induced the production of type I IFN and other immune cell-recruiting cytokines and the migra-
tion of activated cytotoxic T cells and led pancreatic cancer cells to apoptosis in KPC mice. However, weekly 
administration of STING agonists did not result in extended survival of the KPC mice (Fig. S1).

STING activation in PDAC CAFs in vivo
In tumor tissue of KPC mice, STING was expressed in not only epithelial cells of ductal adenocarcinoma but 
also stroma cells (Fig. 1e). CAFs are major components of pancreatic tumor stroma and so we focused on STING 
function in CAFs of PDAC stroma. Co-immunofluorescence staining for alpha smooth muscle actin (α-SMA) 
and platelet-derived growth factor receptor β (PDGFRβ) with STING in tumor tissues of KPC mice confirmed 
that STING is expressed in CAFs (Fig. 3a,b, arrowhead). Co-immunofluorescence staining for multi-cytokeratin 
(panCK) and F4/80 with STING revealed that STING is also expressed in tumor epithelial cells and macrophages 
(Fig. 3c,d). Moreover, by co-immunofluorescence staining of α-SMA and phospho-STING in DMXAA-treated 
pancreatic tumors, more than half of α-SMA-positive cells showed phosphorylation of STING in DMXAA-treated 
tumors, indicating that STING in CAFs is activated by DMXAA (Fig. 3e). Furthermore, in situ analysis showed a 
high IFN-β mRNA level in the PDAC stroma of DMXAA-treated mice (Fig. 3f). These data suggest that STING 
activation in CAFs is involved in DMXAA-induced immune activation.

STING expression in Human PDAC stroma
We next investigated the STING expression in Human PDAC stroma using tissue arrays of 40 specimens from 
20 cases by IHC. Although the expression of STING was strong in PDAC stroma in KPC mice, in human 
PDAC stroma it differed among specimens. We evaluated the expression of STING in the PDAC stroma of 40 
specimens, which were divided into three grades: positive, weakly positive, and negative (Fig. 4a). Of the 40 
specimens, 7 (17%), 12 (30%), and 21 (53%) were positive, weakly positive, and negative, respectively (Fig. 4b). 
Co-immunofluorescence staining for α-SMA and STING revealed that STING was expressed in αSMA-positive 
CAFs on STING weakly positive or positive specimens (Fig. 4c). These results suggest that STING expression in 
CAFs have heterogeneity, and the response of pancreatic cancer patients to STING agonist may differ depending 
on the patient’s STING expression level.

Methylation in CAFs downregulates the expression of STING
To investigate the regulatory mechanism of STING expression, we cultured several CAFs from PDAC of KPC 
mice, and used CAF1 (high expression of STING) and CAF2 (low expression of STING). The demethylating agent 
5-aza-2-deoxycytidine (5-AZADC) was administered to the cells and the STING level was analyzed by western 
blotting. The STING level in CAF2 cells was upregulated by 5-AZADC (Fig. 4d), suggesting that methylation 
may be one of the mechanisms which downregulates STING in CAFs.

STING activation in PDAC CAFs in vitro
PDAC stroma is abundant in immune cells as well as CAFs, and STING activation in macrophages (Mφ) is 
implicated in innate immunity26. We compared STING-activated CAFs and macrophages in vitro. CAFs were 
established from pancreatic tumors in KPC mice and peritoneal Mφ (P-Mφ) from mice injected intraperitoneally 
with thioglycolate medium. CAFs and P-Mφ treated with DMXAA for 1 h were subjected to western blotting. 
DMXAA induced marked phosphorylation of STING in P-Mφ and CAFs with subsequent phosphorylation 
of TBK1 and IRF3, which are downstream of STING, confirming that in CAFs STING activation transduces 
the same signal as that in immune cells (Fig. 5a). Furthermore, equal numbers of peritoneal macrophages and 
CAFs were treated with DMXAA for 24 h, and the IFN-β level in the supernatant was evaluated by ELISA. 
The supernatant of CAFs contained a higher level of IFN-β than that of P-Mφ (Fig. 5b). qRT-PCR showed that 
the mRNA levels of IFN-β, TNF-α, CxCL1, CCL2, CXCL2, CxCL10, and IL-6 were high in CAFs treated with 
DMXAA for 4 h (Fig. 5c).

We next investigated whether STING activation in CAFs induces the migration of activated T cells. T cells 
from WT mice and activated by CD3 and CD28 were placed in the upper wells, and supernatants of CAFs treated 
with DMXAA or vehicle for 1 h and incubated for 24 h were placed in the lower wells. After 24 h, migratory cells 
were lysed and quantified using the CyQuant GR fluorescent dye (Fig. 5d). The supernatant of DMXAA-treated 
CAFs triggered greater migration of activated T cells (Fig. 5e), suggesting that activation of STING in CAFs 
induces migration of cytotoxic T cells and promotes tumor immunity.
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Figure 2.   The response to STING agonist in PDAC of KPC mice. (a) IHC analysis of STING (upper) and 
phospho-STING (lower) in PDACs of KPC mice with or without the STING agonist DMXAA (5,6-dimethyl-
9-oxo-9H-xanthene-4-acetic acid) (scale bar, 100 μm). (b) Fold changes of the mRNA levels of the indicated 
cytokines and chemokines in DMXAA-treated PDACs relative to the mean of the control tumor (N = 4). 
DMXAA or vehicle was administered to 15-week-old KPC mice on days 1, 4, and 7, and the mice were dissected 
2 h after the final dose. Data are graphed on a log-scale. (*P < 0.05) Each dot indicates a measure, and the bars 
indicate the mean. (c) IHC analysis of CD8a and Cleaved caspase-3 in vehicle- or DMXAA-treated mice. 
DMXAA was administered as described in (b) (scale bar, 250 μm (upper), 100 μm (lower)). (d) Ratio of CD8a-
positive area per mouse and number of cleaved caspase-3-positive cells per field per mouse. Each dot indicates a 
measure, and the bars indicate the mean. (e) Fold change of granzyme B and perforin mRNA levels in DMXAA-
treated PDACs relative to the mean of the control tumor (N = 3). DMXAA was administered 2 days prior to 
dissection (*P < 0.05). Each dot indicates a measure, and the bars indicate the mean.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17071  | https://doi.org/10.1038/s41598-024-68061-y

www.nature.com/scientificreports/

Figure 3.   STING activation in PDAC CAFs in vivo. (a) Co-immunofluorescence staining for α-SMA 
(red) and STING (green). Arrowheads show double-stained cells, suggesting STING expression in α-SMA-
positive cells (scale bar, 25 μm). (b) Co-immunofluorescence staining for PDGFRβ (red) and STING 
(green). Arrowheads show double-stained cells, suggesting STING expression in PDGFRβ-positive cells 
(scale bar, 25 μm). (c) Co-immunofluorescence staining for panCK(red) and STING (green) (scale bar, 
25 μm). (d) Co-immunofluorescence staining for F4/80 (red) and STING (green) (scale bar, 25 μm). (e) 
Co-immunofluorescence staining for α-SMA (red) and phospho-STING (green) in KPC mice (vehicle-treated) 
and DMXAA-treated KPC mice. Arrowheads show double-stained cells, suggesting phospho-STING expression 
in α-SMA-positive cells (scale bar, 50 μm). (f) In situ hybridization of IFN-β mRNA in STING-treated PDACs 
or control tumor from KPC mice. DMXAA was administered as described in Fig. 2b (scale bar, 100 μm).
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STING activation in CAFs exerts an antitumor effect in subcutaneous tumors in a BMT model
As described in Fig. 2, although administration of the STING agonist to KPC mice modulated intracellular 
signaling and enhanced tumor immunity, STING agonists did not affect survival of KPC mice. On the other 
hand, intratumor administration of STING agonists in subcutaneous PDAC tumor reportedly reduced tumor 
burden10. To investigate the details of the antitumor effects of CAF on STING agonists in vivo, we explored 
subcutaneous tumor model. KPC cells established from KPC mice were subcutaneously implanted into the back 
of WT mice, and DMXAA was injected into the tumor to evaluate the anti-tumor effect of DMXAA (Fig. 6a). 
DMXAA or vehicle was administered three times every 3 days starting 9 days after transplantation. DMXAA-
treated subcutaneous tumors were significantly reduced compared to vehicle-treated tumors (Fig. 6b). Next, we 
performed subcutaneous transplantation experiments using bone marrow-transplanted (BMT) mice to evaluate 
the antitumor effect of activation of STING in CAFs in vivo. First, we established a pancreatic cancer cell line 
from KPCS mice and confirmed STING deletion in these cells by western blotting (Fig. 6c). One month after 
BMT, KPCS cells were subcutaneously transplanted, and DMXAA was administered three times every 3 days 

Figure 4.   STING expression in human PDAC stroma and CAFs. (a) Groups categorized by positive, weakly 
positive, and negative STING expression in PDAC stroma. Representative IHC analysis of STING using a 
human PDAC tissue array (scale bar, 100 μm). (b) Percentages of the indicated groups in 40 PDAC samples. (c) 
Co-immunofluorescence staining for α-SMA (red) and STING (green) in STING positive or weakly positive or 
negative in stroma. (d) 5-AZA (0.1 nM) was administered to CAF1 and CAF2 derived from murine PDACs and 
incubated for 24 h.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:17071  | https://doi.org/10.1038/s41598-024-68061-y

www.nature.com/scientificreports/

starting 11 days after transplantation (Fig. 6d). KPCS cells were transplanted subcutaneously into (1) WT mice: 
WT mice transplanted with WT immune cells; (2) BMT1 mice: WT mice transplanted with STING−/− immune 
cells; (3) BMT2 mice: STING−/− mice transplanted with WT immune cells; and (4) STING−/− mice: STING−/− mice 
transplanted with STING−/− immune cells (Fig. 6e). IHC of STING and co-immunofluorescence for STING and 
α-SMA showed that STING was expressed only in stromal cells not derived from bone marrow in subcutaneous 
tumors in BMT1 mice, so BMT1 mice were used as a model in which STING is expressed only in CAFs. BMT2 
mice were STING positive only in bone marrow-derived cells (Fig. 6f). In BMT1 mice, the subcutaneous tumor 
burden was reduced by DMXAA (as in BMT2 and WT mice), suggesting that STING activation in CAFs exerts 
an antitumor effect. Tumor burden was not reduced in STING-/- mice (Fig. 7a,b). Furthermore, we performed 
qRT-PCR on tumors from which RNA could be extracted, and qRT-PCR showed marked increases in the IFN-
β, TNF-α, CxCL1, CCL2, CxCL2, CxCL10, IL-6 mRNA levels in subcutaneous tumors from WT, BMT1, and 
BMT2 mice. The increase was slight in STING−/− mice (Fig. 7c). IHC revealed a significant increase in CD8a-
positive cells in DMXAA-treated tumors of WT, BMT1, and BMT2 mice, but not  in STING−/− mice (Fig. 7d,e). 
Moreover, qRT-PCR showed that the mRNA levels of granzyme B and perforin were significantly elevated in 
DMXAA-treated mice in tumors of WT, BMT1, and BMT2 mice, but not in STING−/− mice (Fig. 7f). These data 

Figure 5.   STING activation in PDAC CAFs in vitro. (a) Immunoblotting analyses of stimulated CAF1 and 
Mφ lysate with anti-phospho-STING, anti-STING, anti-phospho-TBK1, anti-TBK1, anti-phospho-IRF3, anti-
IRF3,and β-actin antibodies. CAF1 from PDACs and Mφ collected from the abdominal cavity by stimulation 
with thioglycolate medium were stimulated by DMXAA and harvested after 1 h. (b) The amount of IFN-β in the 
supernatant was analyzed by ELISA. CAFs and Mφ (6.0 × 105 each) in a 35-mm Petri dish coated with 1000 μL 
of medium were incubated with DMXAA for 24 h and the supernatants were used(*P < 0.05). Each dot indicates 
a measure, and the bars indicate the mean. (c) Fold changes of the indicated cytokine and chemokine mRNA 
levels in DMXAA-treated CAFs relative to the mean of the control. Data are graphed on a log-scale (*P < 0.05). 
Each dot indicates a measure, and the bars indicate the mean. (d) Schematic of the migration assay. T cells 
activated by CD3 and CD28 were placed in the upper wells, and supernatants of control CAFs or DMXAA-
treated CAFs in the lower wells. After 24 h, migratory cells were lysed and quantified using CyQuant GR 
fluorescent dye. (e) Migratory cells were measured by fluorometry (*P < 0.05). Each dot indicates a measure, and 
the bars indicate the mean.
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suggested that activation of STING in (non-bone marrow-derived) CAFs is sufficient to induce migration of 
cytotoxic T cells sufficient to enhance tumor immunity.

Discussion
We report that CAFs expressing STING in PDAC respond to STING agonists by releasing proinflammatory 
cytokines and chemokines, which may enhance tumor immunity by promoting the migration of cytotoxic T cells. 
Kabashima et al. reported about the cGAS-STING pathway and CAFs in PDAC, but this study did not mention 
the expression of STING in CAFs themselves. Our study showed a novel implication that STING expression in 
CAFs may partially determine the effect of STING agonists.

CAFs were formerly considered to promote tumor growth by secreting growth factors, inflammatory ligands, 
and extracellular matrix (ECM) proteins27. However, Ozdemir et al. reported that ablation of cells expressing 
α-SMA in a PDAC mouse model resulted in a highly undifferentiated tumor with reduced desmoplasia and 
shortened survival28. These conflicting data suggest that CAFs in the TME are heterogeneous, have different 
functions, and interact with cancer cells and other immune cell types.

Öhlund et al. identified two subtypes of CAFs: inflammatory CAFs, which are induced by IL-1 signaling and 
secrete cytokines and chemokines; and myofibroblastic CAFs (myCAFs), which express a high level of α-SMA 

Figure 6.   Creation of subcutaneous tumor model in BMT mice. (a) Schematic of the analysis. DMXAA or 
vehicle was injected into subcutaneous tumor directly in the day 9, 12, 15. (b) Subcutaneous tumor area over 
time in DMXAA-treated and control tumors. (c) Immunoblotting of KPC and KPCS cells with anti-STING 
and β-actin antibodies. KPCS cells were established from KPCS mice (Ptf1aER-Cre/+; LSL-KrasG12D/+; p53 loxP/loxP /
STING−/−). (d) Schematic of the analysis. KPCS cells were subcutaneously transplanted into mice about 1 month 
after bone marrow transplantation, and the effect of intratumoral injection of DMXAA on tumor development 
was evaluated. (e) Table of BMT mice used in this experiment. (f) IHC analysis of STING (upper) and 
co-immunofluorescence staining for α-SMA (red) and STING (green) (lower).
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Figure 7.   STING activation in CAFs exerts an antitumor effect in subcutaneous tumors in a BMT model. (a) 
Subcutaneous tumor area over time in DMXAA-treated and control tumors (*P < 0.01). Red arrows indicate the 
injection of DMXAA or vehicle. (b) Tumor weight at harvested. Each dot indicates a measure of a subcutaneous 
tumor, and the bars indicate the mean. (c) Fold-change of the IFN-β, TNF-α, CxCL1, CCL2, CxCL2, CxCL10, 
and IL-6 mRNA level of DMXAA-treated relative to the mean of the control tumor. Data are graphed on a 
log-scale (*P < 0.05). Each dot indicates a measure of a tumor which RNA could be extracted from, and the bars 
indicate the mean. (d) IHC analysis of CD8a in the indicated mice with vehicle (upper) or DMXAA (lower) 
(scale bar, 100 μm). (e) The ratio of CD8a-positive area per field of the tumor in WT, BMT1, BMT2, and 
STING−/− mice with vehicle or DMXAA (*P < 0.05). Each dot indicates a measure of a tumor which RNA could 
be extracted from, and the bars indicate the mean. (f) Fold-change of the granzyme B and perforin mRNA level 
of DMXAA-treated compared to control tumors (*P < 0.05). Each dot indicates a measure of a tumor which 
RNA could be extracted from, and the bars indicate the mean.
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and are induced by TGF-β signaling29. Single-cell RNA-seq of human and murine PDAC revealed a new CAF 
subtype—apCAFs, which express MHC class II and CD7430, and are reportedly derived from mesothelial cells31. 
MyCAFs mediate both tumor suppression and growth32. And the CAFs we established from murine PDAC are 
αSMA-positive and are considered to be myCAFs. Our findings indicate that the STING pathway mediates the 
tumor-suppressive effect of myCAFs. The expression and role of STING in iCAFs was not examined in the present 
study and is a subject for future work.

In the PDAC TME, hypoxia and tumor necrosis induced by chemotherapy or radiotherapy triggers the 
release of damage-associated molecular patterns (DAMPs). The STING pathway in CAFs might be involved in 
the immune response to DAMPs, which could explain the antitumor effect of myCAFs.

Although pancreatic stellate cells are an important source of CAFs in the PDAC23, they are derived from 
bone marrow-derived macrophages and adipose-derived mesenchymal stem cells33,34. Epithelial cells can be a 
source of CAFs undergoing the epithelial-to-mesenchymal transition (EMT)35. Although there was an opinion 
that CAFs which underwent EMT expressed STING17, CAFs used in our study did not have the KrasG12D muta-
tion, indicating derivation from pancreatic PSCs. The difference in STING expression according to CAFs origin 
warrants further investigation.

The higher the expression of STING in tumor epithelial cells, the better the prognosis of gastric cancer36, liver 
cancer37, colorectal cancer38, and pancreatic cancer17. However, no study has examined the relationship between 
prognosis and STING expression in cancer stroma. In this study, about half of human PDACs lacked STING 
expression (Fig. 1e). The methylation of STING is associated with its downregulation in cancer cells39,40. In this 
study, treatment with the demethylating agent 5-AZADC restored STING expression in CAFs, and demethyl-
ating agents can enhance the efficacy of STING agonists. Therefore, pharmacological restoration of STING by 
epigenetic reprogramming could improve the therapeutic efficacy of STING agonists. Moreover, we have not 
explored the effects and response of human PDAC CAFs to STING agonists, so it is unclear whether the same 
effect we describe in PDAC CAFs also occurs in human PDAC CAFs.

STING agonists have marked preclinical antitumor activities. This prompted the development of multiple 
pharmacologic classes of agents, which are at various stages of clinical translation13. DMXAA was first used as 
a vasodilator and later identified as a direct agonist of murine STING26. Although it was later shown to have no 
biological activity in humans because of structural polymorphisms41, it is a useful agonist of the STING pathway 
in mice. STING agonists must be directly injected into the tumor, but intravenously and orally administered 
versions are undergoing clinical trials42. Our findings suggest that the expression of STING in PDAC stroma 
modulates sensitivity to STING agonists, and the evaluation of STING expression before drug administration 
may be useful for prognostic evaluation and case selection.

STING agonists most likely enhance the tumor immunity, but it is unclear whether STING agonists mono-
therapy is truly effective in pancreatic cancer. Although STING agonists induce proinflammatory cytokines and 
chemokines and promote infiltration of cytotoxic T cells, continuous single-dose administration of DMXAA to 
KPC mice did not improve survival in our study (Fig. S1). One reason may be the low number of resident cyto-
toxic T cells in PDAC. The number of infiltrating CD8-positive cells is lower in PDAC of KPC mice compared to 
subcutaneous tumors. Therefore, a combination with cytotoxic anticancer drugs or other immune-stimulating 
agents may be necessary for the treatment of pancreatic cancer.

In summary, STING activation in PDAC CAFs exerts an antitumor effect, and STING agonists may be more 
effective in tumors with high, compared to those with low, STING expression in the stroma. STING expression 
in PDAC stroma should be evaluated when using STING agonists therapeutically.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).
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