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Abstract
Various cancer therapies, such as surgery, radiotherapy, chemotherapy, and immunotherapy, have been used to treat cancer. Among 
cancer immunotherapies, stimulators of interferon genes (STING) activate various immune cells and induce them to attack cancer 
cells. However, the secretion of type I interferon (IFN α and β) increases after stimulation of the immune cell as a side effect 
of STING agonist, thereby increasing the expression of programmed death-ligand 1 (PD-L1) in the tumor microenvironment 
(TME). Therefore, it is necessary to reduce the side effects of STING agonists and maximize cancer treatment by administering 
combination therapy. Tumor-bearing mice were treated with cisplatin, tumor-specific peptide, neoantigen, DMXAA (STING 
agonist), and immune checkpoint inhibitor (ICI). The combination vaccine group showed a reduction in tumor mass, an increased 
survival rate, and IFN-γ+ (interferon gamma)  CD8+ (cluster of differentiation 8) T cells in the spleen and TME. The distribution 
of immune cells in the spleen and TME was confirmed, and the number of active immune cells increased, whereas that of immu-
nosuppressive cells decreased. When measuring cytokine levels in the tumor and serum, the levels of pro-inflammatory cytokines 
increased and anti-inflammatory cytokines decreased. This study demonstrated that when various cancer therapies are combined 
to treat cancer, it can lead to an anticancer immune synergistic effect by increasing the immune response and reducing side effects.
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Introduction

Various cancer therapies (e.g., surgery, chemotherapy, and 
immunotherapy) have been developed to treat cancer and 
improve patient survival [1]. Surgery, the most common can-
cer treatment, has a risk of recurrence and metastasis; there-
fore, it must be combined with various cancer treatments [2]. 
For example, cancer therapies such as chemotherapy (e.g., 
cisplatin, doxorubicin), immunotherapy (e.g., DNA or RNA 
vaccine, antibody-based therapy), and adjuvant therapy 

have been reported to decrease cancer recurrence rate and 
increase the survival rate of cancer patients in actual clinical 
practice [3]. However, each cancer therapy has various side 
effects [4]. Therefore, further research is necessary to com-
pensate for the side effects of appropriate co-administration 
of various cancer treatments [5].

Immunotherapy is a new cancer treatment that utilizes the 
immune system [6] and reduces tumor-induced immunosup-
pression. Therefore, anticancer immunotherapy using T cell 
immunity is being studied as the safest and most efficient can-
cer treatment [7]. T cell immunity causes antigen-presenting 
cells (APCs; e.g., dendritic cells) to take up and present tumor 
antigens, activate T cells, and eventually kill the tumor [8–10]. 
Neoantigen vaccines use cancer-specific neoantigens extracted 
from cancer patients for T cell immunity [11]. Therefore, it 
is actively used in clinical practice because it can be applied 
simultaneously with other cancer therapies [12]. For antican-
cer immunotherapy that efficiently uses T cell immunity, it is 
important to confirm the presence of tumor-specific antigens 
and induce them in an abundant environment [11].
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Chemotherapy can induce high antigen exposure to 
the tumor microenvironment (TME), which increases the 
anticancer immune response in combination with immuno-
therapy [13, 14]. After chemotherapy, damage-associated 
molecular patterns (DAMPs) are released from dying cells; 
their stimulating responses induce T cell activation and 
produce and secrete cytokines, such as type I interferon 
(IFN). These cytokines are known as major regulators of 
anticancer immune response activation, but the effect of 
type I IFN secreted by chemotherapy alone is insufficient 
to treat cancer [15–17]. The stimulators of interferon genes 
(STING) agonist was developed as a method to increase 
type I IFN, and synergistic anticancer immune response 
can be induced through chemotherapy and co-administra-
tion [18, 19].

STING-mediated type I IFN binds to interferon α/β recep-
tors to protect infected and surrounding cells from local 
infection [20]. Recently, many studies have shown that acti-
vation of STING and stimulation of type I IFN production 
are important for anticancer immune responses and for pro-
moting the release of cancer cell antigens [21–23]. Moreo-
ver, STING activation enhances cancer antigen presentation 
to contribute to the priming and activation of T cells and 
promotes trafficking and infiltration of T cells into tumors 
[19, 21, 24]. However, it is possible to induce an immune 
suppression response by upregulating the expression of the 
immune checkpoint programmed death-ligand 1 (PD-L1) in 
tumor cells as a side effect of type I IFN [25, 26]. Accord-
ingly, it is important to decrease side effects by administer-
ing a combination of immune checkpoint inhibitor (ICI) that 
block the immune checkpoint [25].

In conclusion, various cancer therapies must be admin-
istered simultaneously to induce a synergistic effect for safe 
and efficient tumor treatment and reduce side effects [18, 
27, 28]. Combination therapy can increase the exposure 
of tumor antigens, generate tumor-specific T cell immune 
responses, change the TME into immune activity responses, 
and downregulate immune suppression responses by tumors 
[9, 29, 30]. In our study, tumor-specific antigens and neoan-
tigens were used as vaccines in various mouse models for 
the diversity of the MHC I class [11, 31, 32]. In addition, the 
combination of cisplatin and tumor antigen, STING agonist, 
and ICIs induces priming of tumor-specific  CD8+ T cells to 
amplify the immune response, thereby demonstrating anti-
tumor effects that can kill tumors [19, 33, 34].

Materials and methods

Mice and cells

C57BL/6 and BALB/c mice were purchased from Ori-
ent Bio Inc. (Seongnam, Korea). STING knockout mice 

(C57BL/6J-Tmem173<gt>/J) were purchased from Jack-
son Laboratories (Maine, USA). Six-week-old female 
mice were used, and all protocols were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
of Konkuk University. TC-1 cells (murine tumor cells 
expressing the E6/E7 gene of human papillomavirus 
(HPV) 16) and CT26 cell line (murine colon carcinoma) 
were incubated in RPMI-1640 medium (Biowest, France) 
supplemented with 10% fetal bovine serum (FBS, Bio-
west, France) and 50 U/mL penicillin streptomycin (P/S, 
Biowest, France) at 37 °C and 5%  CO2. Mouse bone mar-
row dendritic cells (BMDCs) and plasmacytoid dendritic 
cells (pDCs) were isolated from mouse bone marrow and 
cultured in RPMI-1640 medium supplemented with 10% 
FBS, 50 U/mL P/S, 1000 μM 2-mercaptomethanol (2-mer, 
Gibco, USA), and granulocyte–macrophage colony-stim-
ulating factor (GM-CSF; JW CreaGene, Korea); the pDC 
culture medium was further supplemented with 20 ng 
recombinant mouse IL-4 and 1 µg Flt3-Ligand (Pepro 
Tech, Korea). The culture medium was added every two 
days, and the cells were differentiated for six days.

In vivo tumor treatment experiments

In the TC-1 tumor model, C57BL/6 mice were subcu-
taneously injected with 2 ×  105 TC-1 cells/mice on day 
0. Mice were then treated intraperitoneally with 5 mg/
kg cisplatin (Sigma-Aldrich, Germany) on days 15 and 
18 (18 and 21 for large tumors), intratumorally with E7 
42–63 long peptide (AGQAEPDRAHYNIVTFCCKCDS) 
(20 µg/mouse) and DMXAA (100 µg/mouse; InvivoGen, 
USA) on days 16 and 19 (19 and 22 for large tumors), 
and intraperitoneally with anti-PD-1 (clone RMP1-14) 
and anti-PD-L1 (clone 10F.9G2) antibodies (both 100 µg/
mouse, BioXcell, USA) on days 19, 21, 23, 25, and 27. 
For the type 1 IFN blocking experiment, IFNAR1 (clone 
MAR1-5A3) and isotype mouse IgG1 (clone MOPC-21) 
antibodies (100 µg/mouse, BioXcell, USA) were injected 
intraperitoneally on days 17, 19, 21, 23, and 25. In the 
CT26 tumor model, BALB/c mice were subcutaneously 
injected with 2 ×  105 CT26 cells/mice on day 0. Mice 
were then treated intraperitoneally with 5 mg/kg cispl-
atin on days 12 and 15, intratumorally with neoantigen 
WT (PAPRAVLTGHDHEVVCVSVCAELGLVI) and 
MT (PAPRAVLTGHDHEIVCVSVCAELGLVI) peptides 
(20 µg/mouse) on days 13, 16, 19, 22, and 25, intratumor-
ally with DMXAA (100 µg/mouse) on days 13 and 16; and 
intraperitoneally with anti-PD-1 and anti-PD-L1 antibod-
ies (100 µg/mouse) on days 13, 15, 17, and 19. Euthanasia, 
via slow filling of the euthanasia chamber with  CO2 gas 
(injection rate, 10–20% per minute), was performed when 
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the tumor exceeded 10% of bodyweight or the tumor size 
reached 2 cm or more.

Analysis of antigen‑specific IFN‑γ+  CD8+ T cell 
response

Tumor tissues and spleens of mice were harvested. TME 
cells and splenocytes were treated with ammonium-
chloride-potassium (ACK) solution (Quality Biological, 
Gaithersburg, MD, USA) for red blood cell lysis. The 
cells were incubated for 16 h with 1 µg/ml E7 49–57 pep-
tide (RAHYNIVTF) and 1 µl/ml GolgiPlug (BD Cytofix/
Cytoperm Kit). After incubation, the cells were stained with 
PE anti-CD8 (clone 53–6.7, Biolegend, Korea) antibody at 
4 °C for 30 min, washed with PBS, incubated in BD Cyto-
fix/Cytoperm solution at 4 °C for 20 min, and stained with 
APC anti-IFN-γ (XMG1.2, Invitrogen, USA) monoclonal 
antibodies (1:100 dilution). All cells were analyzed using a 
BD Accuri C6 Plus flow cytometer.

NK, CD4, and CD8 T cell depletion experiments

C57BL/6 mice were injected subcutaneously with 2 ×  105 
TC-1 cells/mouse on day 0. Mice were then treated intraperi-
toneally with 5 mg/kg cisplatin on days 15 and 18, intratu-
morally with E7 long peptide (20 µg/mouse) and DMXAA 
(100 µg/mouse) on days 16 and 19, and intraperitoneally 
with control isotype IgG (Rat IgG2b, clone LTF-2), anti-
CD4 (clone GK1.5), anti-CD8 (clone 2.43), or anti-NK 
(clone PK136) depletion antibodies (BioXcell, USA) (all 
100 µg/mouse) on days 17, 19, 21, and 23.

Analysis of spleen and TME cells

Three days after the last vaccination, spleen and tumor tis-
sues were harvested, and the tumor tissues were digested 
using the gentleMACS Dissociator and MACS Tumor Dis-
sociation kits (Miltenyi Biotec, Germany). Splenocytes and 
digested TME cells were treated with an ACK solution. 
To evaluate the distribution of the T cell population, cells 
were stained with APC anti-CD3 (927), PE anti-CD8, and 
FITC anti-CD4 antibodies (GK1.5). Myeloid-derived sup-
pressor cells (MDSCs) were stained with PE anti-CD11b 
(M1/70, Invitrogen) and FITC anti-Gr1 (RB6-8C5) antibod-
ies. Macrophages were stained with PE anti-CD11b, APC 
F4/80(BM8, Invitrogen), and FITC CD206 (C068C2) anti-
bodies. Tregs were stained with FITC anti-CD4 and APC 
anti-CD25 antibodies (PC61.5) at 4 °C for 30 min, washed 
with PBS, incubated in Fixation/Permeabilization solution 
(Invitrogen) at 4 °C for 20 min, and stained for PE anti-
Foxp3 antibodies (FJK-16S). To evaluate the distribution 

of PD-L1 expression in immune and tumor cells, cells were 
stained with FITC anti-CD45 (30-F11) and PE anti-PD-L1 
antibodies (10F.9G2) (Invitrogen, all 1:100 dilution).

Neoantigen peptide screening and synthesis

Another group studied mutant neoantigens that drive thera-
peutic immune responses to cancer [31]. We confirmed 
the mutations of 17 genes in the CT26 tumor cell line by 
total RNA isolation from tumor cells, followed by cDNA 
synthesis and amplification, and mutant gene identification 
through direct sequence analysis (Supplementary Table. 
S1). Through preliminary experiments, mutant  CD4+ T cell 
neoantigen peptides (Nbea) were selected for use in this 
study (Supplementary Fig. S1). Neoantigen peptides used 
in our experiments were custom-made by Anygen (Gwangju, 
Korea).

Enzyme‑linked immunosorbent assay (ELISA)

For cytokine analysis, tumor tissues, serum, and splenocytes 
were harvested. The tumor tissue was chopped, immersed in 
ice with RIPA protein extraction buffer (150 nmol/L NaCl, 
50 nmol/L Tris–Cl (pH 8.0), 1 mmol/L phenylmethylsulfonyl 
fluoride (PMSF), 1% Nonidet P-40 (NP-40), 0.1% sodium 
dodecyl sulfate (SDS), and 0.5 mM EDTA) for 2 h and then 
centrifuged at 13,000 rpm for 15 min. Serum was extracted 
from mice, placed at room temperature for 40 min, and then 
centrifuged at 13,000 rpm for 15 min to separate the super-
natant. The splenocytes were then treated with ACK solu-
tion and incubated with WT or MT neoantigen peptides for 
48 h. After incubation, the supernatants were harvested, and 
cytokine levels were assessed using a mouse IFN-γ ELISA 
kit (Invitrogen, USA). DCs of all mice and tumor cells were 
treated with 5 µg/ml DMXAA for 24 h. After incubation, 
the supernatants were harvested, and cytokine levels were 
assessed using a mouse IL-6, TNF-α, IL-10, TGF-β, IFN-
γ, and IFN-β ELISA kit (Invitrogen, USA), following the 
manufacturer’s protocol.

PD‑L1 expression analysis

To evaluate PD-L1 expression, paraffin block production and 
sectioning by isolation of tumor tissues were followed by 
H&E staining (Logone Bio, Korea) and PD-L1 (anti-PD-L1, 
Cell Signaling, USA) immunohistochemistry (IHC). Slides 
of the stained tumor tissues were analyzed using photomi-
crographs, NIS elements, and Image J software. Mice were 
intravenously injected with 100 µg/mouse PD-L1 antibody 
labeled with Cy5.5-NHS ester (Click Chemistry Tools, 
USA), and 18 h later, tumor tissue was isolated and ana-
lyzed using the IVIS Spectrum Imaging System. To evaluate 
PD-L1 expression in tumor cells, BMDCs and pDCs isolated 
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and differentiated from naive mice were treated with or with-
out 10 μg/ml DMXAA, and the supernatant was incubated 
with tumor cells overnight. To evaluate the direct cytokine-
inducing PD-L1 expression, tumor cells were treated over-
night with 100 ng/ml recombinant proteins (recombinant 
mouse IL-6, TNF-α, IL-10, TGF-β, IFN-γ, and IFN-β; 
BioXcell, USA). To evaluate PD-L1 expression following 
cytokine blockage, tumor cells were treated with 10 ng/
ml blocking antibody (anti-mouse IL-6, IL-10, TNF-α, 

Fig. 1  Tumor treatment effects of tumor-specific antigen and STING 
agonist co-administration in cisplatin-treated mouse model. C57BL/6 
mice were subcutaneously injected with 2 ×  105 TC-1 cells/mouse on 
day 0. Mice were then treated intraperitoneally with 5 mg/kg cisplatin 
on days 15 and 18 and intratumorally with 20 µg/mouse E7 long pep-
tide and 100 µg/mouse DMXAA on days 16 and 19. a Schedule flow-
chart. b Tumor mass was measured until the mice died or the tumor 
diameter was > 2  cm (n = 5). c Mouse survival was observed for 
60 days (n = 5). d One week after the last vaccination, the tumor tis-
sues and spleens of TC-1 tumor-bearing mice were harvested and re-
stimulated with E7 short peptide and then analyzed for IFN-γ+  CD8+ 
T cells by flow cytometry (n = 5). IBM SPSS Statistics Base 22.0 was 
used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2  Characterization after the co-administration of tumor-specific anti-
gen and STING agonist in cisplatin-treated mouse model. In the in vivo 
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harvested and re-stimulated with E7 short peptide and then analyzed for 

IFN-γ+  CD8+ T cells by flow cytometry (n = 5). d, e Tumor tissues and 
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TGF-β, IFN-γ, and IFNAR1; BioXcell, USA) for 30 min, 
washed, and then incubated overnight with the supernatants 
of DMXAA-treated BMDCs or pDCs. Tumor cells were 
stained with PE anti-PD-L1 antibody (diluted 1:100) and 
analyzed using a BD Accuri C6 Plus flow cytometer.

Western blotting

To confirm the activation of signal transducer and activator 
of transcription 1 (STAT1) induced by STING and type I 
IFN, TC-1 tumor cells were treated cisplatin (20 µg/ml) for 
2–3 h, washed, and then incubated overnight with DMXAA 
(10 µg/ml) or the supernatant of DMXAA-treated BMDCs. 
Cells were harvested and lysed with RIPA protein extraction 
buffer on ice for 1 h. The extracted protein concentration 
was measured using a Bradford protein assay kit (Pierce). 
Proteins were solubilized in sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer 
(250 mM Tris–HCl, pH 6.8, 0.5 M DTT, 10% SDS, 0.25% 
bromophenol blue, 50% glycerol) and boiled for 10 min at 
100 °C. The solubilized proteins were then separated by 
SDS-PAGE and transferred to PVDF membranes (Roche). 
Primary antibodies against phospho-STAT1, total STAT1 
(Cell Signaling Technology), and β-actin (Santa Cruz) were 
used at 1:1000 dilution in 5% BSA. Appropriate horseradish 
peroxidase (HRP)-conjugated secondary antibodies (Enzo 
and Abbiotech) were used at 1:5000 dilution in 5% skim 
milk. Immunoreactive bands were confirmed using Immo-
bilon Western Chemiluminescent HRP Substrate (Merck 
Millipore) (Supplementary Fig. S2).

Statistical analysis

The t tests used represented statistical significance as fol-
lows: *P < 0.05, **P < 0.01, ***P < 0.001. All experiments 
were performed three times independently, and IBM (Inter-
national Business Machines Co.) Statistical Package for the 

Social Sciences (SPSS) Statistics Base 22.0 was used as a 
statistical tool to analyze the differences between the groups 
in survival experiments.

Results

Co‑administration of tumor‑specific antigen 
and STING agonist in cisplatin‑treated 
tumor‑bearing mouse models induces anticancer 
effects

TC-1 tumor cells were subcutaneously inoculated into mice 
to evaluate the anticancer effects of the tumor-specific anti-
gen and STING agonist vaccination in a cisplatin-treated 
tumor-bearing mouse model (Fig. 1a). The combination 
vaccine group strongly controlled tumor growth compared 
with the other groups (Fig. 1b). In addition, the vaccine 
groups survived for more than 60 days after tumor injection 
(Fig. 1c). The tumor mass was confirmed by day 60, and the 
tumor did not grow again in the vaccine group. Similar to 
previous studies, we expected that tumor rechallenge will 
not regrow [35]. When evaluating the E7-specific immune 
response, a much stronger systemic and tumor-infiltrating 
E7-specific IFN-γ+  CD8+ T cell response was detected in 
the vaccine groups (Fig. 1d). According to previous stud-
ies, we expect that  IFNr+  CD4+ T cells will increase since 
 IFNr+  CD8+ T cells increased [36–38]. In addition, it was 
confirmed that the direct tumor-killing effect of  CD8+ T 
cells was confirmed to be the most important function when 
immune cell depletion is involved in tumor death (Supple-
mentary Fig. S3). These data suggested that combining 
tumor-specific antigens and STING agonists improve the 
immunogenicity of cancer vaccines after cisplatin treatment.

Co‑administration of tumor‑specific antigen 
and STING agonist in cisplatin‑treated 
tumor‑bearing mouse models induces immune 
activation response

To evaluate the systemic and tumor changes after com-
bination vaccine, the spleen and tumor tissues were har-
vested and the distribution of various immune cell popula-
tions was analyzed (Fig. 2a, b). In the DMXAA group, the 
number of immune-activating  CD4+ T cells,  CD8+ T cells, 
and M1 macrophages in the spleen and TME was higher 
than those in the other group. In addition, the DMXAA 
group showed a reduced distribution of immunosuppres-
sive regulatory T cells (Tregs), myeloid-derived suppres-
sive cells (MDSCs), and M2 macrophages. Similarly, an 
increase in the pro-inflammatory cytokines IL-6, TNF-α, 
IFN-γ, and IFN-β (type I IFN) levels and a decrease in 
TGF-β and IL-10 levels were observed in the tumor and 

Fig. 3  PD-L1 expression by STING activation in  vivo and in  vitro. 
On day 20, the tumor tissues of mice were harvested. a Schedule 
flowchart. b Bar graphs depict the expression of PD-L1 in  CD45− and 
 CD45+ immune cells by flow cytometry (n = 5). c Photomicrograph 
of tumor tissue obtained by H&E staining and PD-L1 IHC staining 
(n = 3). d Intravenous injection of 100 µg/mouse Cy-5 labeled-PD-L1 
antibody into tumor-bearing mice, and 18  h later analyzed by IVIS 
spectrum imaging system. The bar graphs show the fluorescence radi-
ance of the Cy-5 labeled-PD-L1 antibody in tumor tissues (n = 5). e–h 
Bar graphs depict the in  vitro expression of PD-L1 in TC-1 tumor 
cells determined by flow cytometry. e BMDCs and pDCs isolated 
and differentiated from C57BL/6 mice were treated with or without 
10 μg/ml DMXAA, and the supernatant was treated with TC-1 cells 
overnight. f TC-1 cells were treated with 100 ng/ml recombinant pro-
tein. g, h TC-1 cells were treated with 10 ng/ml blocking antibody for 
30  min, washed, and then treated overnight with the supernatant of 
DMXAA-treated BMDCs or pDCs. IBM SPSS Statistics Base 22.0 
was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 4  Tumor treatment effect of combination therapy using immune 
checkpoint inhibitor in large tumors. C57BL/6 mice were subcutane-
ously injected with 2 ×  105 TC-1 cells/mouse on day 0. Mice were 
then treated intraperitoneally with 5  mg/kg cisplatin on days 18 
and 21 and intratumorally with 20  µg/mouse E7 long peptide and/
or with 100 µg/mouse DMXAA on days 19 and 22. The cells were 
then treated and/or intraperitoneally with 100 µg/mouse PD-1/PD-L1 
antibody on days 19, 21, 23, 25, and 27. a Schedule flowchart. b 

Tumor mass was measured until the mice died or the tumor diameter 
reached > 2 cm (n = 5). c Mouse survival observed for 60 days (n = 5). 
d One week after the last vaccination, the tumor tissues and spleens 
of TC-1 tumor-bearing mice were harvested and re-stimulated with 
E7 short peptide and then analyzed for IFN-γ+  CD8+ T cells by flow 
cytometry (n = 5). IBM SPSS Statistics Base 22.0 was used for statis-
tical analysis. *P < 0.05, **P < 0.01, ***P < 0.001
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serum of the DMXAA group (Fig. 2c, d). These data sug-
gest that the combination vaccine has an anticancer effect 
by reducing the immunosuppressive response and increas-
ing the immune activation response in systemic and TME.

Type 1 IFN induced by STING agonist increases 
PD‑L1 expression

After STING agonist vaccination, the degree of immune 
checkpoint PD-L1 expression in tumor cells was evalu-
ated. Tumor-bearing mice were injected with cisplatin 
and DMXAA (Fig. 3a). Compared to the other groups, 
tumors in the DMXAA group showed increased PD-L1 
of immune cells and tumor cells in the TME (Fig. 3b). 
Additionally, the enhancement of PD-L1 was confirmed 
by PD-L1 IHC tissue staining after tumor isolation in 
the DMXAA group (Fig. 3c). We confirmed the level of 
PD-L1 in the tumors of the mouse model with the degree 
of fluorescence expression via the IVIS spectrum imag-
ing system, and the PD-L1 increased in the DMXAA 
group (Fig. 3d). These data suggest that the activation 
of STING and chemotherapy induces increased of tumor 
PD-L1. Add to, it was confirmed that when the STING 
pathway of DCs was activated by DMXAA, the PD-L1 in 
tumor cells increased (Fig. 3e). In addition, when recom-
binant proteins of pro-inflammatory and anti-inflamma-
tory cytokines were used in tumor cells, PD-L1 in cells 
treated with IFN-β (type I IFN) and IFN-γ cytokines was 
increased (Fig. 3f). PD-L1 expression by IFN-β is higher 
than by IFN-γ in TC-1 tumor cells, and these results may 
increase in IFN-γ, depending on the type of tumor cell or 
cytokine concentration [39]. STING also increases vari-
ous cytokines when activated together with DC (Supple-
mentary Fig. S4). PD-L1 expression in tumor cells treated 
with IFNAR1 antibody was reduced compared to the other 
groups (Fig. 3g, h). Anticancer response was reduced 
when IFNAR1 antibody was used in tumor-bearing mice 
in  vivo (Supplementary Fig. S5). According to these 
results, when STING and APC is activated, the level of 
type I IFN cytokines increases and induces PD-1L expres-
sion in tumor cells. In conclusion, it is important to mini-
mize the side effects and improve the anticancer effects 
by blocking PD-L1 with ICI.

Combination of immune checkpoint inhibitors 
exerts a synergistic therapeutic effect in large 
tumors

The anticancer immune effect after co-administration of an 
ICI, which is a side effect of cisplatin and STING activa-
tion was evaluated. On day 18, for large tumor challenge 
greater than 1 cm, mice were injected with combination 

vaccines (Fig. 4a). The ICI vaccine groups strongly con-
trolled tumor growth compared with the other groups 
(Fig. 4b). In addition, the mice in the ICI vaccine groups 
survived for more than 60  days after tumor injection 
(Fig. 4c). In the ICI vaccine groups, systemic and tumor-
infiltrating E7-specific IFN-γ+  CD8+ T cell responses were 
increased compared to those without ICI (Fig. 4d). These 
data showed that using an ICI vaccine can reduce the side 
effects of other cancer therapies and increase the immu-
nogenic effect in large tumors.

Presence and activation of STING induces 
an anticancer immune response

To evaluate the differences in anticancer immunity effects 
on cancer therapies according to the presence or absence 
of STING, tumor cells were subcutaneously inoculated 
into C57BL/6 (WT) and STING knockout (KO) mice 
(Fig. 5a). When STING KO mice were treated with combi-
nation vaccines, tumor growth did not decrease (Fig. 5b). 
In addition, the KO mice survived for up to 40 days after 
tumor injection (Fig. 5c). IFN-γ+  CD8+ T cell responses 
were not detected in the KO mice groups (Fig. 5d). The 
use of DCs from KO mice did not increase the PD-L1 in 
tumor cells because they were not activated due to the defi-
ciency of the STING pathway (Fig. 5e). These data showed 
that the presence of STING an important role in inducing 
the anticancer immune response and that the immunogenic 
response decreased in the absence of STING. In addition, 
in the absence of STING, the PD-L1 in tumors does not 
increase, but the anticancer immunotherapy effect due to 
ICI cannot be increased, so the presence and activation of 
STING is important for implementing cancer therapies.

Combination of neoantigen, STING agonist, and ICI 
vaccination exerts a synergistic therapeutic effect 
in cisplatin‑treated CT26 tumor‑bearing mouse 
models

Anticancer immune efficacy was evaluated by vaccinating 
neoantigen, DMXAA, and ICI in a cisplatin-treated CT26 
tumor-bearing mouse model. CT26 tumor cells were sub-
cutaneously inoculated into BALB/c mice for MHC class 
I diversity. Mice were then injected with cisplatin, neo-
antigen (WT or MT peptide), DMXAA, and ICI vaccines 
(Fig. 6a). WT peptide groups were used as controls for the 
MT peptide groups. When treated with cisplatin, MT pep-
tide, DMXAA, and ICI, tumor growth decreased compared 
to that in the other groups (Fig. 6b). In addition, mice in 
this group survived up to 60 days after tumor injection 
(Fig. 6c). We assessed the neoantigen peptide-induced T 
cell activity by IFN-γ level of splenocytes (Fig. 6d). It was 
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concluded that neoantigen vaccines using the MT pep-
tide, DMXAA, and ICI can improve the immunogenicity 
for antitumor effects. In addition, PD-L1 in CT26 tumor 
cells was most increased by STING agonist and type I IFN 
in vitro. (Fig. 6e, f). IFNAR1 antibody reduced PD-L1 in 
CT26 tumor cells (Fig. 6g, h). According to the in vitro 
results, since the increase in type I IFN by STING activa-
tion can increase the PD-L1 in tumor cells, the anticancer 
immunogenic effect can be enhanced by combination treat-
ment with ICI.

Discussion

In this study, a tumor antigen and STING agonist vaccine 
were used to confirm the anticancer effect in a cisplatin-
treated mouse model. An antigen abundance environment 
is created by injecting cisplatin and tumor antigen, which 
increases type I IFN and immunogenic responses by acti-
vating the STING pathway due to the STING agonist. As 
a result, activation of  CD8+ T cells increases, indicating 
an anticancer immune response. However, as a side effect 
of type I IFN induced by STING and chemotherapy, the 
expression of PD-L1 in cancer cells increased. To suppress 
the decrease in immune response due to the PD-L1, ICI 
antibodies were used to increase the survival rate of mice 
and achieve a larger tumor therapeutic effect. Vaccination 
with ICIs elicited a synergistic anticancer immune effect by 
amplifying the immune activation response.

We identified this gene in the CT26 cancer cell line and 
selected the neoantigen MT peptide through direct sequenc-
ing to confirm the therapeutic effect of the neoantigen vac-
cine. These results showed that neoantigens can achieve 
high immunogenicity and efficient cancer therapy. Neoan-
tigen vaccines have been in the spotlight because they are 
personalized treatments that analyze the genome of cancer 
cells derived from cancer patients and can be treated effi-
ciently[12, 31]. However, neoantigens have a lower immu-
nogenic response than tumor-specific antigens such as the 
E7 peptide[40–42]. Therefore, it is expected that the com-
bination therapy used in our study would be better as one of 
the various methods used to increase the immune response 
in neoantigens.

We confirmed that the distribution of immune-acti-
vated cells and pro-inflammatory cytokines synergisti-
cally increased when the STING pathway was activated. 
However, PD-L1 is increased in tumors by STING and 
type I IFN. Therefore, after Food and Drug Administra-
tion (FDA) approval for ICIs, many clinical trials have 
been conducted, but only 20% of cancer patients have 
been treated. As one of the causes, PD-L1 deficiency in 
tumor cells has become a hot topic because it can sup-
press the anticancer immune response and reduce the 
therapeutic effect of ICI therapy[43, 44]. As a result, type 
I IFN induced by STING can increase PD-L1 and immune 
response; it is effective for co-administration with ICI. It 
would be beneficial if many STING agonists could be 
developed in clinical trials, as in our study.

Our study showed advantages such as an increase in 
the anticancer immune response and reduction in side 
effects due to the co-administration of cancer therapy. 
In current clinical practice, cancer therapies are used in 
combination to compensate for the shortcomings of mono-
therapies. Moreover, in tumors with deficient PD-L1, it is 
expected that combination therapy with a STING agonist 
can increase PD-L1 expression, and ICI can be used to 
reduce side effects and will be widely used in the future. 
As such, active research on anticancer immunotherapy and 
the co-administration of cancer therapeutics is important 
and can be utilized for various anticancer immunotherapy 
studies in the future.

Fig. 5  Suppression of tumor treatment effect due to STING defi-
ciency. In the in  vivo experiments, C57BL/6 (wild-type; WT) mice 
and STING KO (knockout) mice were used. a Schedule flowchart. b 
Tumor mass was measured until the mice died or the tumor diameter 
was > 2 cm (n = 5). c Mouse survival observed after 60 days (n = 5). 
d One week after the last vaccination, the tumor tissues and spleens 
of TC-1 tumor-bearing mice were harvested and re-stimulated with 
E7 short peptide and then analyzed for IFN-γ+  CD8+ T cells by flow 
cytometry (n = 5). e Bar graphs depicting the in  vitro expression of 
PD-L1 in TC-1 tumor cells determined by flow cytometry. BMDCs 
and pDCs isolated and differentiated from C57BL/6 and STING KO 
mice were treated with or without 10 μg/ml DMXAA and the super-
natant was treated with TC-1 cells overnight. IBM SPSS Statistics 
Base 22.0 was used for statistical analysis. *P < 0.05, **P < 0.01, 
***P < 0.001
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