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Vaccination may cure cancer patients by inducing tumor-specific immune responses. Radiotherapy is an
appealing strategy to generate cancer vaccines in situ; thus far, however, only modest and short-lived immune
responses are achieved. We here show that radiation combined with co-activating STING-TLR9 can generate
powerful in situ cancer vaccines. Notably, radiation at a dose of 12 Gy is found to be optimal for boosting tumor
cell immunogenicity, and STING-TLR9 co-stimulation by a dual immune activation nano-agonist overrides key

immunosuppressive effects associated with radiotherapy. Local radiotherapy combined with the dual immune
activation nano-agonists elicits strong systemic anti-tumor immune responses, resulting in complete regression of
tumors and metastases in multiple syngeneic murine tumor models. This work introduces a novel and highly
potent cancer immunotherapeutic strategy that holds promise for the personalized treatment of intractable

cancers.

1. Introduction

Immunotherapy has emerged a mainstay of modern clinical cancer
treatment [1-4]. Cancer vaccines are immunotherapeutic strategies
designed to eradicate tumor cells by enabling the host immune systems
with tumor-specific killing effects, demonstrating promising potential in
both prophylactic and therapeutic cancer settings [5,6]. However, the
development of protein/peptide vaccines and mRNA vaccines generally
relies on pre-identified tumor antigens or their sequences, thus may be
impeded by the intricate and time-intensive processes required for the
identification and production of tumor antigens [7,8]. Moreover, given
the complex heterogeneity of solid tumor tissues and the potential
neoantigen mutation in tumor cells, these cancer vaccines based on pre-
identified tumor antigens may yield suboptimal outcomes due to
insufficient targeting of diverse tumor antigens [7,9]. In situ cancer
vaccines offer a potential solution to these challenges by converting a
patient’s own tumor into a source for the presentation of a diverse array
of tumor-specific antigens, thus stimulating a broad and effective anti-

tumor T cell response [10,11].

As an integral component of clinical cancer treatment, radiotherapy
(RT) has demonstrated in situ vaccination effects in both pre-clinical and
clinical studies [12-14]. Despite these promising findings, it has also
indicated that the in situ cancer vaccination elicited by RT alone is
modest for complete tumor eradication, especially for immunologically
“cold” tumors [15-17]. This can be ascribed to the multifaceted effects
of RT in modulating both the immunogenicity and immunosuppression
of solid tumor tissues. Radiation initiates cascaded cellular signals, in-
duces immunogenic cell death (ICD) of tumor cells, and primes a potent
type-I interferon (IFN-I) immune response in both tumor cells and
stroma cells. Through these mechanisms, radiation not only stimulates
innate and adaptive anti-tumor immune responses but also regulates the
influx of immune cells [18-20]. Moreover, investigations have revealed
that RT can directly re-orchestrate the immune constitution of tumors by
inducing a transient depletion of tumor-infiltrating lymphocytes due to
their high radiosensitivity and modulating the polarization of immune
cells (e.g., macrophages and helper T cells) [21-25]. These suggest the
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paradoxical immunomodulatory effects of RT, which however are crit-
ical in the development of in situ cancer vaccines. To enhance the effi-
cacy of radio-immunotherapy by mitigating tumor immunosuppression,
various strategies have been developed, include reprogramming the
tumor metabolic microenvironment by inhibiting indoleamine 2,3-diox-
ygenase 1 (IDO-1), blocking immunosuppressive pathways such as
CD73, and depleting immunosuppressive myeloid cells using small
molecular inhibitors [26-28]. However, despite these advances, the
intricate interplay between radiotherapy doses and cancer immuno-
therapy remains incompletely understood.

We hypothesize that the multifaceted modulatory effects of RT are
closely associated with the radiation dose. In this study, we therefore
sought to develop a high-efficacy in situ cancer vaccination strategy by
optimizing the RT dose to increase tumor immunogenicity and con-
structing a dual immune activation nano-agonist (CAP: co-loaded CpG
ODN and ADU-S100 polymersomes) to target STING-TLR9 pathways for
specifically overcoming the immunosuppressive effects that RT exerts
on macrophages and T cells (Scheme 1). We demonstrate a relationship
between the multifaceted modulatory effects of RT and radiation dose.
Since CAP potently reversed the immunosuppressive responses induced
by RT (e.g., M2 macrophages, Th2/Tc2 cells), the in situ cancer vacci-
nation generated by RT at an optimized dose and CAP elicited a robust
anti-tumor immune response with abscopal effects, eradicating localized
tumors and preventing lung metastasis. By optimizing the radiation dose
to augment tumor immunogenicity and specifically antagonizing its
adverse immunoregulatory effects via a purposefully developed dual
immune activation nano-agonist, this approach provides a straightfor-
ward solution to achieve robust in situ cancer vaccination.
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2. Materials and methods
2.1. Materials

CpG ODN 1826 (CpG, 5’-TCCATGACGTTCCTGACGTT-3’) was pur-
chased from Sangon Biotech. ADU-S100 (CAS.1638241-89-0) was pur-
chased from MedChemExpress (MCE). Mouse IL-12p70 ELISA kit (cat.
88-7121-88), mouse IL-14 ELISA kit (cat. 88-7013-88) and mouse IL-6
ELISA kit (cat. 88-7064-88) were purchased from Thermo Fisher and
used according to the manufacturer’s instructions. Granulocyte-
macrophage colony stimulating factor (GM-CSF, cat. 315-03) and
macrophage colony stimulating factor (M-CSF, cat. 315-02) were pur-
chased from PeproTech. Enhanced ATP assay kit (cat. S0027) was pur-
chased from Beyotime Biotechnology and used according to the
manufacturer’s instructions. Annexin V-APC/7-AAD apoptosis kit (cat.
AP105-100) was purchased from Multi Sciences. RNA-easy isolation
reagent (cat. R701-02), HiScript 11 RT SuperMix for qPCR (+gDNA
wiper) (cat. R323-01) and Taq Pro universal SYBR qPCR master mix
(cat. Q712-02) were purchased from Vazyme. The sequences of the
primers used for RT-qPCR and the information of antibodies and
markers used in this study are provided in Table S1 and Table S2 in the
Supplementary material, respectively.

2.2. Cell lines and animals

4T1 cells were obtained from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China), and 4T1-Luc cells were
obtained from Fuheng Biotechnology (Shanghai, China). They were all
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Scheme 1. Preparation and proposed mechanism of CAP in potentiating the in situ vaccination effects of RT. (a) A summary of the immunomodulatory effects of RT
and RT + CAP. (b) Schematic illustration of the preparation of CAP. (c) Schematic presentation of the effects of RT and CAP in eliciting an in situ cancer vaccine. This

figure was created with Biorender.com.

328


http://Biorender.com

Y. Sun et al.

cultured in RPMI-1640 medium. B16-F10 cells and 293T cells were
obtained from the American Type Culture Collection (ATCC) and
cultured in DMEM. HelLa cells were obtained from ATCC and cultured in
RPMI-1640 medium. RAW264.7 macrophages were obtained from the
National Collection of Authenticated Cell Cultures and cultured in
DMEM. All the cell culture media were supplemented with 10 % FBS, 1
% penicillin and 1 % streptomycin.

Bone marrow-derived dendritic cells (BMDCs) and bone marrow-
derived macrophages (BMDMs) were derived from the bone marrow
of C57BL/6 mice (6-7 weeks, female, 18-20g, Slac). BMDCs and
BMDMs were cultured in RPMI-1640 medium supplemented with 10 %
FBS, 1 % penicillin and 1 % streptomycin. The culture medium was
supplemented with 20 ng/mL recombinant mouse GM-CSF or 25ng/mL
recombinant mouse M-CSF for the culture of BMDCs and BMDMs,
respectively. To isolate mouse splenocytes, spleens were collected from
C57BL/6 mice aseptically and dissociated into single-cell suspensions.
After lysing red blood cells (RBCs) using ACK lysis buffer, the spleno-
cytes were re-suspended and cultured in RPMI-1640 medium supple-
mented with 10 % FBS, 1 % penicillin and 1 % streptomycin for further
use.

Female C57BL/6 mice (6-8 weeks) were purchased from Slac Animal
Company (Shanghai, China). Female BALB/c mice (6-8 weeks) were
purchased from Vital River Animal Company (Beijing, China). All ani-
mal experiments were approved by the Animal Care and Use Committee
of Soochow University, and all protocols conformed to the Guide for the
Care and Use of Laboratory Animals.

2.3. Synthesis and characterization of CAP, CP and AP

Poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate)-spermine (PEG-P(TMC-DTC)-spermine) was
synthesized as reported previously [29,30]. To construct CAP, CP and
AP, 30 pL N,N-dimethylformamide (DMF) containing PEG-P(TMC-DTC)-
spermine (40 mg/mL) was added into phosphate buffer (pH 6.0, 300 puL)
containing ADU-S100 (0.2mg/mL) and/or CpG (0.4mg/mL) under
stirring at 300rpm. After stirring at room temperature for 10 min, the
dispersion was transferred to a dialysis tubing (MWCO: 350kDa) and
dialyzed against phosphate buffer (pH 6.0, 2L) for 3 h and then phos-
phate buffer (pH 7.4, 2L) for 2 h to remove DMF and the unencapsulated
CpG and ADU-S100. The hydrodynamic diameters of CAP, CP and AP
were characterized by a dynamic light scattering (DLS) spectrometer
(Malvern Zetasizer Nano ZS) with a sample concentration of 0.1 mg/mL.
The amounts of CpG and ADU-S100 loaded in CAP, CP and AP were
determined by a Nanodrop One Microvolume UV-Vis Spectrophotom-
eter (Thermo Scientific). The drug loading efficiencies (DLEs) of CpG
and ADU-S100 were calculated based on the following formula:
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was discarded and 100 pL. DMSO was added to each well to dissolve the
formazan crystal. Absorbance was measured at 570 nm using a plate
reader. Cell viability was calculated using the following equation: Cell
viability (%) = Absorbance(sample)/Absorbanceppsy x 100 %.

2.5. Effects of radiation on tumor cells in vitro

4T1 cells and B16F10 cells were seeded in 12-well plates (10° cells/
well) and incubated overnight. External beam X-ray radiation (RS-
2000Pro, Red source) at different doses (0Gy, 3Gy, 12Gy, 20Gy) was
applied to these cells. The culture medium was replaced with fresh
medium after radiation. 24 h later, the culture medium was collected for
the quantitative analysis of ATP using an enhanced ATP assay kit ac-
cording to the manufacturer’s instructions, and the cells were collected
for the evaluation of CRT expression. The irradiated cells were stained
with an anti-calreticulin-ER antibody for 1 h, followed by washing with
cold PBS twice and staining with an Alexa 647-conjugated secondary
antibody for 30 min. Flow cytometry analyses of these cells were per-
formed on a BD FACSVerse flow cytometer. To study the effects of ra-
diation at different doses on the apoptosis of tumor cells, 4T1 cells and
B16F10 cells were collected at 24 h post-irradiation and stained with an
Annexin V-APC/7-AAD apoptosis kit according to the manufacturer’s
instructions. Flow cytometry analyses of these cells were performed on a
BD FACSVerse flow cytometer. To evaluate the levels of immune cyto-
kines derived from irradiated tumor cells, 4T1 cells, B16F10 cells and
HeLa cells were collected at 48 h post-irradiation. RNA was isolated
from these cells using an RNA-easy isolation reagent according to the
manufacturer’s instructions. Then, cDNA was synthesized using an
HiScript 1l RT SuperMix for qPCR (+gDNA wiper) according to the
manufacturer’s protocol. Quantitative PCR was performed using a Taq
Pro universal SYBR qPCR master mix to study the expression of Ifnf,
Cxcl10 and Tnfa. Thermal cycling conditions included: 95 °C for 2 min
(denaturation), followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s
(annealing/extension). The mRNA levels of target genes were normal-
ized to the levels of Hprt using the 2724 method. Each experiment was
repeated three times.

2.6. Effects of radiation on immune cells in vitro

To study the effects of radiation on macrophages in vitro, BMDMs
were seeded in 6-well plates (106 cells/well) and incubated overnight.
External beam X-ray radiation at different doses (0 Gy, 3Gy, 12Gy, and
20 Gy) was applied to these cells. The culture medium was replaced with
fresh medium after radiation. 24 h later, the cells were collected and
stained with live/dead Zombie NIR. After being incubated with anti-
CD16/32 and washed with FACS buffer, the cells were stained with

DLE (wt%) = weight of immune agonist loaded/weight of immune agonist in feed x 100 (%)

2.4. Cytotoxicity of polymersome

The cytotoxicity of the polymersome fabricated from PEG-P(TMC-
DTC)-spermine was evaluated in 4T1 cells, RAW264.7 macrophages
and 293T cells. 4T1 cells and RAW264.7 macrophages were seeded in
96-well plates (3 x 102 cells/well). 293T cells were seeded in 96-well
plates (5 x 102 cells/well). The cells were incubated overnight. Poly-
mersome with different concentrations was added to the cells and
incubated for 24 h. MTT solution was added to the cells at a final con-
centration of 0.5 mg/mL. After 4 h of incubation, the culture medium
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anti-CD206-Alexa 647, anti-F4/80-PE, anti-CD11b-FITC, and anti-
CD86-PE/Cy7. Flow cytometry analyses of these cells were performed
on a BD FACSVerse flow cytometer.

To study the effects of radiation-primed tumor cell metabolites on
the functions of T cells, 4T1 cells and B16F10 cells were seeded in 12-
well plates (1 x 10%/well) and incubated overnight. External beam X-
ray radiation at different doses (0Gy, 3Gy, 12Gy, and 20Gy) was
applied to these cells. The culture medium was replaced with fresh
medium after radiation. 24 h later, culture medium was collected from
the irradiated cells and added to fresh splenocytes pre-seeded in 6-well
plates at a density of 6 x 10° cells/well. The final culture medium for
splenocytes consisted of 50 % radiation-primed medium from tumor
cells and 50 % fresh cell culture medium. After 24 h of incubation, the
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splenocytes were collected. RNA was isolated from these cells, and RT-
gqPCR was performed according to the methods described above to
analyze the expression of Ifny and Il4 in these splenocytes.

2.7. Immunomodulatory effects of CAP and 12 Gy radiation on immune
cells

BMDMs were seeded in 6-well plates (10° cells/well) and incubated
overnight. External beam X-ray radiation at 12Gy was applied to these
cells. After radiation, the culture medium was replaced with fresh me-
dium, followed by the addition of CAP (CpG: 1.2ug/mL; ADU-S100:
0.3pg/mL). 24 h later, the cells were collected and stained with live/
dead Zombie NIR. After being incubated with anti-CD16/32 and washed
with FACS buffer, the cells were stained with anti-CD206-Alexa 647,
anti-F4/80-PE, anti-CD11b-FITC, and anti-CD86-PE/Cy7. Flow cytom-
etry analyses of these cells were performed on a BD FACSVerse flow
cytometer.

RAW264.7 macrophages were seeded in 12-well plates (3 x 10°
cells/well) and incubated overnight. External beam X-ray radiation at
12 Gy was applied to these cells. After radiation, the culture medium was
replaced with fresh medium, followed by the addition of CAP (CpG:
1.2pg/mL; ADU-S100: 0.3pg/mL). 24 h later, the cells were collected.
RNA was isolated from these cells, and RT-qPCR was performed ac-
cording to the methods mentioned above to analyze the expression of
Nos2 and Argl in these cells.

Fresh splenocytes were seeded in 6-well plates (6 x 10° cells/well)
and cultured with 50 % cell culture medium collected from 12 Gy-irra-
diated 4T1 cells or B16F10 cells at 24h post-irradiation. CAP (CpG:
1.2pg/mL; ADU-S100: 0.3pug/mL) was added to the cells. 24 h later,
splenocytes were collected. RNA was isolated from these cells, and RT-
qPCR was performed according to the methods described above to
analyze the expression of Ifny and Il4 in these splenocytes.

2.8. Immunomodulatory effects of CAP, CP and AP in vitro

To study the effects of CAP, CP and AP on the activation of dendritic
cells (DCs), BMDCs were seeded in 12-well plates (1 x 10%/well) and
incubated overnight. CAP (CpG: 1.2ug/mL, ADU-S100: 0.3 pg/mL), CP
(CpG: 1.2pg/mL) or AP (ADU-S100: 0.3 pg/mL) was added to the cells.
24 h later, the culture medium was collected for the analyses of IL-12p70
and IL-1p using corresponding mouse ELISA Kkits, and the cells were
stained with live/dead Zombie NIR. After incubation with anti-CD16/32
and washing with FACS buffer, the cells were stained with anti-CD11c-
FITC, anti-CD80-APC and anti-CD86-PE. Flow cytometry analyses of
BMDCs were performed on a BD FACSVerse flow cytometer.

To study the immunomodulatory effects of CAP, CP and AP on
irradiated macrophages, RAW264.7 macrophages were seeded in 6-well
plates (3 x 10°/well) and incubated overnight. External beam X-ray
radiation at 12Gy was applied to the cells. The culture medium was
replaced with fresh medium after radiation. CAP (CpG: 1.2 ug/mL, ADU-
$100: 0.3pg/mL), CP (CpG: 1.2pg/mL) or AP (ADU-S100: 0.3 pg/mL)
was added to the cells. After incubation for another 4 h, the cells were
collected. RNA was isolated from these cells, and RT-qPCR was per-
formed according to the methods described above to analyze the
expression of Ifnf, Argl and Nos2 in these cells.

2.9. Therapeutic performance of CAP + 12Gy RT treatment in murine
tumor models

To establish 4T1 breast tumor-bearing mice, BALB/c mice were
inoculated subcutaneously with 2 x 10° 4T1 cells/mouse on the right
flank. To establish B16F10 melanoma-bearing mice, C57BL/6 mice were
inoculated subcutaneously with 2 x 10° B16-F10 cells/mouse on the
right flank. To establish 4T1 two tumor-bearing mice, BALB/c mice were
inoculated subcutaneously with 2 x 10° 4T1 cells/mouse on the right
flank and 2 x 10° 4T1 cells/mouse on the left flank five days later. Once
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the volume of tumors (primary tumors on the right flank for 4T1 two
tumor-bearing mice) reached 80-100 mm?, mice were randomized, and
treatment began. When the tumor volume reached ~2000mm?, mice
were euthanized. The diameter of the tumors was measured every three
days, and tumor volume was calculated according to the following
equation: tumor volume = long diameter x short diameter? x 0.5.

On treatment day 0, 12Gy of external beam X-ray radiation was
applied to the tumor region. 6 h later, 50 pL. aqueous suspension con-
taining CAP (CpG: 20 ug; ADU-S100: 5pg), CP (CpG: 20 ug) or AP (ADU-
S100: 5pg) was intratumorally injected. The intratumoral administra-
tion of these formulations at the same doses was performed on days 3, 6,
and 9 thereafter.

2.10. Immune response generated by CAP + 12Gy RT treatment in
murine tumor models

4T1 breast tumor-bearing mice were established and treatment was
performed as described above. The mice were euthanized on day 12
post-initiation of treatment, and the spleens and blood were collected
from these mice. The spleens were dissociated into single-cell suspen-
sions. After the RBCs were lysed using ACK lysis buffer, the splenocytes
were stained with live/dead Zombie NIR, incubated with anti-CD16/32
and washed with FACS buffer. Then, the splenocytes were divided into
groups for CD4 T cell staining and CD8 T cell staining separately. For
CD4 T cell staining, the splenocytes were stained with anti-CD45-PE,
anti-CD3-FITC, anti-CD4-PE/Cy7, anti-CD44-PerCP/Cy5.5 and anti-
IFNy-APC. For CD8 T cell staining, the splenocytes were stained with
anti-CD45-PE, anti-CD3-FITC, anti-CD8a-PE/Cy7, anti-CD44-PerCP/
Cy5.5 and anti-IFNy-APC. Flow cytometry analyses of these splenocytes
were performed on a BD FACSVerse flow cytometer. To collect blood
cells, RBCs were lysed using ACK lysis buffer. Subsequently, the blood
cells were stained with live/dead Zombie NIR, incubated with anti-
CD16/32 and washed with FACS buffer. Then, the blood cells were
divided for CD4 T cell staining and CD8 T cell staining separately. For
CD4 T cell staining, blood cells were stained with anti-CD45-PerCP/
Cy5.5, anti-CD4-PE, anti-CD3-PE/Cy7 and anti-IFNy-APC. For CD8 T
cell staining, blood cells were stained with anti-CD45-PE, anti-CD3-PE/
Cy7, anti-CD8a-FITC and anti-IFNy-APC. Flow cytometry analyses of
these blood cells were performed on a BD FACSVerse flow cytometer.

B16F10 melanoma-bearing mice were established and treatment was
performed as described above. Blood was collected from these mice 6 h
after the intratumoral injection of CAP on day 6 since the initiation of
treatment. The levels of IL-6 and IL-12p70 in the serum were determined
by the corresponding mouse ELISA kits.

2.11. Systemic immunity and immune memory generated by CAP +
12Gy RT treatment

4T1 breast tumor-bearing mice were established and treatment was
performed as described above. Blood was collected from these mice on
day 15 post-initiation of treatment. RBCs were lysed using ACK lysis
buffer. Subsequently, the blood cells were stained with live/dead
Zombie NIR, incubated with anti-CD16/32 and washed with FACS
buffer. Then, the splenocytes were stained with anti-CD45-APC, anti-
CD3-FITC, anti-CD4-PE and anti-CD8a-PE/Cy7. Flow cytometry ana-
lyses of these blood cells were performed on a BD FACSVerse flow
cytometer.

On day 28 post-initiation of treatment, the mice in the CAP +12Gy
RT treatment group were inoculated with 2 x 10° 4T1 cells/mouse on
the contralateral side. A group of age-matched naive mice were also
engrafted with 2 x 10° 4T1 cells for tumor growth as a control. On day
42 post-initiation of treatment, the mice were euthanized. Spleens and
re-challenged tumor tissues were collected from euthanized mice and
dissociated into single-cell suspensions. The RBCs in splenocytes were
lysed using ACK lysis buffer. All the single-cell suspensions were stained
with live/dead Zombie NIR, incubated with anti-CD16/32 and washed
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with FACS buffer. Then, the splenocytes were divided into groups for
CD4 T cell staining and CD8 T cell staining separately. For CD4 T cell
staining, the splenocytes were stained with anti-CD45-APC, anti-CD3-
FITC, anti-CD4-PE/Cy7, anti-CD62L-PE and anti-CD44-PerCP/Cy5.5.
For CD8 T cell staining, the splenocytes were stained with anti-CD45-
APC, anti-CD3-FITC, anti-CD8a-PE/Cy7, anti-CD62L-PE and anti-
CD44-PerCP/Cy5.5. Tumor cells were stained with anti-CD45-APC,
anti-CD3-FITC, anti-CD4-PE, anti-CD8a-PE/Cy7 and anti-NK1.1-
PerCP/Cy5.5. Flow cytometry analyses of splenocytes and tumor cells
were performed on a BD FACSVerse flow cytometer.

2.12. Effects of CAP + 12Gy RT treatment against postoperative tumor
recurrence

To establish a postoperative tumor recurrence model, BALB/c mice
were inoculated subcutaneously with 2 x 10° 4T1 cells/mouse on the
right flank. Once the tumor volumes reached 200-300mm?, 95 % of the
tumor volume was resected. Tumor recurrence occurred after surgical
resection. When the volume of the recurrent tumors reached 150 mm?,
mice were randomized and treatment as described above was started.
The whole body of the mice was scanned with an in vivo imaging system
(IVIS, Lumina, PE). The tumor growth of the mice was monitored as
described above.

2.13. Statistical analysis

The data are presented as mean + standard deviation (SD). The
significant differences among groups were determined using GraphPad
Prism 8 by one-way ANOVA (Tukey multiple comparison tests) or an
unpaired t-test (for two-group comparisons only). The survival rate of
the mice was analyzed by Kaplan-Meier technique with a log-rank test
for comparison. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001.

3. Results

3.1. Radiation increases the immunogenicity of tumor cells but also
induces immunosuppressive responses

One of the central aims of this study is to investigate the relationship
between radiation dose and its immunomodulatory effects, and to
develop strategies to counteract the adverse immunoregulatory effects
of radiation at the optimal immunostimulatory dose, thereby providing
a robust in situ cancer vaccine. Currently, clinical RT regimens are
diverse. For example, RT is conventionally given in a hyper-fractionated
manner, at small daily doses (~1-3Gy), with total doses eventually
going up to 60-80Gy [31]. Recent advances in radiation techniques,
such as stereotactic ablative radiotherapy and stereotactic body radio-
therapy, have enabled a shift to hypo-fractionated radiation that em-
ploys larger or ablative doses of approximately 5-24 Gy per fraction with
shorter treatment schedules [31,32]. In this study, we selected three
doses of radiation (3Gy, 12Gy, 20Gy) that are widely used in clinical
practice and aimed to evaluate their multifaceted modulatory effects on
both tumor cells and immune cells [33-35].

Immunologically “cold” murine triple-negative 4T1 breast tumors
were used in this study. As illustrated in Fig. S1, analyses of bulk tumor
samples revealed that 4T1 solid tumors mainly comprise CD45™ tumor
or stromal cells with a minor proportion of infiltrating CD45" immune
cells. While immune cells are commonly recognized as professional re-
sponders to external or internal stimuli and modulators of the immune
microenvironment of solid tumors, emerging evidence suggests that
cancer cells that predominate in solid tumors may also play important
roles in the immune microenvironment of tumor tissues by directly or
indirectly interacting with immune cells [36,37]. Therefore, we initially
studied the immunomodulatory effects of RT at different doses on tumor
cells. By analyzing the apoptosis of irradiated 4T1 cells, we found 12 Gy
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and 20Gy were more effective than 3Gy in inducing both early
apoptosis and immunogenic late apoptosis/secondary necrosis (Fig. 1a-
1b). Further evaluations on the expression of calreticulin (CRT) on
irradiated 4T1 cells revealed that both 12Gy and 20Gy irradiation
effectively induced ICD of 4T1 cells, while 3Gy irradiation had negli-
gible effects on CRT expression (Fig. 1c and S2). Subsequently, we
assessed the production of multiple immune cytokines by tumor cells
following irradiation. We found that the expression of Ifnp1, a repre-
sentative IFN-I and marker of cGAS-STING signaling pathway activa-
tion, was significantly higher in 4T1 cells upon 12Gy irradiation
compared to both untreated control cells and cells irradiated with 3Gy
or 20Gy (Fig. 1d) [38]. CXCL10 is a chemokine that can attract T lym-
phocytes and is produced downstream of IFN-I after cGAS-STING acti-
vation, while TNFa is a cytokine that is secreted during the acute
inflammation stage and is important for modulating the innate immune
response [39,40]. By further examining mRNA expression in irradiated
4T1 cells, we observed a notable increase in the expression of Cxcl10 and
Tnfa in the 12 Gy irradiated group (Fig. 1d).

Due to the abundance of CD11b* myeloid cells among the immune
cells infiltrating in 4T1 solid tumors (Fig. S1), we investigated the effects
of radiation dose on the polarization of macrophages, a critical myeloid
lineage in tumor immunomodulation [41]. Bone marrow-derived mac-
rophages (BMDMs) were isolated from C57BL/6 mice and irradiated
with doses of 3Gy, 12Gy or 20 Gy (Fig. 1e). As depicted in Fig. 1f-1g, we
observed that radiation effectively skewed BMDMs toward the CD206™"
M2 phenotype in a dose-dependent manner, potentially attenuating the
anti-tumor immune response elicited by RT.

Although a prominent feature of immunologically “cold” tumors is
the limited pre-infiltration of effector T lymphocytes (Fig. S1), RT-
induced CXCL10 may function as a T cell attractant [42]. Therefore, it
would be valuable to evaluate how these cells can be promptly re-
educated by RT-primed signals. For this, we collected the supernatants
of irradiated 4T1 cells and co-cultured them with splenocytes harvested
from naive C57BL/6 mice (Fig. 1h). RT-qPCR analyses revealed a
significantly decrease in the expression ratios of Ifny:Il14 in splenocytes
after co-culture with the supernatants of irradiated 4T1 cells, indicating
a bias of T cells toward a Th2/Tc2 phenotype, which may dampen the
adaptive cellular immune response induced by RT (Fig. 1i) [43]. Based
on these results, although 12 Gy radiation is optimal for enhancing the
immunogenicity of tumor cells, its adverse immunomodulatory effects
on macrophages and T cells may impede its in situ cancer vaccination
effects (Fig. 1j).

3.2. Co-activating STING-TLR9 pathways antagonizes radiotherapy-
induced immunosuppression

Immune agonists have been widely developed to target cellular
signaling pathways and exhibit various immunomodulatory effects. A
simultaneous activation of dual or multiple signaling pathways within
the same cells may enhance and diversify the immune response [44-46].
In order to achieve a robust in situ cancer vaccine using RT, we devel-
oped a co-activating STING-TLR9 (CAST) strategy by a nano-agonist
CAP to mitigate the adverse immunosuppression on macrophages and
T cells induced by 12Gy RT. CAP with a uniform diameter of approxi-
mately 50nm was fabricated by co-delivering the TLR9 agonist CpG
ODN (CpG) and the cGAS-STING agonist ADU-S100 into a biodegrad-
able polymersome with negligible cytotoxicity (Fig. S3-S5). Due to the
distinct signaling pathways targeted, the integration of CpG with ADU-
$100 potentially elicits robust innate immune stimulation and polarizes
macrophages and T cells [47]. We assessed the immunomodulatory ef-
fects of CAP in vitro. As shown in Fig. 2a-2d, increased M1:M2 macro-
phage ratios among BMDMs and elevated Nos2:Argl expression ratios in
RAW264.7 macrophages were observed after CAP incubation, indi-
cating CAP’s ability to polarize macrophages toward the M1 phenotype.
Furthermore, CAP significantly increased the expression ratio of Ifny:Il4
in splenocytes, indicating Th1/Tc1 polarization of T cells and enhanced
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Fig. 1. The multifaceted modulatory effects of radiation on tumor cells and immune cells are dose-dependent. (a) Representative flow cytometry analysis of the
apoptosis and (b) percentages of early apoptosis and late apoptosis among 4T1 cells at 24h after irradiation at different doses (n = 3). (c) Histogram graphs of CRT
expression on 4T1 cells and percentages of CRT 4T1 cells at 24 h after irradiation at different doses (n = 3). (d) Relative expression of Ifn1, Cxcl10 and Tnfx in 4T1
cells at 48h after irradiation at different doses (n = 4). (e) Schematic illustration of the study of macrophage polarization upon irradiation. BM: bone marrow. (f)
Representative flow cytometry analysis of irradiated BMDMs. (g) Percentages of the M1 phenotype (CD86"CD206 ) and M2 phenotype (CD206") among CD11b*F4/
80" BMDM s and the ratios between M1 and M2 macrophages at 24 h after irradiation at different doses (n = 3). (h) Schematic illustration of the study of radiation-
primed cues on T cell function. (i) Relative expression of Ifny and 114 and expression ratios of Ifny:Il4 in splenocytes at 24 h after co-culture with supernatants collected
from irradiated 4T1 cells (n = 3). (j) A brief summary about the multifaceted modulatory effects of radiation with different doses on 4T1 tumor cells and immune cells
(ICD: immunogenic cell death). Statistical significance was calculated via one-way ANOVA test in b-d, g and i. The data are presented as mean + SD. *p < 0.05, **p <

0.01, ***p < 0.001.

tumor-killing effects of lymphocytes generated by CAP (Fig. 2e-2f).
Considering the immunosuppression induced by radiation, we subse-
quently evaluated CAP’s ability to reverse these adverse immune po-
larizations on both macrophages and T cells. By incubating 12Gy-
irradiated BMDMs with CAP, we observed a significant increase in the
levels of M1-polarized cells, which was further confirmed by the
elevation in the Nos2:Argl expression ratio in 12Gy-irradiated
RAW264.7 macrophages upon CAP treatment (Fig. 2a, c, g-2h). To test
CAP’s effects on relieving the Th2/Tc2 polarization of T cells induced by
radiation-primed cues, we added CAP to a co-culture system of spleno-
cytes with supernatants collected from irradiated 4T1 cells (Fig. 2e). We
found that CAP significantly increased the expression ratio of Ifny:l4 in
splenocytes, indicating that the Th1/Tcl polarization of T cells recov-
ered to support a potent anti-tumor immune response (Fig. 2i).

3.3. Dual immune activation nano-agonist potentiates radiotherapy-
induced in situ vaccination

Given the remarkable ability of CAP to reverse the adverse M2 po-
larization of macrophages and Th2/Tc2 polarization of T cells induced
by 12Gy RT, we then investigated the potential effects of CAP to
potentiate the in situ vaccination effects of RT in vivo. For this purpose,
we established immunologically “cold” 4T1 tumor-bearing mice and
treated them with focal 12 Gy RT with or without intratumoral injection
of CAP (Fig. 3a). As shown in Fig. 3b-3c and 3e, we found 12 Gy RT alone
exhibited weak suppression of tumor growth, which was significantly
enhanced by the intratumoral injection of CAP, resulting in complete
tumor eradication in 2 out of 5 mice and prolonged mouse survival in the
CAP +12Gy RT treatment group. During treatment, no significant
changes in animal weight were observed between these treatment reg-
imens (Fig. 3d). Subsequently, we assessed whether 12Gy RT is indis-
pensable for the robust anti-tumor efficacy of the CAP +12Gy RT
treatment regimen. As shown in Fig. S6, although CAP effectively
slowed the growth of pre-inoculated 4T1 breast tumors, this effect was
inferior to that of the CAP +12 Gy RT treatment regimen. This highlights
the necessity of including 12Gy RT to generate a robust anti-tumor
response.

To determine whether CAP +12Gy RT treatment generated a potent
anti-tumor immune response, we repeated this tumor treatment study
and sacrificed the mice on day 12 since the initiation of treatment and
collected spleen and blood specimens (Fig. 3a). We evaluated the pop-
ulations of T cells among the spleens and observed a significant increase
in the proportions of CD3" T cells, CD3"CD4" T cells and CD3*CD8" T
cells in the CAP +12Gy RT treated mice compared to both the untreated
control mice and the 12Gy RT treated mice (Fig. 3f-3h and S7-S8).
Furthermore, we investigated the effects of cytotoxic and effector
markers on these T cells, and found that the levels of both cytotoxic T
cells and effector T cells were higher in the spleens of CAP +12Gy RT
treated mice than in those of untreated control or 12 Gy RT treated mice
(Fig. 3f-3g). To study whether CAP +12Gy RT treatment generated a
systemic anti-tumor immune response, we collected blood cells from
4T1 tumor-bearing mice after different treatments and analyzed the
cytotoxic markers on circulating T cells. As shown in Fig. 3i, we found
that CAP +12Gy RT treated mice exhibited higher levels of circulating
IFNy " T cells than untreated control mice, and there was a trend toward
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an increase in this phenotype of T cells in CAP +12Gy RT treated mice
compared to 12Gy RT treated mice, which may be attributed to CD8" T
cells. We did not observe any apparent histological changes in the
normal tissues in these mice, including the liver, kidney, heart or lung,
caused by the treatment (Fig. S9). These results indicated that the
combination of CAP and 12Gy RT elicited a robust in situ cancer
vaccine.

Subsequently, we examined the necessity of the combination of CpG
and ADU-S100 for priming a potent anti-tumor immune response. We
formulated CpG and ADU-S100 respectively into the same polymer-
somes, and the resulting CP (CpG loaded polymersome) and AP (ADU-
$100 loaded polymersome) exhibited similar particle size distributions
as CAP (Fig. S10). First, we evaluated the effects of CP, AP and CAP on
the stimulation of bone marrow-derived dendritic cells (BMDCs). As
shown in Fig. 4a-4c, CAP primed the activation (CD86" and CD80™) of a
large proportion of BMDCs, which was significantly greater than that of
its single immune activation nano-agonists counterparts (CP and AP)
that contained equivalent amounts of CpG or ADU-S100 to that in CAP.
By collecting the supernatant of BMDCs, we analyzed the levels of im-
mune cytokines secreted by these cells after different treatments and
found that CAP generated greater amounts of both IL-12p70 and IL-1p in
BMDCs than did CP or AP (Fig. 4d). Then, we compared the immuno-
modulatory effects of CP, AP and CAP on irradiated RAW264.7 macro-
phages. As illustrated in Fig. 4e, CAP was superior to CP and AP in
polarizing the irradiated macrophages toward the M1 phenotype and
augmenting the expression of Ifnpl. Intriguingly, given the equivalent
doses of CpG or ADU-S100 in CAP, CP and AP, we found that AP may
perform better than CP in generating co-stimulatory molecules on
BMDCs, while CP exhibited stronger effects on the polarization of
macrophages than AP. This indicated the potential complementary ef-
fects of CpG and ADU-S100 on immunomodulation and necessitated the
CAST strategy in augmenting the in situ cancer vaccination effects of
12Gy RT. Furthermore, we compared the anti-tumor effects of CAP, CP
and AP in combination with 12Gy RT in 4T1 breast tumor-bearing mice
(Fig. 4f). We found that although all the treatment regimens, CP + 12Gy
RT, AP + 12Gy RT and CAP +12Gy RT, suppressed tumor growth at the
early stage of treatment, tumor recurrence and mouse death were
observed during long-term monitoring in the CP + 12Gy RT and AP +
12Gy RT treatment groups. In contrast, the CAP +12Gy RT treatment
regimen elicited long-lasting tumor growth inhibition, rendering three
out of five mice disease-free and prolonging the survival of these mice to
at least 180 days since the initiation of treatment (Fig. 4g-4h and 4j).
This strongly suggested the significance of CAP, which contains both
CpG and ADU-S100, in priming a robust and long-lasting in situ cancer
vaccine when coordinated with 12Gy RT. During the study, no obvious
changes were detected in the body weights of mice (Fig. 4i).

3.4. Dual immune activation nano-agonist plus radiotherapy elicits robust
in situ cancer vaccination in B16F10 melanoma model

To evaluate the generalizability of the optimized in situ cancer
vaccine induced by 12Gy RT in combination with CAP, we selected
another aggressive murine melanoma model B16F10, and examined the
efficacy of the CAP +12Gy RT treatment regimen both in vitro and in
vivo. First, we investigated whether 12Gy irradiation optimally
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growth curves in (g). CR: Complete response. Statistical significance was calculated via one-way ANOVA test in b-e and g, and the log-rank test in h. The data are
presented as mean =+ SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. 12Gy irradiation effectively optimizes the immunogenicity of multiple tumor cells and CAP significantly potentiates the in situ vaccination effects of 12Gy
RT. (a) Representative flow cytometry analysis of the apoptosis of BI6F10 cells and (b) percentages of early apoptosis and late apoptosis among B16F10 cells at 24h
after irradiation at different doses (n = 3). (c) Histogram graphs of CRT expression in B16F10 cells and percentages of CRT™ B16F10 cells at 24h after irradiation at
different doses (n = 3). (d) Relative expression of Ifn1, Cxcl10 and Tnfa in BL6F10 cells at 48h after irradiation at different doses (n = 4). (e) Relative expression of
Ifny and 114 and expression ratios of Ifny:Il4 in splenocytes at 24h after co-culture with the supernatants of irradiated B16F10 cells (n = 3). The treatment was
performed per Fig. 2e. (f) Schematic illustration of the anti-tumor studies on B16F10 melanoma-bearing mice. (g) Average tumor growth curves and (h) survival rates
of mice after the indicated treatments (n = 5). (i) Individual tumor growth curves in (g). (j) Levels of IL-6 and IL-12p70 in the serum of B16F10 melanoma-bearing
mice after the indicated treatments (n = 4). (k) Relative expression of Ifnf1, Cxcl10 and Tnfa in HeLa cells at 48h after irradiation at different doses (n = 4). CR:
Complete response. Statistical significance was calculated via one-way ANOVA test in b-e, g and j-k, and the log-rank test in h. The data are presented as mean + SD.

*p < 0.05, **p < 0.01, ***p < 0.001.

enhanced the immunogenicity of BI6F10 melanoma cells. As shown in
Fig. 5a-5c and S11-S12, we found that both 12Gy and 20 Gy irradiation
induced immunogenic late apoptosis/secondary necrosis and ICD in
B16F10 melanoma cells. Furthermore, we studied the effects of RT on
priming immune cytokines in B16F10 melanoma cells and found that
12Gy irradiation had greater effects on stimulating the production of
immune cytokines, including Ifnp1, Cxcl10 and Tnfa, than either 3Gy or
20Gy irradiation (Fig. 5d). However, similar to our observation in 4T1
cells, we noted that the supernatants from irradiated B16F10 melanoma
cells were immunosuppressive in modulating the anti-tumor effects of T
cells, leading to decreased Ifny:1l4 expression ratios, and this effect could
be reversed by CAP treatment (Fig. 5e and S13). These in vitro results
strongly validated the effects of 12Gy RT in optimally enhancing the
immunogenicity of B16F10 melanoma cells and its adverse regulatory
effects on T cell polarization, which necessitated the inclusion of the
dual immune activation nano-agonist CAP to overcome the immuno-
suppressive obstacles and implied the optimized anti-tumor immune
response induced by the combination of 12Gy RT and CAP. To verify
this, we established subcutaneous xenograft B16F10 melanoma-bearing
mice, irradiated the tumor sites at 12Gy and intratumorally injected
CAP into the irradiated tumors (Fig. 5f). We found that 12 Gy RT treated
mice exhibited comparable tumor growth and mouse survival to those of
untreated control mice, while CAP significantly augmented the tumor
eradication by 12Gy RT, resulting in prolonged mouse survival and
three out of five mice being disease-free after treatment (Fig. 5g-5i).
Analysis of the serum collected from mice after treatment revealed that
CAP +12Gy RT treated mice exhibited higher levels of IL-6 and IL-
12p70 than both untreated control mice and 12Gy irradiated mice,
suggesting a potent immune response (Fig. 5j). These results implied the
generalizability of the in situ cancer vaccine induced by CAP +12Gy RT
in multiple murine tumor models. Furthermore, to determine whether
12Gy RT is optimal for modulating the immunogenicity of human
cancer cells, we employed HelLa cells, a type of human cervical cancer
cell line, to evaluate the expression of immune cytokines after irradia-
tion at different doses. As shown in Fig. 5k, although 12Gy and 20 Gy
irradiation were more effective than 3 Gy in generating the expression of
Tnfa in HeLa cells, 12 Gy irradiation had a significantly greater effect on
the priming of Ifnp1 and Cxcl10 than both 3Gy and 20 Gy irradiation.
These findings suggest the optimized effects of 12Gy RT in modulating
the immunogenicity of human cancer cells and indicate the potential of
the CAP +12Gy RT treatment regimen in generating robust in situ
vaccination effects in human cancer settings.

3.5. Dual immune activation nano-agonist plus radiotherapy induces a
systemic anti-tumor immune response and immune memory effects

Metastatic and circulating tumor cells pose significant challenges
leading to poor prognosis in clinical cancer treatment [48,49]. In situ
cancer vaccines that are capable of eliciting systemic anti-tumor im-
mune responses offer promising potential for eradicating not only tar-
geted tumors but also distant tumors located elsewhere in the body that
are not directly treated with in situ vaccine regimens. To assess whether
the in situ cancer vaccine primed by CAP +12Gy RT could generate
systemic anti-tumor immunity, we treated 4T1 breast tumor-bearing
mice with the CAP +12Gy RT treatment regimen and re-challenged
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these mice contralaterally on day 28 since the initiation of treatment
(Fig. 6a).Consistent with the previously observed results, CAP +12Gy
RT treatment significantly suppressed the growth of pre-inoculated 4T1
tumors, resulting in six out of eight mice being tumor-free (Fig. 6b-6c).
Analyses of circulating T cells revealed that the untreated control mice
exhibited obvious lymphopenia with a decrease in the abundance of
circulating T lymphocytes, possibly associated with the 4T1 breast
tumor burden at approximately 600-900mm? (Fig. S14). Intriguingly,
lymphopenia in 4T1 tumor-bearing mice was reversed by CAP +12Gy
RT treatment, with the proportions of T lymphocytes, including both
CD4 and CD8 T lymphocytes, returning to normal levels in the CAP
+12Gy RT treated mice (Fig. 6f). Moreover, the CAP +12Gy RT treat-
ment regimen demonstrated potent abscopal effects, significantly
slowing the growth of contralateral re-challenged 4T1 breast tumors
(Fig. 6d-6e). To explore the immune populations associated with sys-
temic anti-tumor immune response, we analyzed contralateral re-
challenged tumors and spleens from the mice (Fig. S15-S16). As
shown in Fig. 6g, we observed a trend toward increased percentages of
both CD8'CD3™ T cells and CD3 NK1.1" cells among CD45™ cells in the
re-challenged tumors following CAP +12Gy RT treatment, while the
abundance of CD47CD3™ T cells remained relatively unchanged. Ex-
amination of memory immune cells in spleens revealed elevated levels
of both CD447CD62L~ effector memory T cells (Tem) and
CD44"CD62L" central memory T cells (Tcm) among CD8CD3™ T cells
with CAP +12Gy RT treatment, along with a tendency for increased
percentages of CD44"CD62L~ Tem among CD47"CD3™ T cells (Fig. 6h-
61). These findings highlight the critical roles of CD8 T cells in systemic
anti-tumor immunity and immune memory effects induced by CAP
+12Gy RT treatment.

Rapid postoperative tumor recurrence and cancer metastasis are
among the major threats leading to cancer-related mortality [50].
Therefore, a potent tumor-specific immune response capable of pre-
venting tumor relapse and metastasis holds promise for effective cancer
management. To explore this, we established a postoperative tumor
model and examined the effects of CAP +12Gy RT treatment on man-
aging recurrent and metastatic tumors (Fig. 7a). The in vivo imaging
system (IVIS) images are shown in Fig. 7b, and the data are shown in
Fig. 7d-7f. Although 12Gy RT treatment attenuated the growth of
recurrent tumors, it was poor in complete tumor eradication. In contrast,
CAP +12Gy RT treatment effectively eliminated relapsed tumors post-
operation, resulting in seven out of nine mice being disease-free after
treatment. Notably, local CAP +12Gy RT treatment significantly pre-
vented the lung metastasis of tumors (Fig. 7c). These findings suggested
the remarkable performance of CAP +12Gy RT treatment in not only
eliminating local tumors but also combating circulating tumor cells to
prevent tumor metastasis. Furthermore, to examine whether local CAP
+12Gy RT treatment can generate an “abscopal effect” to inhibit the
growth of pre-existing distant untreated tumors, we generated two 4T1
tumors-bearing mice with one implanted on the right flank and the other
implanted on the left flank five days later to simulate a smaller meta-
static tumor (Fig. 7g). CAP +12Gy RT treatment was performed on the
right tumor only. Consistent with prior reports, 12Gy RT alone slowed
the growth of treated right flank tumors but had poor abscopal effects,
and the growth of distant untreated tumors in 12 Gy-irradiated mice was
similar to that in untreated control mice (Fig. 7h-7i and S17) [43].
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Fig. 6. CAP +12Gy RT treatment elicited a systemic anti-tumor immune response with memory effects. (a) Schematic illustration of the studies on 4T1 breast tumor-
bearing mice. (b) Average tumor growth curves of pre-inoculated 4T1 breast tumors after the indicated treatments (Control: n = 5; CAP +12Gy RT: n = 8). (c)
Individual tumor growth curves in (b). (d) Average tumor growth curves of re-challenged 4T1 breast tumors (Control: n = 5; CAP +12Gy RT: n = 8). (e) Individual
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Importantly, we revealed that CAP +12Gy RT treatment not only
eliminated the target tumors with four out of six mice exhibiting com-
plete responses, but also attenuated the advancement of distant un-
treated tumors. No significant changes in animal weight were observed
in the treatment group in this study (Fig. 7h-7i and S17).

4. Discussion

The rising demands to bypass the time-intensive processes of tumor
antigen identification and synthesis urged the development of in situ
vaccination strategies. Focal RT has shown promise in priming in situ
vaccination effects, though so far only modest and short-lived immune
responses are achieved. In this study, we developed a robust in situ
cancer vaccine by optimizing radiation dose and employing a dual-
immune activation nano-agonist (CAP) that co-targets STING-TLR9
pathways to eradicate solid tumors. Collectively, our results show 12Gy
RT was optimal to increase the immunogenicity of tumor cells, while
CAP effectively reversed the immunosuppression induced by 12Gy RT
and enhanced immune activation post-RT, thereby positively regulating
the tumor microenvironment. We demonstrated that this in situ vacci-
nation strategy not only extended the local therapeutic effects of RT to
distant untreated tumors through a systemic anti-tumor immune
response but also significantly reduced the incidence of recurrent tumors
and lung metastases in a postoperative murine tumor model.

Currently, comprehensive comparisons of the immunomodulatory
potential of radiation at different doses on both tumor cell immunoge-
nicity and immune cell functions are lacking, despite their critical
importance in constructing a robust in situ cancer vaccine. To develop a
clinically meaningful in situ cancer vaccine using RT, we aimed to
identify an optimal radiation dose from four commonly employed in
clinical settings based on their immunomodulatory effects. In vitro
studies demonstrated that radiation induced apoptosis and ICD of 4T1
breast tumor cells in a dose-dependent manner that 12Gy and 20Gy
irradiation show more pronounced effects (Fig. 1). Previous studies have
suggested that ~12Gy radiation may be optimal for stimulating the
cGAS-STING pathway, resulting in an IFN-I immune response in tumor
cells[12,51]. In this study, radiation at 12 Gy was revealed to be effective
in increasing the expression of not only Ifng but also Cxcl10 and Tnfa in
tumor cells (Fig. 1), and these cytokines are essential for T cell recruit-
ment and APC maturation during in situ vaccination. These findings
were corroborated in murine aggressive BI6F10 melanoma cells and
human cervical cancer HeLa cells (Fig. 5). However, despite these
promising results, in vitro evaluations also revealed that radiation at the
tested doses promoted the polarization of macrophages toward the anti-
inflammatory M2 phenotype, and radiation-primed tumor cell metabo-
lites skewed T cells toward the Th2/Tc2 phenotype (Fig. 1 and Fig. 5).
These results suggest the great potential of 12 Gy RT in priming a robust
in situ cancer vaccine but also highlight the necessity of specific im-
munomodulators to address the immunosuppressive effects induced by
RT to achieve significant anti-tumor effects.

A CAST strategy was developed based on a dual immune activation
nano-agonist CAP that co-encapsulated the TLR9 agonist CpG and the
cGAS-STING agonist ADU-S100 into a polymersome to overcome the
immunosuppressive obstacles generated by 12Gy RT. CAP was
demonstrated to effectively antagonize the detrimental polarization of
BMDMs and T cells induced by radiation in vitro (Fig. 2), indicating its
potential to create a favorable immunostimulatory tumor microenvi-
ronment. In vivo studies further revealed that intratumoral adminis-
tration of CAP significantly enhanced the anti-tumor immune response
induced by 12Gy RT. In both the murine 4T1 breast tumor model and
murine B16F10 melanoma model, the CAP +12Gy RT treatment resul-
ted in greater tumor eradication and prolonged mouse survival
compared to treatment with 12Gy RT or CAP alone (Figs. 3, 5 and S6).
Moreover, additional investigations demonstrated that local CAP
+12Gy RT treatment primed tumor-specific immune memory effects
and robust systemic anti-tumor immunity, even in tumors not directly
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treated by 12Gy RT or CAP injection, thereby suppressing the growth of
distant untreated tumors (Figs. 6 and 7). Notably, the CAP +12Gy
treatment regimen showed negligible systemic toxicity (Fig. S9).

Several limitations remain in this study. Firstly, our focus was on
radiation with a single fraction. To gain a more comprehensive under-
standing of the immunomodulation effects of radiation across broader
fractionated regimens, further evaluation is warranted. Secondly, it will
be valuable to optimize the timing and dosing of CAP injection to further
improve the anti-tumor efficacy while minimizing detrimental side ef-
fects. Although intratumoral injection has been approved by the U.S.
Food and Drug Administration (FDA) for multiple therapeutics, it would
be important to modify the formulation and manufacturing of CAP in
future studies to achieve high accumulation in tumor tissues after
intravenous administration. This would address the treatment needs of
tumors inaccessible for intratumoral administration or located in deep
tissues. Since it has been reported that radiation can prime tumors to
drive the accumulation of nanotherapeutics [52,53], it would be a
promising opportunity to achieve a robust in situ cancer vaccine by RT
and intravenously administrated nano-agonists. Moreover, although
previous studies have suggested that the dose-dependent induction of
IFN-I responses in tumor cells may be related to the DNA exonuclease
Trex1l [12], future investigations need to focus on the molecular
signaling pathways through which radiotherapy at different dosages
modulates responses in immune cells, which could provide valuable
insights into potential therapeutic targets for mitigating radiotherapy-
induced immunosuppression and enhancing the efficacy of in situ can-
cer vaccines.

Despite these limitations, this work presents a straightforward in situ
cancer vaccination strategy by selecting a dose of RT with optimal
immunostimulatory effects and fabricating nano-agonists CAP to alle-
viate the detrimental immunosuppression caused by RT. The excellent
biocompatibility of CAP +12Gy RT treatment and its effective tumor
eradication across different tumor models highlight its potential for
translation into clinical cancer therapy.

5. Conclusion

In situ vaccines offer a straightforward approach to generate tumor-
specific immune response for tumor eradication. However, current in
situ vaccines generally produce modest and short-lived immune re-
sponses, limiting their clinical translation. In this study, we aimed to
construct robust in situ cancer vaccines based on clinical RT. We
investigated the immunomodulatory effects of radiation at different
dosages and found that 12Gy RT exhibited the strongest immunosti-
mulatory effect on tumor cells among the tested dosages, but it also had
a suppressive effect on the immunoregulation of macrophages and T
cells. To construct a robust in situ cancer vaccine, we selected 12Gy RT
and developed a dual immune activation nano-agonist CAP to antago-
nize its immunosuppressive effects. In different murine tumor models,
the CAP +12Gy RT in situ vaccination strategy demonstrated robust
anti-tumor immune responses with systemic and memory effects, high-
lighting its potential for clinical translation.
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