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KEY WORDS Abstract Immunogenic dying tumor cells hold promising prospects as cancer vaccines to activate sys-
temic immunity against both primary and metastatic tumors. Especially, X-ray- induced dying tumor cells
are rich in highly immunogenic tumor-associated antigens and self-generated dsDNA as potent adjuvants.
However, we found that the X-ray induction process can result in the excessive exposure of phosphati-

Immunogenic cell death;
Cancer vaccine;

])E(f;(?l?gcytosis; dylserine in cancer vaccines, which can specifically bind with the MerTK receptor on macrophages,
Macrophage; acting as a “checkpoint” to facilitate immune silence in the tumor microenvironment. Therefore, we
STING; developed a novel strategy combining X-ray-induced cancer vaccines with UNC2250, a macrophage
Adaptive immunity; MerTK “checkpoint inhibitor,” for treating peritoneal carcinomatosis in colon cancer. By incorporating
Innate immunity UNC2250 into the treatment regimen, immunosuppressive efferocytosis of macrophages, which relies

on MerTK-directed recognition of phosphatidylserine on vaccines, was effectively blocked. Conse-
quently, the immune analysis revealed that this combination strategy promoted the maturation of dendritic
cells and M1-like repolarization of macrophages, thereby simultaneously eliciting robust adaptive and
innate immunity. This innovative approach utilizing X-ray-induced vaccines combined with a checkpoint
inhibitor may provide valuable insights for developing effective cancer vaccines and immunotherapies
targeting colon cancer.
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1. Introduction

Peritoneal carcinomatosis is a fatal clinical manifestation in the
late-stage of colon cancer (PCCC), with a remarkably poor
prognosis'. Unfortunately, conventional treatment strategies,
including cytoreductive surgery therapy, hyperthermic intraperi-
toneal chemotherapy, radiotherapy, and immune checkpoint
blockade therapy, have shown limited efficacy in managing PCCC
due to rapid metastasis and immunosuppressive microenviron-
ment”°. For metastatic colon cancer, cancer vaccines have been
regarded as an effective strategy. Particularly, vaccine systems
based on immunogenic dying tumor cells (DTC) and their com-
ponents induced by specific immunogenic cell death (ICD) in-
ducers have gained enormous attention’*. Hence, developing a
safer and effective cancer vaccine based on DTC may provide a
reliable solution for the therapy of metastatic PCCC.

Our previous work proved the effectiveness of DTC vaccines
induced by chemotherapeutic drugs like doxorubicin in eliciting
robust immune response’. Besides chemotherapeutic drugs,
X-radiation can also induce potent ICD in tumor cells, thus
improving the immunogenicity of DTC. Nevertheless, unlike
chemotherapeutic drugs, DTC induced by X-radiation could
completely circumvent the side effects on the immune system
caused by residual cytotoxic drugs. More importantly, severe DNA
damage induced by X-ray can result in abnormal accumulation of
double-strand DNA (dsDNA) in the cytoplasm of DTC'®. These
cytoplasmic dsDNA can serve as a potent adjuvant to activate the
stimulator of interferon genes (STING) signal in antigen presen-
tation cells (APCs), thus triggering a robust type-I interferon
response to potentiate antitumor immunity''"'*. Compared to
chemotherapeutic drugs, X-ray is a more effective and safer ICD
inducer. Of note, the immunogenicity and degree of DNA damage
in tumor cells were closely related to the dose of X-radiation.
Recent research has proved that repeated low-dose radiation in
situ can elicit more severe DNA damage and dsDNA content
within tumor cells compared with single high-dose radiation'*.
However, the precise dose-effect relationship between in vitro
X-radiation dose and immunogenicity remained unclear for DTC
induction. Therefore, future investigations should focus on eluci-
dating this relationship comprehensively to maximize therapeutic
efficacy for DTC induced by X-radiation.

To enhance the efficiency of the DTC vaccine, regular syner-
getic strategies tend to combine with adjuvants to promote the
activation of dendritic cells (DCs), thus eliciting stronger adaptive
immunity. Additionally, macrophages play a vital role in innate
immunity, which is assignable. In this work, we found that the
procedure of vaccine preparation can excessively flip over phos-
phatidylserine (PS) on DTC vaccine, which can specifically bind
with MER proto-oncogene tyrosine kinase (MerTK) receptor on
macrophages, facilitating immunosuppressive clearance of DTC in
TME. This process, known as efferocytosis, is the primary factor
precluding M1-like polarization of macrophage and antigen pre-
sentation to support immune evasion'>. More importantly, recent

research has found that inhibition of MerTK-mediated efferocytosis
can lead to a permissive environment for the release and transfer of
c¢GAMP and dsDNA from DTC to macrophage, thereby activating
STING pathway and subsequent type I interferon response in
macrophages'""'®!7. Based on these findings, it can be inferred that
the MerTK receptor on macrophages can be recognized as the
specific immune checkpoint hindering the effectiveness of DTC
vaccines. Therefore, MerTK inhibitors may be a potential candidate
for adjuvant to improve the therapeutic efficacy of DTC vaccines
against metastatic colon cancer.

In this work, we designed an X-ray-induced frozen dying tumor
cell (FDT) vaccine to treat PCCC. Firstly, we investigated the
correlation between in vitro radiation dose and the vaccine’s
immunogenicity to optimize the radiation dose for the preparation
of FDT. Secondly, the FDT vaccine was combined with MerTK
inhibitor UNC2250, which served as a ‘“checkpoint inhibitor” of
macrophages to relieve immune suppression. After intraperitoneal
administration, the FDT vaccine can significantly inhibit tumor
growth and malignant ascites in the peritoneal cavity and induce
the maturation of DCs effectively to elicit massive infiltration of T
lymphocytes and B lymphocytes within tumors. When combined
with UNC2250, FDT triggered a potent type I interferon response
and simultaneously facilitated the activation of DCs and M1-like
polarization of tumor-associated macrophages (TAMs). As a
result, this combinational strategy triggered massive apoptosis
within tumors and significantly enhanced therapeutic efficiency
compared with monotherapy with FDT vaccination. Overall, our
findings demonstrate that an X-ray-induced FDT vaccine coupled
with a novel synergistic approach targeting macrophage-mediated
immunosuppressive clearance holds promise as a therapeutic
avenue for improving clinical outcomes in metastatic colon cancer
(see Scheme 1).

2. Materials and methods
2.1. Materials and reagents

UNC2250 was purchased from Adooq Bioscience (Nanjing,
China). Oxaliplatin and irinotecan were purchased from
MedChemexpress (Wuhan, China). Cytometric Beads for cytokine
detection were purchased from BD Bioscience (Shanghai, China).
BD Biosciences (Shanghai, China). DiD was purchased from
Beyotime Biotechnology (Shanghai, China). Granulocyte/
macrophage-colony stimulating factor (GM-CSF) was purchased
from Dakewe (Shenzhen, China). Macrophage-colony stimulating
factor (M-CSF) was purchased from Abcolonal (Wuhan, China),
NGS™ dsDNA HS Assay Kit was purchased from Wuhan ABP-
Biosciences Co., Ltd. (Wuhan, China). Gibco DMEM medium
and Gibco RPMI 1640 medium were purchased from Thermo
Fisher Scientific Co., Ltd. (Shanghai, China). Anti-y H2A.X
(phospho S139) antibody was purchased from Abcam (Shanghai,
China). STING (D2P2F) Rabbit mAb was purchased from Cell
Signaling Technology (Shanghai, China). Phospho-STING
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Schematic illustration of FDT vaccine with the ability to activate systemic immunity for tumor inhibition. (A) FDT vaccines are

prepared with X-ray-induced ICD effect and liquid nitrogen cryogenic freezing technology. (B) Benefiting from X-Ray-induced excessive dsDNA
accumulation in the cytoplasm of FDT, this FDT vaccine can activate the STING signaling pathway and the maturation of DCs, thus eliciting robust
adaptive immunity in the tumor microenvironment. (C) Furthermore, when combined with the inhibitor of efferocytosis (UNC2250), the immune-
suppressive clearance of FDT by macrophages was largely decreased, which in turn reprogrammed pro-inflammatory activation of macrophages and
finally resulted in double activation of adaptive immunity and innate immunity. The diagrammatic drawing was created by Figdraw.

(Ser365) (D8F4W) Rabbit mAb was purchased from Cell
Signaling Technology (Shanghai, China).

2.2.  Cell lines and animals

MC3 from the C57BL/6 mouse and CT26 cells from the BALB/c
mouse were purchased from the Cell Bank of the Chinese Acad-
emy of Science (Shanghai, China). Cells were cultivated using
Gibco DMEM medium (MC38) or RPMI 1640 medium (CT26)
containing 10% fetal bovine serum (FBS) and 1%
Penicillin—Streptomycin solution under conditions of 5% CO,
and 37 °C incubator. The 6—8 weeks female C57BL/6 and
BALB/c mice were purchased from the Biotechnology Research
Center of Chain Three Gorges University (Yi Chang, China). All
animals were fed and experimented according to the guidelines of
Laboratory Animals Ethics of Huazhong University of Science
and Technology (HUST). The investigators received the assigned
[2021] IACUC Number: 3376 from the Institutional Animal Care
and Use Committee at Tongji Medical College, HUST.

2.3.  Preparation of DTC and FDT

MC38 or CT26 cells were inoculated in 10 cm Petri dishes and
cultured for 48 h to form a confluent monolayer. The complete
medium was then replaced with 5 mL of blank medium, and cells

were irradiated with different dosages of X-Ray. After 24 h, the
cells were collected with a cell scraper and centrifuged at 1500 x g
for 15 min (SL4 Plus, Thermo Fisher Scientific Co., Ltd., Shanghai,
China) to precipitate the Dying Tumor Cells (DTC). Next, for
preparation of Frozen Dying Tumor Cells (FDT), the obtained DTC
were suspended in cell cryopreservation medium (80%DMEM,
20%FBS) at a cell density of 1 x 10° to 1 x 10’/mL. The DTC
suspension was then immediately immersed in liquid nitrogen for at
least 12 h to obtain FDT-containing medium for preservation. The
FDT-containing medium can be thawed at 37 °C and centrifuged at
1500 x g for 15 min to precipitate the Frozen Dying Tumor Cell
(FDT). After washing with PBS twice, FDT was suspended in PBS
and kept at 4 °C.

2.4.  SEM characterization of live cells, DTC, and FDT

1 x 10° live cells, DTC, or FDT, were inoculated on a glass slide
overnight. Then FDT were immobilized with 2.5% glutaraldehyde
for 4 h, rinsed thrice with PBS, and dehydrated with gradient
ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%). Each
gradient was processed once for 15 min, except for 100% ethanol,
which was conducted twice to complete dehydration. Then,
dehydrated cells were pictured by Nova NanoSEM 450 (Analyt-
ical and testing center of Huazhong University of Science and
Technology, Wuhan, China).
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2.5.  Invitro cell proliferation assay of DTC and FDT

For in vitro cell proliferation, DTC and FDT prepared with
different doses of X-ray radiation (10, 20, 40, 60, and 80 Gy) were
suspended in a complete medium and added to 96-well plates with
a density of 5 x 10° per well. After culturing for 0, 24, 48, 72 h,
10 pL of CCK-8 (Beyotime Biotechnology Shanghai, China)
assay was added to each well. After incubation for 1 h, the
absorbance was measured at 450 nm using a microplate reader.

2.6. Invitro detection of apoptosis in FDT and DTC

MC38 cells were cultured in 6 well-plates at a cell density of
2 x 10° cells per well for 24 h. Then, the complete medium was
replaced with a blank medium, and cells were irradiated with the
abovementioned X-ray dose to obtain DTC. After 24 h, DTC was
collected and stained with Annexin V-FITC/PI double staining
apoptosis detection kit (BestBio, Nanjing, China) according to the
manufacturer’s instructions for flow cytometry analyzation (BD
Accuri C6, New Jersey, USA). For FDT, cells were resuspended in
Annexin V buffer solution at a cell density of 1 x 10° cells/mL
and stained with Annexin V-FITC/PI double staining apoptosis
detection kit for flow cytometry analyzation.

2.7.  DNA damage assessment of DTC

MC38 cells were treated with different dosages of irradiation (10,
20, 40, 60, and 80 Gy) as abovementioned. After 24 h, DTC were
collected and lysed to extract proteins. The expression of
v-H2A.X in DTC was analyzed by western blotting analysis.

2.8.  Detection of intracellular dsDNA of FDT

FDT and FC were treated with liquid nitrogen, frozen, and thaw
cycle thrice, and centrifugated at 1500 x g for 15 min to obtain
supernatant containing cytoplasm content. Then, the intracellular
dsDNA was quantified by NGS™ dsDNA HS Assay Kit (Wuhan
ABP-Biosciences Co., Ltd., Wuhan, China) according to the
manufacturer’s instructions.

2.9.  Invitro maturation of BMDCs

To obtain BMDCs, the C57BL/6 mice (female, 6 weeks old) were
sacrificed to collect femurs and tibias. Then, bone marrow cells
were separated and cultured with the complete RPMI-1640 me-
dium containing GM-CSF (10 ng/mL) for 7 days to differentiate
into BMDCs. On Day 7, LPS (1 pg per well), FC (50 ng protein
per well), or FDT (50 pg protein per well) were added respec-
tively. After incubating for 24 h, the cells were stained with APC-
anti-CD11c, FITC-anti-CD80, PE-anti-CD86 and then detected by
flow cytometry (BD Accuri C6) to quantify the percentage of
matured DCs (CD80" CD86" in CD11c™).

2.10.  In vitro polarization of BMDMs

To obtain BMDCs, the C57BL/6 mice (female, 6 weeks old) were
sacrificed to collect femurs and tibias. Then, bone marrow cells
were separated and cultured with the complete DMEM medium
containing M-CSF (20 ng/mL) for 5 days to differentiate into
BMDMs. On Day 5, LPS (100 ng per well) + IFN v (30 ng per
well), FC (50 pg protein per well), FDT (50 pg protein per well),
UNC2250 (5 pmol/L) or FDT (50 pg protein per well) +

UNC2250 (5 wmol/L per well) were added respectively. After
incubating for 24 h, the cells were harvested and stained with
FITC-anti-F4/80, PE-anti-CD86, and APC-anti-CD206. The cells
were then detected by flow cytometry (BD Accuri C6, USA) to
quantify the percentage of M1 phenotype (CD86" in F4/80") and
M2 phenotype (CD206™ in F4/80") within BMDMs.

2.11.  Invitro Mi-like polarization of Raw264.7 macrophages

Raw264.7 macrophages were cultured in 12 well-plates at a cell
density of 2 x 10° per well for 24 h. Then LPS (100 ng per
well) + IFNy (30 ng per well), FDT (50 pg protein per well),
UNC2250 (5 pmol/L) or FDT (50 pg protein per
well) + UNC2250 (5 pmol/L) were added. After incubating for
24 h, cells were collected and stained with PE-anti-F4/80 and
FITC-anti-CD80. The samples were then detected by flow
cytometry (BD Accuri C6) to quantify the percentage of M1-like
macrophages (CD80" F4/80™).

2.12.  Invitro internalization of FDT by macrophages and DCs

Raw264.7 macrophages and DC2.4 were cultured in 12 well-
plates at a cell density of 2 x 10° per well and cultured overnight.
BMDMs were obtained and cultured in 24 well plates. The cells
were then pretreated with blank DMEM medium or DMEM me-
dium containing 25 pmol/L UNC2250 for 4 h. Next, DiD labeled
FDT (FDT-DiD) was added. At 0.5, 1, and 2 h post-FDT co-in-
cubation, the cells were harvested and analyzed by FCM (BD
Accuri C6) to quantify the internalization of FDT by macrophages
and DCs (DiD™). For confocal laser scanning microscope (CLSM)
observation, DC2.4 and Raw264.7 macrophages were seeded on
the poly-L-lysine coated slides in 12-well plates and pretreated
with blank DMEM or UNC2250 as mentioned above. After
incubating with FDT-DiD for 2 h, the cells were labeled with
tubulin tracker green staining and DAPI. Then, the internalization
and location of FDT in DCs and macrophages were determined
using CLSM (710META, Zeiss, Oberkochen, Germany).

2.13.  Characterization of the STING activation

BMDCs, BMDMs, and Raw264.7 macrophages were stimulated,
as previously mentioned. After incubating for 24 h, the cells were
collected and lysed to extract proteins. The expression of STING
and p-STING were analyzed by western blotting.

2.14.  Cytokine detection in the supernatant of DCs and
macrophages

BMDCs and BMDMs were stimulated, as previously mentioned.
After incubating for 24 h, the cell-free supernatant was collected
to quantify the concentration of pro-inflammatory cytokine (IFN@,
IL6, and TNFa«) via a CBA cytokine kit.

2.15.  mRNA quantification of Ifnbl in DCs and macrophages by
qgPCR

BMDCs and BMDMs were stimulated, as previously mentioned.
After incubating for 24 h, the cells were harvested to extract total
RNA using Trizol (R1006, Beyotime Biotechnology, Shanghai,
China). These extracted RNA were reverse transcribed to cDNA
with hiscript ii reverse transcriptase. Then, the mRNA expression
of Ifnbl was quantified with a quantitative polymerase chain
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reaction with a real-time quantitative PCR instrument (Applied
Biosystems QuantstudioTM 6&7, Thermo Fisher Scientific Co.,
Ltd., Shanghai, China). The qPCR primers used for the mRNA
quantification of Ifnbl expression are m-IfnbI-F: GGCTGTAT
TCCCCTCCATCG, m-Ifubl-R: CCATGTCCATGTAACAATG
CCATGT.

2.16.  In vivo tumorigenicity assessment of DTC and FDT

For in vivo tumorigenicity comparison, MC38 live cells were
treated with 80 Gy radiation as the abovementioned preparation
step to obtain DTC and FDT. Then, female C57BL/6 mice were
randomly divided into five groups, including live cells, DTC-
1 x 10% DTC-5 x 10° FDT-1 x 10°, FDT-5 x 10°. For the live
cells group, mice were intraperitoneally transplanted with 1 x 10°
live MC38 cells On Day 0. For DTC and FDT groups, mice were
intraperitoneally injected with 1 x 1095 x 10° DTC or FDT on
Days 0, 4, and 8. On Day 25, mice were sacrificed, and tumor
tissue was harvested and weighted to measure the tumorigenicity
of DTC and FDT.

2.17.  Prophylactic vaccination of FDT on subcutaneous tumor

The female C57BL/6 mouse was randomly divided into seven
groups, including PBS, FC, FDT-10 Gy, FDT-20 Gy, FDT-40 Gy,
FDT-60 Gy, FDT-80 Gy, and treated with subcutaneous injection
of PBS, FC (1 x 10° cell per mouse), FDT (1 x 10° cell per
mouse) on the right flank on Day —14, and —7. On Day O,
2.5 x 10° MC38 cells were then inoculated into the left flank of
mice. The tumor size and body weight were monitored every two
days. Except for natural death, mice were considered dead and
euthanized when tumor volume grew larger than 1500 mm?>. The
survival rate was monitored and recorded until the 90th day post-
tumor inoculation.

2.18.  Therapeutic vaccination of FDT on peritoneal
carcinomatosis of MC38 and CT26

To establish a peritoneal carcinomatosis model, female C57BL/6
mice were intraperitoneally transplanted with 5 x 10° MC38 cells.
And female BALB/c mice were intraperitoneally transplanted
with 5 x 10° CT26 cells. MC38 tumor-bearing mice were divided
into five groups, recorded as PBS, FC, FDT-40 Gy, FDT-60 Gy,
and FDT-80 Gy CT26 tumor-bearing mice were randomly divided
into eight groups, recorded as PBS, oxaliplatin, FC, FDT-10 Gy,
FDT-20 Gy, FDT-40 Gy, FDT-60 Gy, FDT-80 Gy). On Days 3, 7,
and 11, mice in different groups were intraperitoneally injected
with PBS, oxaliplatin (6 mg/kg), FC (1 x 10° cells per mouse),
and FDT (1 x 10° cells per mouse). Finally, MC38 tumor-bearing
mice were sacrificed on Day 20, and CT26 tumor-bearing mice
were sacrificed on Day 16. The tumor nodules in the peritoneal
cavity were harvested and weighed. Ascitic fluid was aspirated
entirely directly from the peritoneal cavity for volume
measurement.

2.19.  Examination of the therapeutic efficiency of FDT
combined with UNC2250

Mice with MC38 peritoneal tumors were randomly divided into
five groups and treated with an intraperitoneal injection of PBS,
oxaliplatin (6 mg/kg), FDT (1 x 10° cells per mouse), UNC2250
(25 mgkg) or FDT + UNC2250 (1 x 10° cells per

mouse+25 mg/kg) on Days 3, 7, and 11. The tumor-bearing mice
were sacrificed on Day 22. The tumor nodules in the peritoneal
cavity were harvested and weighed. Ascitic fluid was aspirated
entirely directly from the peritoneal cavity for volume measure-
ment. Similarly, mice with CT26 peritoneal tumor were treated as
described before. And mice were sacrificed on Day 16. The tumor
nodules in the peritoneal cavity and peritoneum were harvested
and weighed. Ascitic fluid was aspirated entirely directly from the
peritoneal cavity for volume measurement.

2.20.  Flow cytometry analysis of tumor-associated immune cells

For flow cytometry analysis, harvested tumors were minced into
small pieces with scissors and incubated in a digestion buffer at
37 °C for 70 min. The suspensions were filtrated using a cell
strainer (BD Falcon, New Jersey, USA) and centrifuged at
2000 rpm for 5 min. The collected cells were re-suspended in
ACK Lysis Buffer to remove red blood cells. Next, the obtained
cells were resuspended in PBS and stained by Fixable Viability
Dye eFluor™ 780 (Thermo Fisher Scientific Co., Ltd., Shanghai,
China) to exclude dead cells. Then, cells were washed with PBS
and stained with anti-CD16/CD32 antibody (BD, New Jersey,
USA) for Fc blocking to prevent nonspecific binding. Subse-
quently the cells were incubated with Percp-Cy5.5-anti-CD45,
BV510-anti-CD3, FITC-anti-CD4, BV421-anti-CDS8, PE-anti-
B220, APC-anti-CD11c, FITC-anti-CD11b, PE-anti-F4/80,
BV650-anti-CD86 and PE-Cy7-anti-CD206 (BD, Shanghai,
China) to specifically label the T lymphocytes, B lymphocytes,
DCs and Macrophage. Expect Fixable Viability Dye eFluor™ 780
and anti-CD16/32. All the above staining and centrifugation
processes were carried out at 4 °C under darkness. The samples
were analyzed by FCM (Sony ID7000™, Tokyo Metropolis,
Japan).

2.21.  Statistical analysis

All data analyses were conducted using GraphPad Prism 8.0
software. All results are presented as mean + standard deviation
(SD). For two groups, the two-tailed Student’s 7-test was used for
statistical analysis. For multiple groups (three or more groups),
one-way analysis of variance (ANOVA) was used for statistical
analysis, followed by Tukey’s multiple comparisons test as post-
hoc analysis. Statistical significance was present as *P < 0.05,
*¥*P < 0.01, and ***P < 0.001.

3. Result

3.1.  High immunogenic FDT vaccine for multiple colon cancer

During vaccine preparation, X-ray radiation is a vital step to
induce the ICD of tumor cells. The radiation dose may directly
impact the therapeutic efficiency of FDT. However, the dose-
response relationship between the immunogenicity of cancer cells
and X radiation dose remained unexplored. Thereby, we designed
a dose gradient in the procedure of X radiation-based vaccine
preparation, including five radiation doses (10, 20, 40, 60, and
80 Gy) (Fig. 1A). The immunogenicity and therapeutic efficiency
of these FDT vaccines prepared under different radiation doses
were evaluated both in vitro and in vivo.

Recently, growing evidence has supported that a DNA damage
response can enhance immunogenicity by activating cytosolic
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Figure 1  The immunogenicity of the FDT vaccine was positively correlated with radiation dose. (A) Schematic illustration of the investigation
in the dose-response relationship between cancer cells’ immunogenicity and X-ray dose. (B) The expression of y-H2A.X in DTC induced by
different radiation doses. (C) Quantification of intracellular dsDNA in FDT prepared with different radiation doses (n = 4). (D) Expression of PD-
L1 in FDT prepared with different radiation doses (n = 3). (E) Schematic illustration of prophylactic FDT vaccination and subsequent challenge
with subcutaneous MC38 tumor model. (F) The average tumor growth curve and (G) survival rate curve of mice in different groups (n = 8). (H)
Schematic illustration of therapeutic FDT vaccination for MC38 peritoneal carcinomatosis. (I) Tumor images and (J) average tumor weight of
MC38 peritoneal carcinomatosis in different groups (n = 6). (K) Schematic illustration of therapeutic FDT vaccination for CT26 peritoneal
carcinomatosis. (L) Tumor images, (M) average tumor weight, (N) average ascites volume, and (O) tumor-free rate of CT26 peritoneal carci-
nomatosis in different groups (n = 7). Note: the red circle represents tumor-free. Diagrammatic drawings in (A), (D), (G), and (J) were created by
Figdraw. Data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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immunity and ICD'®. During ICD, several essential DAMP sig-
nals, like calreticulin (CRT), ATP, high mobility group box 1
(HMGB1), and annexin Al (ANXA1), are activated following
DNA damage in tumor cells'’. Besides, DNA damage can trigger
an excessive accumulation of double-stranded DNA (dsDNA)
fragments in the cytoplasm, which is a potent adjuvant to activate
type I interferon response within the tumor. Since X-radiation has
been demonstrated to trigger a potent intracellular DNA damage
effect, we first measured the DNA damage level by Western blot
(WB). The expression of v-H2A.X in the DTC of MC38 cells,
which is a sensitive molecular marker of DNA damage, exhibited
a marked increase after 40 Gy, 60 Gy, and 80 Gy radiation
treatments compared with that of 10 Gy, and 20 Gy radiation
treatments (Fig. 1B). Consistently, the dsDNA quantification by
NGS™ dsDNA HS Assay Kit also revealed that the dsDNA
content in FDT prepared by 40 Gy, 60 Gy, and 80 Gy also vastly
increased (Fig. 1C). In addition to the enhancement of immu-
nostimulatory signaling, X-Ray can also promote the expression
of programmed cell death protein-ligand 1 (PD-L1) on FDT,
which can bind to the programmed cell death protein-1 (PD-1) on
T lymphocytes, thus suppressing the antitumor efficiency. Inter-
estingly, we found that only X-radiation in 10 Gy led to a
significantly higher expression of PD-L1 on FDT (Fig. 1D),
indicating stronger immunosuppression during vaccination. The
above observations demonstrated that a relatively higher radiation
dose may be beneficial to induce more robust immunogenicity in
the FDT vaccine.

However, given that the tumor microenvironment (TME) is highly
immunosuppressive and irreversible for most of strategy™’ %%,
itremained an open question whether the immunogenicity of the FDT
vaccine was sufficient to elicit an effective antitumor response in vivo.
Therefore, we examined the FDT-induced protective immunity
against the challenge of live MC38 cells in immunocompetent mice,
which has been widely accepted as the primary standard to examine
the immunogenicity of cancer vaccine® . In our design, mice were
subcutaneously vaccinated with FDT on the right flank twice. One
week after the latest vaccination, mice were challenged with
live MC38 cells on the left flank, and the subsequent tumor pro-
gression was monitored for 75 days (Fig. 1E). Meanwhile, frozen
cells (FC) without X-irradiation were utilized as control. The results
revealed that the FDT vaccine prepared by different radiation dosages
showed a certain inhibitory effect on tumorigenesis and tumor growth
(Fig. 1F and G, Supporting Information Fig. S1A). Significantly, in
mice vaccinated with FDT-40 Gy, FDT-60 Gy, and FDT-80 Gy, the
onset of tumor growth was largely delayed compared with other
vaccinated groups. Most importantly, this FDT vaccination main-
tained evidently higher survival rates (>4/8) over 98 days.

To figure out the optimal radiation dose, the therapeutic effi-
ciency of FDT-40 Gy, FDT-60 Gy, and FDT-80 Gy was further
investigated in a more challenging peritoneal carcinomatosis of
MC38 colon cancer. Mice were inoculated with MC38 cells into
the peritoneal cavity. On Days 3, 7, and 11 post-tumor in-
oculations, mice were vaccinated with FDT into the peritoneal
cavity. On Day 22, post-tumor inoculation, mice were sacrificed,
and tumor nodules were harvested and weighed (Fig. 1H).
Notably, FDT-80 Gy inhibited tumor growth by 95.8% dramati-
cally and implemented complete tumor regression of peritoneal
tumors (tumor-free) in 1/6 mice, which is much more effective
than the other groups (Fig. 1I and J). More importantly, the
infiltration of DCs primarily increased within the tumor
(Fig. SIB). Consistently, CD4" and CDS'T lymphocytes also

increased significantly after FDT-80 Gy treatment, indicating an
effective T lymphocyte immunity cell response within the tumor
(Fig. S1C). Thus, it can be seen that FDT-80 Gy possessed much
higher efficiency in tumor inhibition and immune activation for
treating MC38 peritoneal carcinomatosis.

Next, to verify the universality of this vaccine system, we
further examined the effectiveness of FDT in the peritoneal
carcinomatosis of CT26. Compared with MC38, CT26 metasta-
sizes more rapidly and is accompanied by severe ascites at
advanced stage. More intractably, CT26 is an MSS-type colon
cancer cell line with the typical manifestation of exiguous immune
cell infiltration and poor prognosis in response to immuno-
therapy”®. In our experimental design, CT26 tumor-bearing mice
were intraperitoneally vaccinated with FDT, prepared under the
abovementioned radiation doses on Days 3, 7, and 11 post-tumor
inoculations, and sacrificed on Day 16 (Fig. 1K). Besides, the first
line of chemotherapeutics drug, oxaliplatin, was applied as the
positive control for the treatment of colon cancer. Unexpectedly,
oxaliplatin showed undesirable tumor inhibition and malignant
ascites regression for MSS tumor (Fig. 1L and M). In contrast,
FDT-80 Gy treatment exhibited the strongest tumor inhibition and
malignant ascites regression in this immunosuppressive cold
tumor (Fig. 1L-0), which was consistent with previous obser-
vations in the PCCC model of MC38. More importantly, 6/7 of
mice in the FDT-80 Gy group achieved complete elimination of
tumor and malignant ascites. The average volume of malignant
ascites in FDT-80 Gy groups decreased by 94% compared with the
PBS group. The neovascularization on the surface of the perito-
neum was obviously fewer (Fig. S1D). This was again verified in
intratumor vascular staining results, in which CD31" blood ves-
sels were largely reduced in FDT-80 Gy groups (Fig. S1E).

The above results revealed that the immunogenicity and anti-
tumor efficiency of FDT vaccines were positively correlated with
the radiation dose. In particular, FDT prepared with 80 Gy
X-radiation showed significantly enhanced therapeutic efficiency
in the peritoneal carcinomatosis model of CT26 and MC38 colon
cancer. Even in the immunosuppressive peritoneal carcinomatosis
model of CT26, FDT-80 Gy treatment was far more effective than
oxaliplatin treatment.

3.2.  FDT is a safe vaccine ingredient with high-efficiency

Having optimized the dose of X-ray for FDT preparation, we
started to investigate the morphology and safety of FDT and
further investigated the appropriate mode of administration for
FDT vaccination. During vaccine preparation, X-irradiation and
freezing techniques were introduced to enhance the immunoge-
nicity and safety of vaccines, respectively. The process was
characterized and verified by scanning electron microscopy
(SEM) and flow analysis. Under SEM observation, both DTC and
FDT maintained the integrity of cell morphology (Fig. 2A). Flow
cytometry analysis revealed that the side scatter (SSC) values of
DTC and FDT were similar to those of live cells, indicating the
reservation of internal structure and cellular content (Fig. 2B).
And the reduction of forward scatter (FSC) value in FDT meant
the shrinkage of cellular size. The above results demonstrated that
the FDT vaccine maintained the integrity of tumor cells.

Since FDT and DTC originated from live tumor cells, they may
still retain the tumorigenicity from cancer cells, which was a
potential safety hazard. It was highly necessary to investigate the
tumorigenicity of FDT and DTC. At 24 h post-irradiation, about
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Figure 2

FDT is a safe vaccine ingredient with high efficiency. (A) SEM images of live tumor cells, DTC, and FDT (scale bar = 200 um and

5 pum). (B) FCM analysis of live cells, DTC, and FDT. (C) The percentages of non-apoptotic cells (Annexin~ PI™), early apoptotic cells
(Annexin™ PI"), and late apoptotic cells (Annexin® PI") in DTC and FDT at 24 h post-X-Ray (n = 3). (D) In vitro proliferation ability analysis of
live cells, DTC, and FDT by CCKS8 (n = 6). (E) Image of in vivo tumorigenesis after i.p. injection of FDT or DTC thrice (n = 5). (F) IHC images
of HE and (G) Ki67 staining of peritoneal MC38 tumor excised from mice after i.p. injection of live cells and DTC (scale bar = 500 and 50 pm).
(H) Schematic illustration of different modes of administration for FDT vaccination in MC38 peritoneal carcinomatosis. (I) Tumor images and
(J) average tumor weights of peritoneal carcinomatosis in different groups (n = 6). Note: the red circle represents tumor-free. Diagrammatic
drawing in (H) was created by Figdraw. Data are presented as mean + SD.

50% of DTC were alive (Annexin V™ PI™) and the portion of late-
stage apoptotic cells (Annexin V' PIT) in DTC was only 10%—
20% (Fig. 2C). After liquid nitrogen frozen and thawing treat-
ment, the percentage of non-viable apoptotic cells in FDT and FC
(unirradiated tumor cells treated with liquid nitrogen frozen
technique) was upregulated to 80%—90%. Next, we examined the
in vitro proliferation activity of live cells, DTC, FC, and FDT by
CCKS assay (Fig. 2D). The results suggested that DTC can pro-
liferate rapidly, just like live tumor cells, within 72 h. Different
from DTC, the proliferation of FDT and FC in 72 h remained

unchanged, indicating that liquid nitrogen frozen treatment can
largely dispel the intrinsic proliferation activity of tumor cells.
Subsequently, we compared the proliferation activity of DTC and
FDT in vivo. Consistent with in vitro proliferation, three times
intraperitoneal injection of FDT (at the doses of 1 x 10° and
5 x 10° cells per mouse) did not lead to tumorigenesis in vivo
(Fig. 2E-GQG). In contrast, DTC can quickly proliferate in vivo and
cause tumorigenesis when the administration dose reaches
5 x 10° cells per mouse. Meanwhile, the body weight and the
routine blood results of FDT-injected mice remained in a
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reasonable fluctuation, indicating the excellent biosafety of FDT
(Supporting Information Fig. S2). Combined with in vitro and
in vivo proliferation assays, FDT was as reliable as cancer vac-
cines due to its elimination of tumorigenicity and few side effects.

Next, we examined the dose-responsive relationship between the
dosage of FDT administration and therapeutic efficiency on peri-
toneal carcinomatosis of MC38 colon cancer. Meanwhile, we uti-
lized conventional agents (oxaliplatin and irinotecan) as the positive
control. The results revealed that a relatively low dose (1 x 10° FDT
per mouse) for FDT administration was enough to achieve effective
tumor inhibition, which could outperform irinotecan (Supporting
Information Fig. S3). Furthermore, we speculated whether there is
a more effective mode of administration compared with i.p. injec-
tion. Our previous research proved that subcutaneously injected
whole-cell vaccine or extracellular vesicle (EV) can drain into
lymph nodes (LNs), thus activating anticancer immunity”>’*%,
Hence, we compared the therapeutic efficiency of FDT through
intraperitoneal and subcutaneous injection (Fig. 2H). However,
intraperitoneal injection of FDT was still more effective in inhibiting
tumor growth than subcutaneous injection of FDT (Fig. 2I and J).
Accordingly, i.p. injection might be the most suitable method for
FDT vaccination to exert 100% therapeutic efficiency in peritoneal
carcinomatosis of colon cancer.

3.3.  FDT showed completely different immune activation effects
on DCs and macrophages

In the previous observation, FDT demonstrated potent tumor in-
hibition in CT26 and MC38 models of peritoneal carcinomatosis.
Inspired by this, we next explored the mechanism of FDT-induced
antitumor immunity by analyzing the subtypes of different im-
mune cells in TME. In our experiment designs, the CT26 tumor-
bearing mice were treated with PBS, FDT, or oxaliplatin on Days
3,7, and 11 and sacrificed on Day 16. The tumor tissues were then
harvested for immune mechanism analysis (Fig. 3A). As expected,
FDT promoted intra-tumoral infiltration of both helper T lym-
phocytes (CD3" CD4% CD45") and cytotoxic T lymphocytes
(CD3" CD8" CD45™) (Fig. 3B and C; Supporting Information
Fig. S4A and S4B). Significantly, the portion of CD3" CD4* T
lymphocytes in FDT groups was 6.82-fold higher than that of the
oxaliplatin-treated group. Besides the effective priming of cellular
immunity, FDT could also trigger the infiltration of a large number
of B lymphocytes (B220" CD45") into TME effectively (Fig. 3D;
Fig. S4C), whereas B cells barely existed in PBS and oxaliplatin
groups, indicating a robust humoral immunity induced by FDT in
TME. Overall, the above results suggested that FDT could trigger
potent adaptive immunity for tumor inhibition.

For the initiation and regulation of adaptive immunity, antigen
presentation cells (APCs), including DCs and macrophages, play a
crucial role’”°. Upon taking up tumor-associated antigens
(TAAs) in the vaccine, quiescent APCs transformed into the
activated state to transmit TAAs to T lymphocytes, eliciting
tumor-specific cytotoxic T cells to eliminate cancer cells™.
Indeed, FDT can activate DCs more effectively compared with
oxaliplatin, manifesting as a significantly higher portion of mature
DCs (CD86" in CD11c™) in the FDT group (Fig. 3E; Fig. S4D).
Additionally, the CD8«" DCs subsets, which can specifically
transmit TAAs to cytotoxicity T lymphocytes, exhibited a 3.2-fold
up-regulation in the FDT group compared with that of the oxali-
platin group (Fig. 3F; Fig. S4E). Despite FDT effectively resulting
in the potent maturation of DCs within TME, the MIl-like

polarization of macrophage barely increased in response to FDT
vaccination (Fig. 3G; Fig. S4F). We proposed that FDT may have
a different efficiency in activating DCs and macrophages. To
figure out this unique phenomenon, we examined the in vitro
immune activation status and signal channel changes of bone-
marrow-derived dendritic cells (BMDCs) and bone marrow-
derived macrophage (BMDMs) in response to FDT stimulation
(Fig. 3H). With the stimulation of FDT, the portion of mature
BMDCs (CD86™ CD80™ in CD11c™") was dramatically upregu-
lated to 70%, which was comparable to the treatment of lipo-
polysaccharide (LPS) served as the positive control (Fig. 31). But
for BMDMs, the portion of M 1-phenotype macrophage (CD86™ in
F4/807%) in FDT group remained at the same level as the blank
control group, indicating that FDT was ineffective at M1-like
polarization of macrophages (Fig. 3J). These results indicated
that FDT showed contrary immune activation efficiency on DCs
and macrophages in vivo and in vitro.

Having demonstrated that FDT can only induce immune
activation in DCs rather than macrophages, we next investigated
the underlying mechanism. Given that the highly abundant dsDNA
accumulated in FDT might induce type I interferon response in
APCs, thereby actively regulating various physiological processes,
including maturation, antigen presentation, and cross-priming of
cytotoxic T cells'>'"?!, we next examined the type I interferon
response of DCs in response to the stimulation of FDT. Indeed,
FDT largely upregulated the mRNA expression of Ifnbl in
BMDCs and finally boosted the IFN@ production by 2-fold
compared with the FC group (Fig. 3K and L), validating robust
type I interferon response induced by FDT stimulation. Entirely
contrary, the mRNA expression of Ifnbl and the cytokine secre-
tion of IFN@ in macrophages just exhibited an unnoticeable
enhancement with FDT treatment (Fig. 3M and N). This obser-
vation demonstrated that the FDT-induced type I interferon
response was restricted to DCs, consistent with our findings that
FDT can only induce the maturation of DCs rather than the M1-
like polarization of macrophages. Furthermore, growing evi-
dence proved that the STING signal is the key mechanism that
drives the antitumor type I interferon response. Thus, we detected
the activation status of the STING pathway in DCs and macro-
phages, which served as sensing signaling of dsDNA for the in-
duction of type I interferon response. As shown in Fig. 30, with
the stimulation of FDT, the expression of phospho-STING (p-
STING) in BMDCs increased significantly compared with FC and
LPS treatment. However, for macrophages, FDT only demon-
strated an unnoticeable augmentation of the p-STING expression
compared with FC treatment (Fig. 3P). The above results illus-
trated that FDT could activate the STING pathway in DCs, thus
triggering a robust type I interferon response and subsequent
maturation of DCs. In contrast, it failed to elicit type I interferon
response and M1-like polarization in macrophages via the STING
signaling pathway.

In summary, FDT exhibited a completely contrasting effect on
macrophages and DCs, which can only activate DCs rather than
macrophages. The failure in the immune activation of macrophages
may be related to the inability of dsDNA in FDT to activate STING
and induce type I interferon response. Given that macrophages are
the most abundant immune cells in TME and play a central role in
innate immunity'’, more advanced FDT vaccination strategies
should be developed to enhance M1-like macrophage polarization
and incorporate two branches of adaptive and innate antitumor
immunity.
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Figure 3  FDT showed completely different immune activation effects on DCs and macrophages. (A) Schematic illustration of immune subtype

analysis in CT26 peritoneal tumor. (B) CD4" T lymphocytes (CD3* CD4" CD45™), (C) CD8" T lymphocytes (CD3" CD8" CD45™), (D) The
percentage of B cells (B220" CD45™), (E) matured DCs (CD86" in CD11c™), (F) CD8a" DCs (CD8«™ in CD11c™) and (G) Ml-like mac-
rophages (CD86" in CD11b™ F4/80™) within tumor (n = 4). (H) The schematic illustration of the STING-pathway analysis in BMDCs and
BMDMs by flow cytometry, gPCR, CBA, and Western blot. (I) The percentage of maturation in BMDCs (CD80" CD86™ in CD11c™) and (J) the
percentage of M1 phenotype BMDMs (CD86™ in F4/80™) (n = 3). (K) The mRNA expression of [finh] and (L) the secretion of IFNG in BMDCs
after different treatments (n = 3). (M) The mRNA expression of Ifnbl and (N) the secretion of IFNG in BMDMs after different treatments
(n = 3). (O, P) The expression of P-STING and STING in BMDCs and Raw264.7 macrophages after different treatments. Diagrammatic
drawings in (A) and (H) were created by Figdraw. Data are presented as mean £ SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

3.4.  UNC2250 inhibited the efferocytosis of macrophages on
FDT to restore the immune activation effect on macrophages

The current FDT vaccine strategy just showed limited efficacy in
promoting STING activation and anti-tumorigenic MI1-like

polarization of macrophages. Therefore, we next explored the
underlying mechanism of the immunologically silent state in
macrophages with FDT stimulation.

Recent research has found that the massive exposure of PS on
apoptotic cells can result in efferocytosis of macrophages and
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achieve immunosuppressive clearance of apoptotic cells in
TME***. During this process, MerTK is an important phagocytic
receptor on macrophages, which directly mediates the identifica-
tion of apoptotic cells'>**. Therefore, we speculated that in TME,
MerTK on TAMs may recognize and bond with PS exposed on
apoptotic FDT to facilitate the rapid removal of TAAs and
DAMPs signal before alerting the innate immune system
(Fig. 4A). Notably, the detection of PS exposure on the surface of
FDT revealed that X-radiation and liquid nitrogen frozen process
will result in massive PS exposure on the surface of FDT
compared with live cells (Fig. 4B). Thus, FDT will be largely
engulfed and cleared by macrophages. Upon pretreated with
MerTK inhibitor UNC2250 (at least 4 h early), macrophages,
including BMDMs and Raw264.7 cell lines, showed substantially
reduced phagocytosis of FDT with an inhibitory rate of 59.6% and
80% in 2 h, respectively (Fig. 4C and D; Supporting Information
Fig. SSA-S5D), validating that the inhibition of the interaction
between MerTK and PS could effectively inhibit the clearance of
FDT by macrophages. In contrast, DCs pretreated with UNC2250
showed almost unchanged uptake capacity of FDT (Fig. 4C),
indicating that DCs can still uptake FDT even in the presence of
UNC2250 and may retain favorable immune activation effects.

Moreover, with the effective blockade of macrophage-mediated
clearance by UNC2250, FDT showed significantly enhanced
STING activation in macrophages. In BMDMs, the combinational
stimulation of FDT and UNC2250 largely upregulated the phos-
phorylation of STING (Fig. 4E). Correlated with the effective
STING activation, the combinational strategy boosted the mRNA
expression of /fnb1 by 3.77-fold compared with FDT treatment, thus
triggering a massive secretion of IFNS, which was 2.67-fold higher
than that of FDT group (Fig. 4F and G). Besides, the secretion of
other pro-inflammatory cytokines, including IL6 and TNFa, also
largely increased (Fig. 4H and I). With the potent activation of the
STING pathway in macrophages, we examined whether this
combinational strategy could also induce a robust M1-like polari-
zation of macrophages. As shown in Fig. 4]J-L, the percentage of
MI phenotype BMDMs (CD86" in F4/80") was rapidly upregu-
lated in combinational groups by 3-fold compared with control
groups. The M1/M2 ratio in the combinational group was 13.6-fold
higher than the FDT group (Fig. 4L). A similar result was observed
in Raw264.7 cell lines (Fig. SSE). The underlying mechanism of
these results may largely be attributed to the increasing release of
c¢cGAMP and dsDNA from FDT after MerTK inhibition, thereby
entering macrophages to activate the STING pathway and M1-like
polarization'®. Therefore, combining FDT with UNC2250 may be
an advantageous synergistic strategy to facilitate the simultaneous
activation of DCs and TAMs.

3.5.  UNC2250 synergistically enhanced antitumor efficiency of
FDT vaccine

Encouraged by the findings that combining UNC2250 with the
FDT vaccine could exert significantly enhanced M1-like polari-
zation and STING activation of macrophage in vitro, we examined
the therapeutic efficiency of this combinational strategy in vivo on
MC38 model (Fig. 5A). For the treatment of MC38 peritoneal
carcinomatosis, UNC2250 monotherapy can barely inhibit tumor
progression. Although FDT has already demonstrated excellent
antitumor efficacy, the combinational treatment of FDT and
UNC2250 resulted in a substantial 79% reduction in average
tumor weight compared with FDT alone (Fig. 5B and C). Mean-
while, it is worth noting that 2/6 mice in the FDT + UNC2250

combination group were tumor-free, which overmatched oxali-
platin treatment. In addition, the immunofiuorescence (IF) results
revealed that the amount of F4/80" (biomarker of macrophages)
cells in the combinational group was higher compared with that in
the FDT group (Supporting Information Fig. S6), indicating
increased infiltration of macrophages in TME. Moreover, there
was a higher expression level of i-NOS (the biomarker of M1
macrophages) in the combinational group (Fig. 5D). And consis-
tent with the in vitro efferocytosis inhibition results, the distribu-
tion of cleaved-caspase3™ cells in the combinational group
significantly increased compared with other groups, indicating the
massive accumulation of apoptotic cells within the tumor
(Fig. 5E).

For the immunosuppressive CT26 model, the combinational
strategy also exhibited the strongest inhibition of tumor burden
and malignant ascites (Fig. 5F-J). Compared with FDT mono-
therapy, the combinational treatment further reduced tumor weight
by 87% (Fig. 5H). More importantly, the combinational treatment
resulted in a complete regression of ascites in all mice (Fig. 5I)
and tumor-free in 5/8 mice (Fig. 5J). In addition, the MerTK
expression in tumors was significantly reduced after UNC2250
treatment (Supporting Information Fig. S7). Consistently, IHC
images revealed that combinational treatment resulted in large
areas of apoptosis within the tumor, which was not observed in
other groups (Supporting Information Fig. S8). Overall, these re-
sults demonstrated that the combinational treatment of
FDT + UNC2250 can primarily enhance the antitumor efficiency
of the FDT vaccine. Given that PCCC is still intractable for the
current clinical strategy, this combinational vaccine strategy may
provide a potential therapeutic regimen.

3.6. The combination of FDT and UNC2250 facilitated the
double activation of adaptive and innate immunity

Given the outstanding tumor inhibition rate and the M1-like po-
larization of this combination therapy (FDT + UNC2250), we
next explored in vivo immune activation effects of this combina-
tional treatment on peritoneal tumors (Fig. 6A). The CT26 tumor-
bearing mice were treated as described previously, and sacrificed
on Day 16 to obtain tumor tissue and spleen for immune analysis
(Supporting Information Figs. S12-S14). In tumor, the combi-
national treatment significantly raised the M1-like polarization of
TAMs (CD86™ in F4/80" CD11b™) by 2-fold compared with FDT
mono-treatment (Fig. 6B). Meanwhile, the M2-like polarization of
TAMs was also significantly restrained (Fig. 6C). Besides the
effective M1-like polarization of TAMs, the portion of mature
DCs (CD86" in CD11c™) in TME was also upregulated by 1.5-
fold compared with FDT groups (Fig. 6D), which may be attrib-
uted to the effective blockade of efferocytosis. Consistent with the
cooperative activation of adaptive immunity and innate immunity
after the combinational treatment, the production of TNF« within
the tumor significantly increased compared with the mono treat-
ment of FDT (Supporting Information Fig. S9). Moreover, the
combinational treatment resulted in increasing expression of IgG
and IgM within the tumor (Fig. 6E; Supporting Information
Fig. S10), which are the major antibodies secreted by effector B
lymphocytes to elicit antibody-dependent cell-mediated cytotox-
icity (ADCC) and complement-dependent cytotoxicity (CDC)
against tumor respectively”> =’

In the spleen, the portion of M1 phenotype macrophages also
largely increased by S5-fold compared with the PBS group
(Fig. 6F; Supporting Information Fig. S11A), indicating the
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The combination therapy can boost adaptive and innate immunity simultaneously. (A) Schematic illustration of flow cytometry

analysis and immune fluorescence observation of tumor tissue and spleen. (B) Quantitative analysis and representative flow cytometry plots of M1
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successful immune activation of macrophages in the immune
organ induced by this combinational strategy. This combinational
strategy further activated DCs in the spleen (Fig. 6G; Fig. S11B),
resulting in the highest portion of CD8* T lymphocytes in the
spleens (Fig. 6H; Fig. S11C). In addition, the combinational
treatment further boosted the proliferation of germinal center B
lymphocytes (GCB, CD38°" GL7"€") in the spleen compared
with FDT monotherapy (Fig. 6I; Fig. S11D), suggesting the
activation of germinal center in lymphoid tissue. Overall, these
findings illustrated that the combination of FDT and UNC2250
could trigger M1-like polarization of TAMs and the activation of
DCs simultaneously, thus eliciting cooperative activation of
adaptive immunity and innate immunity.

4. Discussion

The use of X-radiation to induce ICD in tumor cells has been
proven to be effective in activating the immune system. Over the
years, most clinical research has focused on developing a potent in
situ cancer vaccine via X-radiation. Recent research has proved
that repeated low-dose radiation can elicit stronger type I inter-
feron response of in situ tumor cells compared with single high-
dose radiation'’. Besides local radiation, researchers also found
that total body irradiation can result in massive infiltration of T
cells and subsequent tumor eradication’®. Although these findings
provide a favorable basis for the development of X-ray-induced in
situ vaccines, the effectiveness of these in situ vaccines induced by
X-radiation is still far from clinical demand due to the limitation
of the maximum permissible dose. In contrast, direct irradiation of
tumor cells in vitro allows higher radiation doses without
damaging normal tissue, making it a more feasible method for
DTC preparation. Therefore, in this study, we chose X-Ray as an
ICD inducer to build a vaccine system with high immunogenicity.

However, the relationship between in vitro irradiation dose and
immunogenicity of DTC remained unclear. We thereby explored
the dose-response relationship between radiation and immunoge-
nicity of the FDT vaccine. And finally, we figured out the positive
correlation between radiation dose and immunogenicity. Based on
this conclusion, we optimized the radiation dose during FDT
preparation, thereby facilitating superior tumor inhibition in
metastatic colon cancer. This was particularly significant in the
treatment of peritoneal carcinomatosis in colon cancer, which was
always associated with poor overall prognosis®. FDT effectively
inhibited rapid metastasis of cancer cells accompanied by the
accumulation of malignant ascites. Even for the MSS type CT26
model that was almost intractable for oxaliplatin, FDT also
showed superior antitumor effects. Notably, the FDT vaccine can
induce robust type I interferon response via STING signaling in
DCs due to high-dose radiation-induced accumulation of intra-
cellular dsDNA. Consistently, FDT activated DCs within the
tumor, thus eliciting strong tumor-specific T lymphocyte immune
response and B lymphocyte immune response.

Although FDT can induce strong activation of DCs, macro-
phages were unresponsive in FDT-treated mice. The primary
factor was that TAMs could recognize and bind with PS on FDT
via the recognition of MerTK, thereby triggering immune clear-
ance to maintain immunosuppression in TME. Given that massive
exposure of PS on FDT can be recognized as an ‘eat me’ signal via
the MerTK receptor on macrophages, we next combined FDT with
MerTK inhibitor UNC2250 to avoid the immune clearance of
FDT and apoptotic tumor cells by TAMs, thus restoring effective

M1-like polarization of macrophages. As expected, this combi-
national strategy significantly reduced the engulfment of FDT by
macrophages. In TME, the MerTK blockade via UNC2250 sub-
stantially reduced the FDT internalization by TAMs specifically.
In addition, there was a noticeable increase in apoptosis within the
tumor tissue after combinational treatment, indicating rapid
accumulation of apoptotic cells. With the inhibition of FDT
clearance, the combination of FDT and UNC2250 could activate
the STING signaling in macrophages effectively and lead to
enhanced M1-like repolarization of TAMs, indicating an effective
activation of innate immunity. Besides, DCs were further activated
by inhibiting the immunosuppressive clearance medicated by
TAMs. Thereby, the CD8'T lymphocytes and B lymphocytes
were further enhanced compared with the FDT monotherapy,
indicating the enhancement of DCs-mediated adaptive immunity
induced by this combinational treatment. Consequently, this
combinational strategy evoked much stronger tumor-specific im-
munity than FDT monotherapy, thus further enhancing the tumor
inhibition compared with FDT treatment.

5. Conclusions

In summary, we have proposed a safe and effective cancer vaccine
strategy by combining X radiation-induced FDT vaccine with the
macrophage efferocytosis checkpoint inhibitor UNC2250. This
novel vaccine strategy integrated high immunogenicity and low
safety risk. In the future, the FDT vaccine could be prepared from
the tumor tissue excised from individual patients, which can retain
favorable therapeutic effects and be easy to preserve, thus
providing an innovative idea for the development and translation
of personalized cancer vaccines.
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