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ABSTRACT

Radiotherapy could regulate systemic antitumor immunity, while the immune state in the tumor micro-
environment (TME) also affects the efficacy of radiotherapy. We have found that higher CD8" T cell
infiltration is associated with longer overall survival of lung adenocarcinoma and melanoma patients
receiving radiotherapy. 8-Gray radiation increased the transcriptional levels of chemokines in tumor cells
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in vitro. However, it was not sufficient to induce significant lymphocyte infiltration in vivo. Dipeptidyl Chemokines; DPP4;
peptidase 4 (DPP4) has been reported to inactivate chemokines via post-translational truncation. Single- immunotherapy;

cell sequencing revealed that dendritic cells (DCs) had a higher DPP4 expression among other cells in the
TME and upregulated DPP4 expression after radiation. Combining a DPP4 inhibitor with radiotherapy
could promote chemokines expression and T cell infiltration in the TME, enhancing the antitumor effect of
radiotherapy. Moreover, this therapy further enhanced the therapeutic efficacy of anti-PD-1. In this study,
we demonstrated the underlying mechanism of why radiotherapy failed to induce sufficient T cell
infiltration and proposed an effective strategy to promote T cell infiltration and sensitize radiotherapy.
These findings demonstrate the translational value of DPP4 inhibition as a complementary approach to
enhance the efficacy of radiotherapy and the combination of radiotherapy with immunotherapy.

radiotherapy; T cells

Introduction
significant increase in T cell infiltration was observed after
radiotherapy in vivo.'>'* This suggests the presence of
unknown mechanisms that negatively regulate chemokines
in the TME, limiting the radiation-induced immune response.
The degradation of chemokines and cytokines, such as
being cleaved by proteases and enzymes, is the primary
mechanism responsible for their inactivation in vivo."
Dipeptidyl Peptidase 4 (DPP4), also known as T cell surface
marker CD26, is a widely expressed transmembrane glyco-
protein that recognizes proteins with proline or alanine at
the penultimate position and cleaves the amino-terminal
dipeptides to modulate protein structure and function.'®
Numerous chemokines and cytokines serve as potential
substrates for DPP4.'”'® In vitro studies have shown that
DPP4 cleaves CXCL10 to produce a product that acts as an
antagonist to its receptor CXCR3, thereby attenuating its
chemotactic effect."”*® Promising results from studies
focusing on DPP4 suppression in melanoma, liver, breast,
colon, and pancreatic tumors hint at future clinical
applications.'>*' > However, there exists a notable gap in
research concerning the effectiveness and underlying

Radiotherapy is a well-established treatment modality for
malignant tumors, with 50%-70% of patients requiring it for
either cure or local control during their treatment process."
Radiotherapy has been shown to contribute to the anti-tumor
immune response through various mechanisms, including
inducing an “in situ vaccine effect”,”” altering the immuno-
genicity of tumor cells,* and reprogramming the tumor
microenvironment (TME) from an immunosuppressive
“cold tumor” phenotype to an immunostimulatory “hot
tumor” phenotype.”® By inducing the expression and secre-
tion of pro-inflammatory cytokines and chemokines, radia-
tion can recruit pro-inflammatory immune cells.””” Immune
cell infiltration, especially T cell infiltration, plays a critical
role in immune checkpoint blockade (ICB) therapy, indicat-
ing that immune cell chemotaxis after radiation may be a key
factor contributing to the synergistic effects of radiotherapy
and immunotherapy.'®'" In vitro studies have demonstrated
that irradiation (IR) promotes the expression of chemokines
in tumor cells, indicating its potential to attract T cells to
migrate into the tumor site.'”> However, several studies,
including the clinical trial (NCT03223155), reported that no
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mechanisms of DPP4 inhibitors in the context of
radiotherapy.

In this study, we aim to identify the distribution of DPP4
expression after radiotherapy, elucidate the role of DPP4 in
radioresistance, and validate the therapeutic efficacy of com-
bining DPP4 inhibition with radiotherapy. Our findings
showed that dendritic cells (DCs) constituted the predominant
cell subpopulation with high DPP4 expression in the TME.
Additionally, we observed that DPP4 expression in DCs hin-
dered the chemotaxis of immune cells following radiotherapy
in vitro. When radiotherapy was combined with DPP4 inhibi-
tor treatment, a significant increase in T cell infiltration was
observed, leading to the inhibition of tumor growth and an
improved therapeutic response to anti-PD-1 antibody

treatment.

Materials and methods
Chemicals and Antibodies

Vildagliptin (LAF-237, DPP4 inhibitor) and anti-CD8 anti-
body were purchased from Selleck. Anti-PD-1 antibody was
purchased from BioXcell.

Cell culture

Murine B16F10 melanoma cell line, murine Lewis lung carci-
noma cell line (LLC) and murine 4T1 breast cancer cell line
were purchased from the American Tissue Culture Collection.
Luciferase stably transfected B16F10-LUC cell line was estab-
lished and maintained in our laboratory.

Radiation

Cells were exposed to a single dose of 8-Gray (Gy) radiation,
following which the culture medium was replaced with fresh
medium. Subsequently, mice, bearing tumors on their poster-
ior limbs, were anesthetized with a 1% pentobarbital sodium
solution and irradiated with a single dose of 8 Gy each time.
During cell radiation, culture plates were positioned on a 1 cm
thick plastic platform, with a radiation field measuring 40 x 40
cm. Similarly, for mouse tumor radiation, the animals were
placed on a 1 cm thick plastic platform, and the posterior limbs
bearing tumors were exposed to a radiation field measuring
40 x 2 cm, carefully avoiding exposure to normal tissues. All
dose delivery was performed by the beam quality of 6 MV and
dose rate of 6 Gy/min (600 MU/min, Trilogy System Linear
Accelerator, Varian Medical Systems).

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from cells using the Total RNA Kit
I R6834 (Omega) and was subjected to complementary DNA
synthesis using HiScript III RT SuperMix (Vazyme), follow-
ing the manufacturer’s instructions. The RT-qPCR reaction
was performed using AceQ Universal SYBR qPCR Master
Mix (Vazyme) on a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). All primers used in this study

were synthesized by Sangon Biotech Co. Ltd. and were listed
in Table S1.

Generation of bone marrow-derived dendritic cells
(BMDCs) and bone marrow-derived macrophages
(BMDMs)

For the generation of BMDCs and BMDMs, bone marrow cells
collected from femurs of C57BL/6 mice were cultured in the
complete RPMI 1640 medium, in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF, 20 ng/ml;
Biolegend) or macrophage colony-stimulating factor (M-CSF,
20 ng/ml; PeproTech), respectively. Red blood cells (RBCs)
were depleted using RBC lysis buffer (Biosharp). The culture
medium was replaced with fresh medium every 2 days. BMDCs
and BMDMs were harvested on the seventh day for further
experiments.

Single-cell RNA sequencing

After euthanizing the LLC subcutaneous tumor mice 72-h
post-8 Gy irradiation, both the irradiated and control tumor-
bearing mice were submerged in 75% alcohol. Following a 10-
minute immersion, they were transferred to a sterile laminar
flow hood. With the use of sterilized scissors and forceps, the
subcutaneous tumor tissues were meticulously separated and
gathered (ensuring the sampled tissues were free from necrosis
or blood clots). These tissues were then cut into small pieces,
approximately 100 mg in size, washed twice with sterile PBS
buffer, and promptly submerged in pre-chilled tissue preserva-
tion solution (GEXSCOPE TM Tissue Preservation Solution,
Singleron). Then, samples were sent to Singleron
Biotechnologies Inc. for single-cell library construction,
scRNA-sequencing, and data analysis.

For tissue dissociation and preparation, the samples were
digested with 3 mL sCellLiveTM Tissue Dissociation Solution
(Singleron) by Singleron PythoN™ Tissue Dissociation System
at 37°C for 15min. The cell suspension was collected and
filtered through a 40-micron sterile strainer. Afterward, the
GEXSCOPE® red blood cell lysis buffer (RCLB, Singleron)
was added, and the mixture [Cell: RCLB = 1:2 (volume ratio)]
was incubated at room temperature for 5-8 min to remove red
blood cells. The mixture was then centrifuged at 300 g at 4°C
for 5 mins to remove supernatant and suspended softly with
PBS. Finally, the samples were stained with Trypan Blue and
the cell viability was evaluated microscopically.

For RNA isolation and ¢cDNA library construction, Single-
cell suspensions (2 x 10> cells/mL) with PBS (HyClone) were
loaded onto microwell chip using the Singleron Matrix® Single
Cell Processing System. Barcoding Beads are subsequently
collected from the microwell chip, followed by reverse tran-
scription of the mRNA captured by the Barcoding Beads and to
obtain cDNA, and PCR amplification. The amplified cDNA is
then fragmented and ligated with sequencing adapters. The
scRNA-seq libraries were constructed according to the proto-
col of the GEXSCOPE® Single Cell RNA Library Kits
(Singleron). Individual libraries were diluted to 4 nM, pooled,
and sequenced on Illumina nova-seq 6000 with 150 bp paired-
end reads.



Raw reads from scRNA-seq were processed to generate gene
expression matrixes using CeleScope (https://github.com/sin
gleron-RD/CeleScope) v1.9.0 pipeline. Briefly, raw reads were
first processed with CeleScope to remove low-quality reads
with Cutadapt v1.17 to trim poly-A tail and adapter sequences.
Cell barcodes and unique molecular identifiers (UMIs) were
extracted. After that, STAR v2.6.1a was used to map reads to
the reference genome GRCm38 (ensemble version 92 annota-
tion). UMIs counts and gene counts of each cell were acquired
with feature Counts v2.0.1 software, and used to generate
expression matrix files for subsequent analysis.

Immune cells profiling by Flow Cytometry (FC)

Mice tumor tissues were cut into small pieces and digested with
0.32 mg/mL collagenase V (Biosharp) and 0.5 mg/mL hyalur-
onidase (Biosharp) for 1 h, then grinding the digested tissues.
Cells were then washed with PBS and resuspended in PBS for
further experiments. For FC, single-cell suspensions were
stained with Zombie to exclude dead cells. To analyze
BMDCs and BMDMs, cell suspensions were stained with
CD45, CD11b, CD11c, CD86, CD80, and F4/80 antibodies at
4°C for 30 min.

To analyze T cells, cell suspensions were stained with CD3,
CD4, and CD8a. For T cell intracellular cytokine staining, cell
suspensions were first stimulated with Phorbol 12-myristate
13-acetate (PMA) (100 ng/mL; Abcam), Monensin sodium salt
(1 pg/mL; Abcam), and Ionomycin calcium salt (100 ng/mL;
MCE) for 4-6 h before fixation and permeabilization, then
were stained with IFN-y, GrzB and FOXP3 antibodies at 4°C
for 30 min.

All antibodies for FC were purchased from BioLegend and
were listed in Table S2.

Cell chemotaxis assay

Tumor cells with or without a single dose of 8 Gy radia-
tion were seeded into twelve-well Transwell plates. Single-
cell suspensions made from spleens were seeded into 3 pm
Transwell upper chambers and were cocultured with cells
in twelve-well plates for 24 h. The serum-free medium
from unirradiated and irradiated B16F10 cells and applied
with or without vildagliptin to BMDCs for 6 h. The cul-
ture medium was then collected and centrifuged to
remove cells and cell fragments, which was next supple-
mented with serum and filtered to get the conditioned
medium. The control or conditioned medium in the
lower chamber. Single-cell suspensions made from spleens
were seeded into upper chambers and were cocultured
with cells in twelve-well plates for 24 h before FC.

Tumor tissue proinflammatory chemokines detection

Mice tumor tissue was harvested and processed according to the
manufacturer’s instructions. Chemokines in mice tumor tissues
were quantified by LEGENDplex Mouse Proinflammatory
Chemokine Panel (BioLegend) using FC.
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Animal experiments and evaluation of therapeutic effects

Mice used for experiments were 6-week and sex-matched mice.
C57BL/6, Balb/c and Balb/c-nude mice were purchased from
SJA Laboratory Animal Co. (Hunan, China). All animals were
maintained in the specific pathogen-free barrier facility in the
Animal Center of Huazhong University of Science and
Technology (HUST; Wuhan, China). All animal studies were
performed in compliance with protocols that had been
approved by the Hubei Provincial Animal Care and Use
Committee, in accordance with the experimental guidelines
of the Animal Experimentation Ethics Committee of the
HUST (Wuhan, China). The IJACUC Number was 3209. To
establish the subcutaneous transplanted B16F10-LUC and LLC
tumor model, 5 x 10> cells were injected subcutaneously into
the right flank of female C57BL/6. For 4T1 tumor model, 5 x
10° cells were injected subcutaneously into the right flank of
Balb/c and Balb/c-nude. When the tumor volume reached
about 50 mm?, mice were divided randomly into four groups.
Mice were treated with vildagliptin (20 mg/kg) or PBS via
gastric gavage every 2 days with or without irradiation with
a single dose of 8 Gy. Subcutaneous tumor sizes were measured
by vernier calipers and recorded based on the length (L) and
the width (W) of tumors. Tumor volume (V) was calculated
with the formula V = (L x W%/2).

Bioluminescence imaging

Mice were intraperitoneally injected with firefly luciferin (150
mg/kg; Sigma-Aldrich) after being anesthetized with 1% pen-
tobarbital sodium. After 15 min, the luminescent images were
acquired with a 3-min exposure time, and X-ray photographs
were taken with a 30-s exposure time by a Bruker In Vivo MS
FX PRO Imager.

CD8" T cell depletion assay

On the day before treatment, 200 pg of mouse anti-CD8 anti-
bodies per mouse were intraperitoneally injected. The second
dose was given 3 days later with 150 ug of antibodies per
mouse.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.0
software. For comparisons of two groups, statistical signifi-
cance was analyzed using two-tailed unpaired Student’s t-test.
For comparisons of three or more groups, one-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison test was
performed. Results were presented as mean + standard error
mean (SEM). *: p <.05; **: p<.01; ***: p<.001; and ns, not
significant.

Results
IR fails to recruit T cells in vivo

Preexisting CD8" T cells are vital for the efficacy of immu-
notherapy, while it remains controversial whether radiation
promotes CD8" T cell infiltration. Initially, we explored the
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relationship between CD8" T cells in the TME and the
response to radiotherapy using The Cancer Genome Atlas
(TCGA) database. We selected the patients with lung adeno-
carcinoma (LUAD) and cutaneous melanoma (SKCM) who
received radiotherapy and had available transcriptome data.
The infiltration of CD8" T cells in the TME was determined
by the CIBERSORT algorithm. As shown in Figure la-b,
a higher percentage of CD8" T cells in the TME was asso-
ciated with prolonged survival in LUAD and SKCM patients.
Furthermore, as our primary approach involved palliative
radiotherapy for stage IV patients rather than radical radio-
therapy for in situ tumors, we conducted an analysis that
excluded stage IV patients. This analysis revealed that
patients with a higher proportion of CD8" T cells in the
TME experienced extended survival, and this difference
remained statistically significant in SKCM patients (Fig. Sla-
S1b).

It has been reported that irradiation could increase chemo-
kines secretion.'”> We demonstrated that the transcription of
CXCL9 and CXCL10 was upregulated in both LLC and mela-
noma B16F10 cells after 8-Gy irradiation (Figure 1c-d and Fig.
S1c¢-S1d). To further examine whether irradiated tumor cells
could recruit immune cells, we performed a Transwell experi-
ment. Spleen cells were collected from the lower chamber after
co-culture with unirradiated or irradiated (8 Gy) LLC and
B16F10 cells (Figure le). FC was used to identify the types of
immune cells recruited by tumor cells. Irradiated LLC and
B16F10 cells recruited more CD45" immune cells, and specifi-
cally significantly higher levels of CD4" T and CD8" T cells
were recruited after 8 Gy irradiation (Figure 1f-g).
Additionally, we sorted CD8" T cells from spleen and per-
formed the Transwell experiment. As shown in Fig. Sle-S1f,
irradiated (8 Gy) LLC and B16F10 cells recruited more CD8"
T cells in vitro. However, the recruited CD8" T cells did not
exhibit significant differences in the expression of CD69, LAG3
and PD-1.

The above data showed that irradiated tumor cells induced
chemotaxis of T cells in vitro. Subsequently, we investigated the
T cell recruitment effect of irradiation (IR) in vivo. We estab-
lished a subcutaneous transplanted tumor model of B16F10 in
C57BL/6 mice. The mice were randomly divided into two
groups after the tumor volume reached approximately 50
mm’. One group was treated with a single dose of 8 Gy radia-
tion. One week later, the mice were sacrificed, and tumors were
harvested. Immunofluorescence (IF) showed that irradiation
did not increase the fraction of CD8" T cells in vivo (Figure 1h-
i). We also used FC to analyze the changes in T cells in the
TME after irradiation. The gating strategy is shown in Fig. Sle.
Unlike the in vitro results, irradiation did not significantly
increase either the fraction of Thl (CD4'IFN-y") and CTL
(CD8'IFN-y", CD8"GrzB") or the percentage of CD4" and
CD8" T cells (Figure 1j-k and Fig. S1h-S1k). Interestingly, we
observed that irradiation significantly increased the fraction of
regulatory T cells (Treg, CD4"FoxP3") (Fig. S1k). Although
irradiated tumor cells increased the expression of chemokines
and recruitment of T cells in vitro, IR failed to recruit T cells in
this mouse model. Therefore, it is vital to study the mechanism
behind this phenomenon and propose an effective method to
promote T cell infiltration in vivo.

IR increases DPP4 expression in DCs

Chemokines play a pivotal role in influencing lymphocyte
infiltration into the TME. Our results showed that radiother-
apy promotes the expression of chemokines and the recruit-
ment of immune cells in vitro. However, this effect was not
observed in a mouse model, prompting us to investigate
whether chemokines were inactivated in vivo. Twelve chemo-
kines, including CXCL9, CXCL10, CCL5, and CCL11, have
been identified as substrates of DPP4, a serine exopeptidase
that inhibits the function of chemokines via cleavage. To
explore the role of DPP4 in T cell infiltration, we initially
measured the expression of DPP4 in the TME. We analyzed
two datasets of SKCM in the Tumor Immune Single-cell Hub2
(TISCH2). As shown in Figure 2a-b and Fig. S2a-S2b, DCs
exhibited the highest DPP4 expression in both databases. To
validate the data, we used FC to analyze the DPP4 levels in
various cell types within B16F10-LUC tumors. Our analysis
included macrophages (CD45"CD11b*F4/80" cells), DCs
(CD45°CD11c" cells), CD3* T cells, CD8" T cells, and tumor
cells (CD45™ cells), with DCs showing the highest DPP4
expression in mouse tumors (Figure 2c-d). Additionally, we
confirmed these findings through RT-qPCR, which indicated
that BMDCs had the highest mRNA levels compared to LLC,
B16F10, and BMDMs (Figure 2e-f). Immunoblot results
further supported the RT-qPCR findings (Fig. S2d).

To profile the changes in DPP4 expression after IR, we
performed single-cell RNA sequencing (scRNA-seq) for LLC
control tumors and irradiated (8 Gy) tumors. The scRNA-seq
results revealed that DPP4 was primarily expressed in DCs and
was upregulated in DCs following IR (Figure 2g-h). FC results
also indicated an upregulation of DPP4 levels in DCs after 8 Gy
radiation (Figure 2i). To further study how IR upregulates
DPP4 in DCs, we tested the direct effect of IR on DPP4
expression in DCs and found that IR did not directly affect
the DPP4 levels in DCs (Figure 2j). Since IR could induce
immunogenic cell death of tumor cells and activate DCs
in vivo, we explored whether the upregulation of DPP4 was
related to DC activation. We collected conditioned medium
(CM) from tumor cells or irradiated (8 Gy) tumor cells, then
cultured BMDCs with either CM or lipopolysaccharide (LPS).
We found that LPS treatment and CM from both unirradiated
and irradiated tumor cells significantly increase the DPP4
expression on BMDCs. Notably, CM from irradiated tumor
cells exhibited the highest potential for inducing DPP4 expres-
sion (Figure 2k and S2e-S2f). Furthermore, we discovered
a positive correlation between DPP4 mRNA levels in DCs
and the expression of DCs activation markers CD80 and
CD86 in the scRNA-seq database (Figure 21-m and S2g-S2h).

Vildagliptin enhances tumor response to IR

We then investigated whether the inhibition of DPP4
enzyme activity in BMDCs, using the effective and specific
DPP4 inhibitor, vildagliptin, could enhance the chemotaxis
of T cells. We collected serum-free medium from unirra-
diated and irradiated (8 Gy) B16F10 cells and applied it to
BMDCs with or without vildagliptin for 6 h. The culture
medium was subsequently collected, centrifuged to remove
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cells and cell fragments, supplemented with serum, and
filtered to obtain the conditioned medium. This conditioned
medium was added to the lower chamber, while spleen cells
were placed in the upper chamber (Figure 3a). Compared to
unirradiated B16F10, irradiated B16F10 cells promoted T cell
infiltration and myeloid cell chemotaxis to the lower cham-
ber (Figure 3b-f). Additionally, the medium from BMDCs
inhibited T cell recruitment, which could be rescued by the
addition of vildagliptin (Figure 3b-f).

To further explore the effect of vildagliptin in sensitizing IR,
we performed the preclinical experiment using B16F10-LUC
cells, LLC, 4T1, and MC38 (Figure 3g). In the B16F10 subcu-
taneous model, combining vildagliptin with a single dose of 8
Gy radiation significantly inhibited the tumor growth and
reduced tumor weight (Figure 3h-i). Similarly, in the LLC,
4T1, and MC38 subcutaneous models, vildagliptin enhanced
the tumor response to 8 Gy radiation (Figure 3j-k and Fig. S3a-
S3d). Taken together, our results showed that vildagliptin
inhibited tumor growth in combination with 8 Gy radiation.
Furthermore, we assessed the biocompatibility of vildagliptin
in combination with 8 Gy radiation in healthy mice. Three days
after the last administration, the blood and tissue were col-
lected for biochemical analysis and hematoxylin-eosin staining.
There were no significant differences in the number of red
blood cells (RBC) and white blood cells (WBC) among mice
from different treatment groups (Figure 3l). To evaluate liver
and kidney function, we measured alanine transaminase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), and creatinine (CR). No significant differences were
observed among the four groups (Fig. S3e-S3h). Additionally,
histopathological examination of lung, heart, kidney, and liver
revealed normal histological morphology in the combined
treatment group (Fig. S3i). Therefore, these data indicated
that vildagliptin is safe in combination with IR.

Vildagliptin promotes T cell infiltration in combination
with IR

To understand the mechanisms of vildagliptin, we first exam-
ined the effect of vildagliptin on tumor cells and BMDCs
in vitro. As shown in Fig. S4a-S4b, vildagliptin did not directly
induce tumor cell death, whether with or without 8 Gy irradia-
tion. In BMDCs, vildagliptin did not increase the expression of
CD80 and CD86, nor affect the LPS-induced upregulation of
CD80 and CD86 (Fig. S4c-S4d). Since DPP4 is known to
inactivate chemokines, we then explored whether vildagliptin
could affect the level of chemokines in the TME in vivo. We
harvested tumors as indicated in Fig. S5a-S5b and measured
the chemokine concentration in the TME by LEGENDplex.
Compared to 8 Gy radiation treatment alone, the combination
group significantly increased the expression of CXCLS9,
CXCL10, and CCL2, which involved in the recruitment of

T cells. Furthermore, the combination group also promoted
cytokines that contribute to the recruitment of other immune
cells, such as CXCL13, CCL11, CXCL1, and CCL3/CCL4 for
B cells, eosinophil, neutrophil, and monocytes, respectively
(Figure 4a and S5c-S5j).

To clarify the changes in the immune microenvironment
after different treatments in vivo, we measured immune cells in
the TME by FC. We observed a significant increase of CD3",
CD4", and CD8" T cells in the combination group (Figures 4b-
e). Additionally, Th1l and CTL populations were significantly
increased in the combination group (Figures 4f-h), while no
difference in Treg cells was observed among the four groups
(Figure 4i). IF also showed a significant increase in CD8+
T cells in the combination group (Fig S5k-S51). We also used
8 Gy x 3 radiation to test whether vildagliptin could sensitize
tumors to radiotherapy in vivo. Vildagliptin enhanced the
tumor response to IR in the B16F10 model (Fig. S6a-S6b).
Higher dose radiation increased the CD8" T cell infiltration
compared to the PBS group. While the combination group had
the highest CD4" and CD8" T cells (Fig. S6¢-S6f). In addition,
the Th1 and CTL were significantly increased in the combina-
tion group (Fig. S6g-S6h). Collectively, these results demon-
strate that vildagliptin promotes T cell infiltration in
combination with IR.

To evaluate the role of adaptive immunity in the antitumor
activity of combination treatment, we performed the animal
experiment in Balb/c nude mice using 4T1 cells (Fig. S7a). In
nude mice, the vildagliptin was not capable of enhancing the
antitumor effect of IR, suggesting that the radiosensitization
effect of vildagliptin depends on adaptive immunity (Fig. S7b).
To further investigate the role of CD8" T cells in the antitumor
activity of combination treatment. We depleted CD8" T cells
using anti-CD8 antibody (Fig. S7c). The depletion efficiency of
CD8" T cells in blood and spleen exceeded 99% (Fig. S7d-S7e).
The inhibitory effect of the combination was reversed in mice
that underwent CD8" T cell depletion (Figures 4j-1), suggest-
ing that the antitumor effect of combination treatment predo-
minantly relies on CD8" T cells.

Vildagliptin sensitizes the combination of radiotherapy
and immunotherapy.

As demonstrated earlier, the combination of vildagliptin and
IR promoted T cell infiltration and activated antitumor immu-
nity. We then examined if the combination treatment could
further increase the efficacy of immunotherapy (Figure 5a). As
shown in Figures 5b-d and Fig. S8a-8b, the triple combination
of a single dose of 8-Gy radiation, vildagliptin, and anti-PD-1
significantly inhibited the tumor growth compared to control,
anti-PD-1 alone and the combination of IR and vildagliptin.
Furthermore, immunohistochemistry showed that the triple
combination group had the highest level of CD8" T cells

Figure 1. IR promotes expression of chemokines in tumor cells but fails to recruit T cells in vivo. (a) Kaplan — Meier curves for overall survival of LUAD patients according
to the level of CD8* T cell infiltration. (b) Kaplan — Meier curves for overall survival of SKCM patients according to the level of CD8" T cell infiltration. (c-d) RT-qPCR
analysis of the relative mRNA levels of chemokines in LLC and B16F10 cells treated by IR. (e) Schematic of the Transwell experiment. (f-g) The percentage of recruited
immune cells by irradiated LLC and B16F10 in the lower chamber was determined by FC. (h) Representative images of CD8" T cells in B16F10 subcutaneous tumors.
Scale bar = 50 um. (i) The summary of CD8" T cells in each field. (j-k) FC analysis of indicated T cell subset in the tumors with PBS and IR treatment (n = 7).
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Figure 2. IR upregulates DPP4 expression in DCs. (a) Uniform Manifold Approximation and Projection (UMAP) plots of SKCM with 10 TME clusters. (b) Heat map of DPP4
levels in each cell cluster. (c-d) FC analysis of DPP4 expression in various cell types in tumors of B16F10-LUC mice. MFI, mean fluorescence intensity. (e-f) RT-qPCR
analysis of the DPP4 expression in B16F10, LLC, BMDMs and BMDCs. (g) Bubble plot showing the expression of DPP4 in each cell type within the tumors of LLC mice with
or without IR. (h) Violin plot of DPP4 expression in cDC2, migratory-DCs and ¢cDC1 within the tumor of LLC mice with or without IR. (i) Flow cytometric analysis of DPP4
expression in various cell types in tumor of B16F10-LUC mice with or without IR. (j) FC analysis of DPP4 expression in the BMDCs with or without IR. Antibody isotype was
included as a control. (k) FC analysis of DPP4 expression in the BMDCs with LPS, LLC- CM and IR-LLC-CM. (I-m) The scatter plot and correlation between the DPP4
expression and CD86 expression (I) or CD80 expression (m) in the DCs of pan-cancer scRNA-seq database.

(Figure 5e), and IF revealed that the triple combination therapy

led to the highest proportion of apoptotic cells (Fig. S7¢c-7d).
Given the promising results of the triple combination

therapy in the preclinical model, we explored whether

vildagliptin could further enhance the combination of 8
Gy x 3 radiation and anti-PD-1 to activate the antitumor
immunity and inhibit the formation and growth of distant
tumors. After the treatment, we subcutaneously injected
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Figure 4. Combination of vildagliptin and IR promotes T cell infiltration. (a) Heat map of chemokines levels in the tumor after treatment as in (Fig. S5a). (b-i) FC analysis
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Figure 5. Vildagliptin sensitizes the combination of radiotherapy and immunotherapy. (a) Schematic of the treatment plan. (b) Tumor growth curves of B16F10-LUC cell
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B16F10-LUC on the other side and monitored its formation
and growth (Figure 5f). For the primary tumor, we observed
that the triple combination therapy exhibited the strongest
tumor growth inhibition activity (Figure 5g). Regarding the
secondary tumor, the triple combination therapy signifi-
cantly prolonged the time to tumor formation (Figure 5h).
When the tumor volume reached 50 mm?, it was labeled as
tumor formation. In the PBS group, all secondary tumors
formed on day 4 after inoculation, whereas in the triple
combination therapy group, only one tumor had formed
on day 8 after inoculation (Figure 5h). Representative bio-
luminescence images of the secondary tumor growth are
shown in Figure 5i. Taken together, these findings indicate
that vildagliptin is a promising approach to sensitize radio-
therapy and enhance the combination of radiotherapy and
immunotherapy by activating system antitumor immunity.

Discussion

Radiotherapy exhibits both tumoricidal and immunomodula-
tory effects, making it a promising approach for synergistic
antitumor therapy in combination with immunotherapy.
However, radiotherapy cannot induce sufficient T cell infiltra-
tion, hindering its success in this combination
treatment.'”'">'>*” In our study, we found that radiation
increased the expression of chemokines in tumor cells
in vitro (Figure 1c-d). However, DPP4 expressed in BMDCs
inactivated chemokines, causing insufficient T cell infiltration
into tumor localization in vivo (Figure 3). To address this
limitation, we investigated the mechanism by which inhibition
of DPP4 sensitizes radiotherapy. Our results showed that the
combination of radiotherapy and DPP4 inhibitor vildagliptin
overcame this obstacle, as the combination therapy exhibited
superior tumor-suppressive effects that the levels of chemo-
kines and lymphocyte infiltration were significantly increased
in the TME, and the tumor growth was efficiently limited
(Figures 3-4). In addition, we utilized single-cell databases
and scRNA-seq to profile the expression of DPP4 in the TME
and found that DCs expressed high levels of DPP4, which
could be further increased when co-cultured with irradiated
tumor cells (Figure 2). These results provided insights into the
possible regulatory system of DPP4. Thus, our study provides
a theoretical basis for future combination therapy of DPP4
inhibitors and radiotherapy that could advance cancer
treatment.

Moreover, our study revealed that the combination therapy
of IR and the DPP4 inhibitor further enhanced the therapeutic
efficacy of ICB. The response rate of ICB alone in clinical
treatment is limited to 10%-30%, and most patients with malig-
nancies hardly benefit from immunotherapy alone.”®*
Therefore, combining ICB with other systemic or local thera-
pies is currently under active investigation. It has been well
demonstrated that the level of infiltrated lymphocytes in the
TME is a crucial predictor of the response rate to ICB, and
higher lymphocyte infiltration is associated with a higher
response rate.”® In our study, we first demonstrated that the
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combination of radiotherapy and vildagliptin significantly
increased T cell infiltration in the TME. Therefore, we further
combined this therapy with anti-PD-1 antibody for the treat-
ment of B16F10-LUC melanoma mice. The results showed that
the triple combination therapy effectively inhibited melanoma
growth and distant tumor formation in mice (Figure 5). These
findings suggest that the triple combination regimen of radio-
therapy, vildagliptin, and ICB enhances the antitumor immu-
nity and potentially has significant clinical translational value.

Previous studies by Matthew L Albert et al demonstrated
that DPP4 inhibited the infiltration levels of T cells and eosi-
nophils in the TME by truncating CXCL10 and CCL11 in vivo.
The application of DPP4 inhibitors or DPP4 knockout mice
promoted T cells and eosinophils infiltration, which in turn
enhances the anti-tumor immune response.”' These findings
partially support our results. Since the DPP4 inhibitor class has
been approved by the FDA, which means it is safe in the clinic.
Our study provides a theoretical basis for combining DPP4
inhibitors with radiotherapy, advancing clinical trials of this
drug in cancer treatment.

Although our study provides a promising novel combina-
tion therapy for cancer treatment, there are some questions
that remain to be studied. The chemokine substrate of DPP4 in
the TME remains to be identified and the molecular mechan-
ism is unknown. Future studies will characterize the role of
other immune cells in the combination therapy. Also, the
benefit of DPP4 inhibitors in cancer treatment mostly stays
in the status of preclinical study, let alone in the combination of
radiotherapy and immunotherapy. Prospective and rando-
mized clinical trials are needed for the clinical anticancer
treatment of DPP4 inhibitors.

In summary, our study proposes a novel approach to
improve the efficacy of radiotherapy in cancer treatment by
inhibiting DPP4 enzyme activity, thus preventing chemokine
inactivation and promoting T cell infiltration into the TME.
The combination treatment modality effectively enhances the
radiation-induced antitumor immunity and further improves
the therapeutic effect of immunotherapy.
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