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Abstract

Background The combination of radiation with immune checkpoint inhibitors (ICls) has been demonstrated to dis-
play synergistic effects in solid cancers. Nevertheless, the anti-tumor effect of combining radiation with programmed
cell death 1 ligand 1 (PD-L1) inhibitor in esophageal squamous cell carcinoma (ESCC) has remained unclear. Therefore,
the objectives of our study were to evaluate the anti-tumor effects of PD-L1 inhibitors combined with radiotherapy

in a mouse model of ESCC and to depict the immune landscape within the tumor microenvironment (TME).

Methods Murine ESCC cells (mEC25) were injected subcutaneously into the right flanks of C57BL/6 mice. Tumor-
bearing mice were exposed to different treatments: IgG antibody (control), anti-PD-L1 antibody, radiation, or radia-
tion+anti-PD-L1 antibody. Tumor growth and survival time of mice were monitored. Tumour immune microenviron-
ment was assessed by flow cytometry, including CD4™T cells, CD8*T cells, regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and the activation and exhaustion of CD8*T cell. In
addition, transcriptomic analysis was used to examine the changes in immune gene expression in the TME.

Results Radiotherapy combined with anti-PD-L1 inhibitors (radioimmunotherapy) synergistically enhanced anti-
tumor immune response, leading to decreased tumor growth and prolonged survival of tumor-bearing mice. The
radioimmunotherapy increased the infiltration of CD8" T cells, the ratio of CD8* T cells to Tregs, the population of cen-
tral memory CD8" T cells (T, interferon-gamma (IFN-y) secretion of tumor-infiltrating CD8" T cells, and reduced

the accumulation of M2-type TAMs and Tregs in the TME in mouse model. In addition, the radioimmunotherapy
induced anti-tumor immune response in the spleen and tumor-draining lymph node (TDLN). Moreover, transcrip-
tomic analysis suggested that the radioimmunotherapy promoted the activation of immune regulatory pathways and
increased the expression of cytokines such as CXCL9 and CXCL10, thus creating an immunoinflammatory tumor
microenvironment.

Conclusions Our research revealed that anti-PD-L1 inhibitors combined with radiotherapy caused systemic anti-
tumor immunity by reshaping the immune microenvironment in a mouse model of ESCC.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is a
common malignant tumor worldwide [1]. Due to the
inconspicuous early symptoms and the lack of early
diagnosis, ESCC is often diagnosed at advanced stages,
and patients have a poor prognosis [2]. Definitive
chemoradiotherapy is the current standard protocol for
unresectable locally advanced ESCC. Previous studies
have explored the optimal combination of chemother-
apy and radiotherapy. However, the rates of local tumor
recurrence have remained high, with 5-year overall sur-
vival rates of only 20%-25% [3-5].

Immune checkpoint inhibitors (ICIs) have been
demonstrated as a prospective therapeutic strategy of
treating ESCC patients. Several studies, including KEY-
NOTE-590 [6] and Escort-1st [7], have demonstrated
that PD-1/PD-L1 monotherapy improved the survival
of advanced ESCC patients, demonstrating reliable effi-
cacy and a favorable safety. However, due to the het-
erogeneity of tumors immune microenvironment, only
20% of ESCC patients were responders of ICIs mono-
therapy. To overcome this limitation, several studies
have been focused on the combination of immunother-
apy and chemoradiotherapy.

Radiotherapy (RT) is used for treating all stages of
ESCC. Furthermore, radiation has been proved to pro-
duce significant effects on the immune response of
various types of tumors [8, 9]. Radiation induces immu-
nogenic death of tumour cells and the production of
tumour antigens, which function as in situ vaccines
to activate systemic anti-tumour immune responses.
Local radiation repressed tumor growth by promoting
the recruitment of CD8" T cells and secretion of IFN-y
[10]. Furthermore, several studies have demonstrated
that radiation increased the expression of PD-L1 on
tumor cells [11], which may enhance tumor targeting of
anti-PD-L1 immunotherapy [12, 13]. Conversely, ICIs
can induce the activation of effector T cells to eliminate
tumor cells and normalization of tumor vasculature,
increasing lymphocyte infiltration and tumor sensitiv-
ity to radiotherapy [14, 15]. In summary, the combina-
tion of radiotherapy and immunotherapy may induce
a synergetic effect on anti-tumor response. Previous
studies have confirmed that radiotherapy in combina-
tion with PD-L1 inhibitors can induce synergetic anti-
tumor effects in preclinical models of lung [16, 17],
melanoma [18], colorectal cancer [12], breast cancer
[12], head and neck squamous cell carcinoma(HNSCC)

[19, 20], prostate cancer [21, 22], and pancreatic ductal
adenocarcinoma(PDAC) [23].

Radiotherapy combined with anti-PD-L1 immuno-
therapy (radioimmunotherapy) has emerged as a pro-
spective therapy for ESCC patients. However, their
synergistic effect and molecular mechanisms in ESCC are
not entirely understood. Therefore, our study aimed to
evaluate the synergistic anti-tumor effect of radioimmu-
notherapy in an ESCC preclinical model and define the
molecular mechanisms through depicting the immune
landscape within the tumor microenvironment.

Materials and methods

Preparation of cell lines

The murine ESCC cell line mEC25 was purchased from
Shenzhen Wenhua Times Technology Co., Ltd and cul-
tured in RPMI-1640 medium (11,875,119, Gibco, CA,
USA) with 10% fetal bovine serum (Gibco, Life Technolo-
gies Inc.) in a 5% CO, humidified incubator at 37°C.

In vivo studies

Female C57BL/6 mice (4—6 weeks old) were provided
by the Laboratory Animal Center, Zhejiang Academy
of Medical Sciences (Hangzhou, China). All mice were
maintained and treated according to the institutional
animal welfare guidelines of Zhejiang Academy of Medi-
cal Sciences. Mice were injected subcutaneously with
5% 10° mEC25 cells on the right flank. When the vol-
ume of tumors reached 90-120mm? (Day 1), the tumor-
bearing mice were randomly divided into 4 groups and
exposed to different treatments: Control (IgG anti-
body); RT(4Gyx3)+IgG antibody; Anti-PD-L1 anti-
body; RT(4Gyx 3) + Anti-PD-L1 antibody. For radiation
therapy (RT), tumors were irradiated in 3 fractions for
a total dose of 12 Gy. RT was administered via an elec-
tron beam on day 1, 4, and 7. Briefly, mice were anesthe-
tized and placed under a lead shield with a 1 cm? hole to
ensure tumor exposure. Anti-PD-L1 antibody (BioXCell,
clone 10F.9G2) or IgG antibody (BioXCell, rat IgG2b) was
delivered by intra-peritoneal injection at a dose of 10 mg/
kg alone or combined with radiotherapy at day 1, 4, and
7. We measured tumor size using calipers and calculated
its volume using the formula (length x width?/2), where
length and width are the longest and shortest diameter
of the tumor, respectively. Survival time of the mice
was recorded. When tumor volume reached 1500 mm?,
or the tumor was ulcerated, the mice were subjected to
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euthanasia due to significant tumor pain and the day was
recorded as the survival time of mice. Based on the rec-
ommendations for euthanasia of experimental animals
[24, 25], the mice were anesthetized by intraperitoneal
injection of sodium pentobarbital solution (100mg/kg)
and sacrificed by cervical dislocation.

Flow cytometry analysis

The tumor, spleen and tumor draining lymph nodes
(TDLNSs) of mice (three mice per group) were isolated
on days 10 and 14. The tissues were cut into small pieces
and incubated at 37°C for 30 min (tumor) or 10 min
(TDLN) in RPMI medium with collagenase type IV and
deoxyribonuclease type I and then mechanically sepa-
rated on frosted slides. Spleens were mechanically sepa-
rated directly on frosted slides. Single-cell suspension
was obtained by filtering the cell suspension into a 70-um
cell strainer (Corning). A lysis buffer (NH4Cl, NaHCO3,
EDTA) was used to lyse erythrocytes at room tempera-
ture and quenched with RPMI medium. Fixable Viability
Stain 440UV (566,332, BD) and a-CD16/32 (553,142 BD)
were used to label and block the cells.

For surface staining, monoclonal antibodies (Supple-
mental Table S1) were used to stain the samples for 30
min at room temperature. Each group was analyzed
at least three replicates. The data were obtained based
on FACSCalibur machines and analyzed using Flowjo
software.

Intracellular staining

To assess the content of IFN-y and granzyme B, the
cell suspensions were stimulated with 1 pM phorbol
12- myristate 13- acetate (PMA, Sigma) and ionomycin
(Sigma) for 4 h at 37 °C. Then, the cells were fixed and
permeabilized with FOXP3 Fix/Perm Buffer Set (562,574,
BD), and subsequently stained with monoclonal antibod-
ies (Supplemental Table S1) for 30 min on ice following
the manufacturer’s instructions.

Immunohistochemistry (IHC)

4% paraformaldehyde was used to fix tumor tissues and
paraffin was used to embed them. Sections were depar-
affinized, rehydrated, antigenically repaired and stained
overnight at 4 °C with the primary antibodies as follows:
CD8 (D4W27Z, 98,941, Cytotoxic T cell), FOXP3 (D60SR,
12,653, Regulatory T cell), CD206 (E6T5], 24,595,
M2-macrophage), CD86(E5W6H, 19,589, MIl-mac-
rophage), GZMB(13,588—1-AP, Cytotoxic T cell). The
sections were then incubated with secondary antibod-
ies and reacted with ABC kits (Vector, Burlingame, CA).
Stained sections were observed using ECLIPSE E100
light microscope (NIKON) and K-Viewer software.
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Quantitative analysis of optical density was evaluated
by Image ] software (National Institutes of Health). The
average density of 3 slices per sample was calculated.

RNA sequencing and bioinformatic analysis

The total RNA was extracted by Trizol Reagent
(15,596,026, Thermo Fisher Scientific Inc., MA, USA).
RNA sequencing (RNA-seq) assay was performed
using the Illumina Hiseq 2500 platform. Musmuscu-
lus GRCm38 was the reference genome. Differentially
expressed genes (DEGs) were screened using the edgeR
package in R software. GO and KEGG 2018 databases
were used for gene set enrichment analysis.

RNA extraction and quantitative real-time PCR (qRT-PCR)
The extraction of total RNA from tumor tissues was
performed using Trizol Reagent. Reverse transcription
was accomplished using PrimeScript’” RT Master Mix
(RRO36A, Takara Biomedical Technology (Beijing) Co.,
Ltd., Beijing, China). Quantitative RT-PCR (qRT-PCR)
was carried out with TB green (RR420A, Takara Bio-
medical Technology Co., Ltd., Beijing, China). Further-
more, the mRNA expressions of targeted genes including
CXCL9 and CXCL10 (the primers were listed in Supple-
mental Table S2) was calculated and normalized using
2724 method.

Statistical analysis

One-way ANOVA analysis was used to perform statisti-
cal comparisons between three or more groups, followed
by Tukey’s multiple comparison test. For tumor volume,
statistical analysis was performed using mixed-effects
model with Tukey’s multiple comparison test. Survival
curves for different groups of mice were generated using
the Kaplan- Meier method. The the log- rank Mantel-
Cox test was used to evaluated the survival curves of
mice in each group. Tumor volumes of at least three mice
in each group were subjected to t-tests, and the results
were expressed as meanz+standard error of the mean
(SEM). P<0.05 was regarded as statistically significant
(*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001). The
statistical analyses were performed with GraphPad Prism
statistical analysis and graphing software (GraphPad 9).

Results

Anti-PD-L1 inhibitors combined with radiotherapy
synergistically enhanced anti-tumor effects in a mouse
model of esophageal cancer

We demonstrated that fractionated radiotherapy increased
the expression of PD-L1 on human esophageal cancer
cell lines (Supplementary Fig. S1). Therefore, we aimed
to explore whether anti-PD-L1 inhibitor combined with
radiotherapy could synergistically reinforce anti-tumor
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efficacy. We subcutaneously injected mEC25 murine can-
cer cells into syngeneic mice and the tumor-bearing mice
were exposed to different treatment regimens includ-
ing IgG antibody alone (control), anti-PD-L1 antibody
alone, radiation therapy combined with IgG antibody
and radiation therapy combined with anti-PD-L1 anti-
body (Fig. 1a). We found that the radioimmunotherapy
(radiation therapy combined with anti-PD-L1 antibody)
demonstrated the strongest inhibition of tumor growth
(Fig. 1b). Radioimmunotherapy significantly slowed
down tumor growth compared with RT (p=0.008), anti-
PD-L1 (p=0.01) and control groups (p=0.01) (Fig. 1b).
In addition, radioimmunotherapy also improved the
survival time of tumor-bearing mice compared with RT
(p=0.0007), anti-PD-L1 (p=0.0248) and control groups
(p=0.0001) (Fig. 1c). Compared with 33 days for radio-
immunotherapy, the median survival time for RT was

(a)

(b)
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26 days, for anti-PD-L1 was 28 days and for control group
was 24 days, respectively.

Radioimmunotherapy regulated T cell infiltration

To define the alterations of cell populations in tumor
microenvironment after radioimmunotherapy, lympho-
cytes were collected from the tumor, spleen and tumor
draining lymph nodes (TDLN) at Days 10 and 14, and
analyzed using flow cytometry (Supplementary Fig. S3).
The extent of tumor-infiltrating CD8" T cells was asso-
ciated with suppression of tumor growth. In the tumor,
at Day 14, radioimmunotherapy significantly enhanced
the infiltration of CD8" T cells compared with RT and
control groups (55.8%+2.9% radioimmunotherapy vs
351%+0.9% RT p=0.0049; vs 41.5%*2.8% control
p=0.0413; Fig. 2a, b). In the spleen, there were no sig-
nificant differences among the groups at any time point
(Fig. 2b). In the TDLN at Day 10, radioimmunotherapy
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Fig. 1 Radioimmunotherapy inhibited tumor growth and improved survival time of tumor-bearing mice. a Schematic diagram of different
treatments: IgG antibody (control), anti-PD-L1 antibody, radiation therapy (RT) or their combinations. b The changes of tumor volume in mice
treated with different treatments. ¢ Kaplan Meier survival curves of mice with different treatments. N=10 in each group except for the group
of anti-PD-L1 alone (n=7). (*p <0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001)



Yin et al. BMC Cancer (2025) 25:474

increased the proportion of CD8" T cells compared
with RT and control groups(39.8% +0.6% radioimmuno-
therapy vs 31.2%+3.1% RT p=0.0472; vs 30.4%+0.2%
control p=0.0316; Fig. 2b). Meanwhile, there were no
significant differences in the population of CD4" T cells
at any time point in the tumor, spleen and TDLN fol-
lowing different treatments (Supplementary Fig. S2a).
Therefore, we further investigated the impact of radio-
immunotherapy specifically on the regulatory T (Treg)
cells (CD25TFOXP3TCD4*T cell), which are an immu-
nosuppressive subset of CD4% T cells. In the tumor, at
Day 14, radioimmunotherapy decreased the percentage
of infiltrating Tregs compared with that in other groups
(5.6%+0.6% radioimmunotherapy vs 13.8%+0.2% RT
p<0.0001; vs 84%+0.5% Anti-PD-L1 p=0.0105; vs
12.3%+0.2% control p<0.0001; Fig. 2c, d). The Anti-
PD-L1 group also significantly reduced tumor-infiltrat-
ing Tregs compared with RT and control groups. In the
spleen at Day 10, we found that radiation increased the
proportion of Tregs compared with control group, sug-
gesting that RT can induce the up-regulation of Tregs as
an immunosuppressive regulator. Notably, radioimmuno-
therapy induced the lowest proportion of tumor-infiltrat-
ing Tregs (Fig. 2d). In addition, the proportion of Tregs
was markedly reduced in anti-PD-L1 group compared
with RT and control groups (Fig. 2d). In the TDLN, there
were no significant differences between radioimmuno-
therapy and other groups at any time point.

We also investigated the ratio of CD8*T cells/
Foxp3*Tregs. In the tumor, radioimmunotherapy increased
the ratio of CD8*T cells/Treg compared with that in
other groups at Day 14(75.4+18.1 radioimmunother-
apy vs 14.6 0.4 RT p=0.0105; vs 25.7+5.8 Anti-PD-L1
p=0.0305; vs 20.1+1.7 control p=0.0175), with a same
phenomenon seen in the spleen(90.8+3.9 radioim-
munotherapy vs 55.1+7.5 RT p=0.0170; vs 60.4+7.3
Anti-PD-L1 p=0.0380; vs 55.3+5.8 control p=0.0175)
and TDLN(67.1+2.8 radioimmunotherapy vs 39.9+1.9
RT p=0.0003; vs 46.5+2.6 Anti-PD-L1 p=0.0022; vs
53.0+2.7 control p=0.0206) at Day 14 (Fig. 2e). No sig-
nificant differences were found at Day 10 in the tumor,
spleen and TDLN. In addition, these results were consist-
ent with the concomitant immunohistochemistry on day
14 (Fig. 2f). Therefore, these results demonstrated that

(See figure on next page.)
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radioimmunotherapy could increase the ratio of CD8% T
cells/Tregs by improving the recruitment of CD8* T cells
and reducing the accumulation of Tregs.

Radioimmunotherapy enhanced the activation of immune
memory
We further investigated whether different treatments
influenced the activation of immune memory. We
defined the effector-memory phenotype of T cells as
CD44" CD62L~ populations, and central-memory T
cells as CD44" CD62L* populations, respectively. Firstly,
we analyzed CD8" T cells expressing CD44. CD44 is an
activation marker of T cells after antigen stimulation. At
Day 10 in the tumor, the percentages of CD44*CD8" T
cells in the group of radioimmunotherapy and anti-PD-
L1 were lower than that in the group of RT and control.
In the spleen, at Day 10, radioimmunotherapy increased
the proportion of CD44TCD8" T cells compared with
other groups (48.2%+2.2% radioimmunotherapy vs
37.2%+1.9% RT p=0.031; vs 36.8%+0.1% Anti-PD-L1
p=0.0257; vs 32.1%+3.2% control p=0.0046; Fig. 3a).
Moreover, radioimmunotherapy enhanced the propor-
tion of CD44"CD8" T cells compared with RT and
control groups at Day 14(p<0.0001). In the TDLNS,
radioimmunotherapy increased the percentage of
CD44*CD8% T cells compared with RT and control
groups at Day 10 (p=0.0391; p=0.0356, respectively). At
Day 14, radioimmunotherapy increased the percentage of
CD44*CD8+ T cells compared with anti-PD-L1 and con-
trol groups (p=0.0316; p =0.0002, respectively; Fig. 3a).
For central-memory CD8" T cells (T,,), in the tumor,
we found that radioimmunotherapy enhanced the accu-
mulation of CD8% T, at Day 14 compared with those
in other groups (10.3%+0.2% radioimmunotherapy vs
2.5%+0.1% RT p<0.0001; vs 5.5%+0.4% Anti-PD-L1
p<0.0001; vs 3.3%+0.1% control, p<0.0001; Fig. 3b, c).
In the TDLN at Days 10 and 14, the same trends were
also observed (Day 10: 11.1%+0.5% radioimmunother-
apy vs 5.8%+0.9% RT p=0.0011; vs 6.7%+0.5% Anti
PD-L1 p=0.0035; vs 6.1% +0.4% control p=0.0014; Day
14: 13.8%+0.8% radioimmunotherapy vs 9.8%+0.3%
RT p=0.0087; vs 3.2%+0.4% Anti PD-L1 p<0.0001; vs
2.3% = 0.6% control p<0.0001; Fig. 3b, c). In the spleen,
compared with Anti-PD-L1 and control groups at Day

Fig. 2 Radioimmunotherapy regulated T cell infiltration. a Representative plots of CD8"CD3* T cells in tumors at Day 14. b Quantification

of infiltrating CD8* T cells at Days 10 and 14 in tumor, spleen and TDLN. ¢ Representative plots of CD25"FOXP3™ Treg in tumors at Day

14. d Quantification of CD25*FOXP3* Treg in the tumor, spleen and TDLN at Days 10 and 14. e Quantification of the ratio of CD8" T cells/
CD25*FOXP3.*Treg at Days 10 and 14 in the tumor, spleen and TDLN. f Representative immunohistochemistry images of CD8 and FOXP3
expression in tumors from each group at Day 14. The original magnification was 200X (n =3 mice each group). (*p <0.05; **p <0.005; ***p < 0.0005;

*¥¥¥p <0.0001)
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10, radioimmunotherapy increased the filtration of
CD8* Ty cells (p=0.0022; p=0.0012, respectively). At
Day 14, compared with RT and control groups, radio-
immunotherapy significantly increased the infiltration
of CD8' Ty, cells (p=0.0368; p=0.0004, respectively;
Fig. 3b, c). These results indicated that radioimmunother-
apy can increase the proportion of CD8* T, cells.

For infiltrating CD8™ effector-memory T cells (Tgyy), in
the tumor, we observed the same phenomenon consist-
ent with CD44"CD8" T cells at Days 10 and 14. In the
spleen, no statistical significances were observed. In the
TDLN, the proportion of CD8" Ty, cells were higher in
the anti-PD-L1 group compared with other groups at
Day 14 (Fig. 3d).

Radioimmunotherapy promoted cytotoxic functions

of effector CD8* T cells

Additionally, we evaluated the cytotoxic functions
of the effector CD8" T cells by detecting the expres-
sions of IFN-y and Granzyme B (GZMB). In the tumor,
at Day 10, a significant increase in the proportion of
IFN-y"CD8" T cells was observed in the radioimmu-
notherapy group compared with that in the RT and con-
trol groups (p=0.0047, p=0.0013, respectively, Fig. 4a,
b). Similarly, we observed the same phenomenon in
the spleen at Day 14. Moreover, radioimmunotherapy
induced a significantly higher proportion of IFN-y*CD8*
T cells compared with other groups in the tumor at Day
14(45.9% +0.4% radioimmunotherapy vs 23.9%+0.3%
RT p<0.0001; vs 25.6%+0.2% Anti-PD-L1 p<0.0001; vs
37.5%+0.2% control p<0.0001; Fig. 4a, b). Meanwhile,
similar phenomenon was observed in the spleen at Day
10 and TDLN at Day 14 (Fig. 4a, b). Furthermore, we also
detected the GZMB expression of CD8" T cells. At Day
10 in the tumor, a significantly increased proportion of
CD8* T cells expressing GZMB occurred in the radioim-
munotherapy group compared with that in other groups
(31.6% £ 0.3% radioimmunotherapy vs 11.0%+0.2% RT
p<0.0001; vs 18.7%+0.1% Anti-PD-L1 p<0.0001; vs
12.7% +0.2% control p <0.0001; Fig. 4c). Similar phenom-
enon was observed in the TDLN at Day 10 and tumor at
Day 14. Meanwhile, we observed the same phenomenon
at Day 14 in the tumor by flow cytometry and immu-
nohistochemistry (Fig. 4c, d). There were no significant

(See figure on next page.)
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differences in the spleen (Fig. 4c). In summary, radioim-
munotherapy can enhance the cytotoxicity of effector
CD8™ T cells.

Radioimmunotherapy influenced the expression of PD-1

on tumor-infiltrating CD8* T cells

We subsequently evaluated the PD-1 expression on
tumor-infiltrating CD8" T cells. In the tumor, compared
with control group, we found that radioimmunotherapy
caused higher proportion of PD-1*CD8" T cells at Day
14 (p=0.0365; Fig. 5e). The same phenomenon was
observed at Day 10 in the spleen. No differences were
observed in the TDLN. In addition, radioimmunotherapy
notably enhanced the proportion of PD-17CD4*" T cells
in the tumors at Day 10 compared with those in other
groups (Supplementary Fig. S2b). And no differences
were observed in the spleen and TDLN. Taken together,
radioimmunotherapy led to the highest proportion of
CD8" and CD4™ T cells expressing PD-1.

Radioimmunotherapy inhibited the recruitment

of immunosuppressive cells

In addition to Tregs, we also investigated other immu-
nosuppressive cells such as tumor-infiltrating mononu-
clear myeloid-derived suppressor cell (MDSCs, CD11b*
Gr1*CD45") and tumor-associated macrophages (TAMs,
CD11b*F4/807CD45%). In the tumor, radioimmuno-
therapy significantly reduced the percentage of immu-
nosuppressive M2-TAMs compared with RT and
anti-PD-L1 groups at Day 10 (p=0.0231, p=0.0476,
respectively). Radioimmunotherapy also reduced the per-
centage of M2-TAMs in the tumor compared with that in
other groups at Day 14 (2.1%+0.3% radioimmunotherapy
vs 13.0%+0.7% RT p=0.0141; vs 17.1%+3.6% Anti-PD-
L1 p=0.0020; vs 11.4%+0.3% control p=0.0314; Fig. 5a).
A similar trend was also observed in the spleen at Day
14 (radioimmunotherapy vs RT p=0.0469; vs Anti-PD-
L1 p=0.0095; vs control p=0.0024). In the TDLN, we
found that radioimmunotherapy and anti-PD-L1 groups
decreased the percentage of M2-TAMs compared with the
RT and control groups at Days 10 and 14 (Fig. 5a). In addi-
tion, we measured the expressions of CD206 (M2-TAM
marker) and CD86 (M1-TAM marker) in the tumor tissues
at Day 14 by immunohistochemistry. And, the expression
of PD-L1 on tumor tissues in control group at Day 14 was

Fig. 4 Radioimmunotherapy promoted the functions of effector CD8" T cells and increased PD-1 expression on CD8* T cells. a Representative
graphs of IFN-y*CD8* T cells in tumors, spleen and TDLNS at Day 14. b Quantification of IFN-y"CD8* T cells in tumors, spleen and TDLN

at Days10 and 14. ¢ Quantification of GZMB*CD8 T cells in tumors, spleen and TDLN at Days 10 and 14. d Representative images of GZMB

by immunohistochemistry analysis in tumors at Day 14 from each group. e Quantification of PD-1*CD8.* T cells in the tumor, spleen, and TDLN

at Days 10 and 14. (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001)
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Fig. 5 Radioimmunotherapy inhibited the recruitment of several types of immunosuppressive cells. a Quantification of M2-TAM in the tumor,
spleen and TDLN at Days 10 and 14. b Representative images of CD206 and CD86 by immunohistochemistry analysis in tumors at Day 14 from each
group. ¢ Quantification of MDSCs in the tumor, spleen and TDLN at Days 10 and 14. (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001)

shown in Supplementary Fig. S4. We found the radioimmu-
notherapy group had the highest proportion of M1-TAMs
(anti-tumor) and the lowest proportion of M2-TAMs (pro-
tumor) compared with other groups (Fig. 5b). These results
indicated that the radioimmunotherapy may inhibit the
proliferation of M2-TAM. In addition, compared with RT
group, radioimmunotherapy and anti-PD-L1 significantly
decreased tumor-infiltrating MDSCs in the tumor and

TDLN at Day 10 (Fig. 5¢). No differences were observed in
the spleen.

Radioimmunotherapy elicited an immunostimulatory
tumor microenvironment

In our study, RNA-seq was used to systemically analyze
transcriptome changes in the tumors following differ-
ent treatments. Radioimmunotherapy-induced most
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significantly enriched signaling pathways including
cytokine-cytokine receptor interaction, chemokine sign-
aling pathway and antigen processing and presentation
genes were displayed in Fig. 6a. In addition, compared
with the RT group, the tumors treated with radioim-
munotherapy showed the most profound changes in

pathways such as “regulation of cell-cell adhesion’
“regulation of immune effector process” and “response
to IFN-gamma” (Fig. 6b). Next, we observed that the
expressions of chemokines involved in the attraction
of T cells (eg, CXCL9, CXCL10 and CXCL11) were
increased in the tumor in the radioimmunotherapy
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group (Fig. 6¢c). We subsequently evaluated the expres-
sions of CXCL9 and CXCL10 in tumor sites by qRT-
PCR. Compared with other groups, radioimmunotherapy
significantly increased the expressions of CXCL9 and
CXCL10 (Fig. 6d). These data indicated that radioimmu-
notherapy can enhance the production of chemokines
downstream of IFN-y. In addition, we found antigen
presentation-associated genes (MHC-I/II and Tapl/2),
immune killing genes (Prfl, Ifn-y, Gzma, and Gzmb) and
innate immunity genes (Irf7, Isgl5, Usp18) were all up-
regulated in the radioimmunotherapy group (Fig. 6e).
Taken together, these data demonstrated that the radio-
immunotherapy can trigger both innate and adaptive
immune response, creating an immunostimulatory
tumor microenvironment.

Discussion

In our study, we demonstrated that anti-PD-L1 treatment
combined with radiotherapy resulted in better tumor
control and prolonged survival time of tumor-bearing
mice. Importantly, we demonstrated that radioimmu-
notherapy stimulated CD8* T cell infiltration, improved
the activity of effector CD81 T cell, increased the infil-
tration of CD8* Ty, and reduced the accumulation of
M2-TAMs and Tregs, therefore reshaping an immune-
stimulating tumor microenvironment and improving the
anti-tumor efficacy in the mouse model of ESCC. Simi-
lar changes were also observed in the spleen and TDLN.
To our knowledge, this is the first preclinical research
depicting the synergistic anti-tumor immunity induced
by the combination of anti-PD-L1 antibody and radia-
tion in ESCC. Our findings were consistent with previous
preclinical reports demonstrating synergistic anti-tumor
effect induced by the combination of radiation and
PD-L1 inhibitors in breast [12], colorectal [12], prostate
cancer [21, 22], PDAC [23] and HNSCC [19, 20].

Our results showed that radioimmunotherapy can
increase the proportion of IFN-y™ CD8" T cells. These
results are consistent with previous studies in mouse
lung and bladder cancer models [13, 26]. IFN-y is essen-
tial for tumor control by cytotoxic CD8* T cells through
inducing anti-tumor immunity in the murine models
[27, 28]. Meanwhile, our data also showed that CXCL9
and 10 induced by IFN-y stimulation were up-regulated
in the radioimmunotherapy group. These changes are
also reported by Alexis et al. and Oweida et al. in their
preclinical models of bladder cancer and head and neck
squamous cell carcinoma, respectively [20, 26]. The ele-
vated levels of CXCL9 and CXCL10 were associated with
recruiting anti-tumor CD8*T cells and increased activa-
tion and cytotoxic responses of CD8" T cells [29-31].
The expressions of IFN-stimulated genes (Irf7, Isgl5,
Uspl8) were increased in the radioimmunotherapy
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group. Notably, type I IFEN stimulates antigen-present-
ing cells (APCs) to deliver tumor antigens for maintain-
ing CD8'T cell activation [10, 32]while suppressing
Treg function to reinforce antitumor efficacy [33, 34].
Overall, radioimmunotherapy reprogrammed an immu-
nostimulatory tumor microenvironment compared with
anti-PD-L1 antibody or radiotherapy alone. In addition,
radioimmunotherapy increased the GZMB content of
CD8* T cells, indicating that radioimmunotherapy aug-
mented the cytotoxicity of CD8* T cells. In summary,
radioimmunotherapy promoted the recruitment and
tumor-killing ability of CD8*T cells and, importantly,
induced the establishment of immunostimulatory tumor
microenvironment.

Moreover, our results showed that radioimmuno-
therapy inhibited regulatory T cells (Tregs). It is known
that Tregs significantly inhibit the functions of effec-
tor T cells. Several studies have reported that radiation
recruited immunosuppressive Tregs in multiple murine
tumor models, including melanoma, B cell lymphoma,
and prostate cancer [11]. In a mouse model of pancre-
atic ductal adenocarcinoma, Azad et al. revealed that RT
in combination with anti-PD-L1 inhibitor significantly
reduced the infiltration of Tregs [23]. Consistent with
their findings, our study also proved that radioimmuno-
therapy increasing CD8*TILs/Treg ratio through pro-
moting infiltration of CD8'T cells and inhibiting Tregs
accumulation, therefore improving anti-tumor immu-
nity. The CD8*TILs /Treg ratio has been recognized as a
predictor of tumor response to immunotherapy [35, 36].
These results are in concordance with the results of Gong
et al. in a mouse model of lung cancer [17].

M2-type macrophages promote immune tolerance,
tumor invasion and metastasis [37]. Previous studies
showed that radiation can recruit M2-type macrophages,
thereby limiting radiation-induced adaptive anti-tumor
immunity [38]. In addition, PD-L1 on the surface of mac-
rophages binds to PD-1 on T cells, thereby inhibiting
the co-stimulation of T cells by macrophages and result-
ing in T cell incompetence [39]. Xiong et al. reported
that PD-L1 blockade induced IFN-y secretion of CD8"
T cells, promoting M1 polarization of macrophages in
a mouse model of colon cancer [37]. Moreover, Jones
et al. demonstrated that macrophage exhaustion partially
attenuated immunosuppression after radiotherapy and
additional anti-PD-L1 therapy was essential to accom-
plish tumor remission [40]. In our study, we found that
only radioimmunotherapy significantly reduced the pro-
portion of M2-type TAMs, which may be due to that only
combination treatment increased the expression level of
IFN-y on CD8" T cells.

MDSC can inhibit T cell function and promote
tumor immune escape [17]. The previous studies have
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demonstrated that the combination of anti-PD-L1 and
RT eventually resulted in a decreased amount of MDSC
and PD-L1TMDSCs in the irradiated and non-irradiated
tumor tissues of breast, colorectal [12], lung [16] and
pancreatic [23]. In agreement with these reports, we
found that both radioimmunotherapy and anti-PD-L1
blockade inhibited MDSC recruitment in the TME at
early time points, indicating that the addition of PD-L1
inhibitor attenuated the immunosuppressive effects of
radiotherapy. Therefore, radioimmunotherapy reshaped
the immune-stimulated microenvironment by eliminat-
ing immunosuppressive cells and promoting CD8*T cells
infiltration in TME.

Ty cells are characterized by self-renewal and long-
term survival in vivo. They can be rapidly differentiated
into effector T cells following tumor antigens stimula-
tion [41]. Several researchers have revealed that combin-
ing radiotherapy with ICIs could increase the account
of CD8" T, and inhibit tumor recurrence [41, 42]. We
demonstrated that the proportion of infiltrating CD8*
Ty cells was highest in the radioimmunotherapy group
in TME, spleen, and TDLN, which may prevent or delay
tumor recurrence.

T cell exhaustion is inevitable due to the continuous
stimulation of tumor antigens. In our study, radioim-
munotherapy increased the infiltration of PD-1TCD8*T
cells, which was consistent with the findings of Dudzin-
ski et al.,, indicating that radioimmunotherapy increased
tumor antigen presentation and CD8'T cell depletion
[21]. Blackburn et al. have identified and separated the
exhausted PD-1*CD8*T cells(T,,) population into PD-
1" and PD-1" subsets during chronic viral infection in
mice [43]. Moreover, previous studies have demonstrated
that PD-1™CD8"T,, could proliferate as the primary
responders to anti-PD-1/PD-L1 inhibitors. On the con-
trary, the PD-1" subset more easily transferred into the
terminal exhausted phenotype [43—45]. Moreover, com-
pared with PD-1"e" cells PD-1" CD8* T cells produced
more amount of IFN-y and GzmB upon restimulation
[46]. However, in our study, we regret that we could not
analyze the association between PD-1 expression and
CD8™" T cell functions. In the future study, we will deeply
explore their association.

Our studies also revealed the dynamic changes of
immune cells in the spleen and TDLN. In the spleen
and TDLN, radioimmunotherapy increased the infiltra-
tion of IFN-y*CD8* T cells, CD8*TILs/Treg ratio and
the proportion of CD8*T(,, and inhibited the recruit-
ment of M2-type TAM, thus creating a systemic immune
response. Due to the memory T cells in the spleen, the
addition of PD-L1 blockade can significantly increase
the percentage of effector CD8"T-memory cells in LLC
mouse model [16]. Some studies have demonstrated
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TDLN as an important source of anti-tumor immune
cells, and alleviating immunosuppression in TDLN can
promote systemic anti-tumor T cell immunity. Therefore,
TDLN is essential in the anti-tumor immune response of
radioimmunotherapy by increasing CD8* T cell accumu-
lation as well as M1/M2 macrophage ratio [47, 48]. Our
results demonstrated that the synergistic effects of PD-L1
blockade combined with radiation in the spleen and
TDLN may enhance the anti-tumor immune response by
eliciting the abscopal effect.

However, there are some limitations associated with
our study. First, the combination therapy did not com-
pletely eliminate the transplanted tumors in the mice.
We agree with the opinion of Philippou et al. [22] that
the radiation dose of 3xX4Gy did not produce enough
CD8" T cell-dependent anti-tumor response. There-
fore, it is essential to define the optical radiation dose
and number of fractions when combined with anti-PDL1
immunotherapy. In addition, the data of this study were
obtained using only one cell line (mEC25). In the future,
more murine ESCC cell lines will be used to confirm our
findings if possible. Moreover, in future studies, we would
pay more attention to abscopal effect caused by radioim-
munotherapy and the involved mechanisms. In addition,
the role of TDLN in the anti-tumor effect of radioimmu-
notherapy needs to be further clarified.

Overall, our study showed that radiotherapy combined
with PD-L1 inhibitors is a promising treatment option
for ESCC by establishing the immunostimulatory tumor
microenvironment. We hope that these preclinical data
in our study may provide novel insights into the design or
interpretation of clinical studies on radioimmunotherapy.

Conclusions

Together, our study highlighted the combination of
radiotherapy combined with PD-L1 inhibitor as a
promising strategy for the treatment of ESCC due to
the establishment of an immunostimulatory tumor
microenvironment.
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