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Abstract: Radiotherapy (RT) is a commonly used treatment option for patients with cancer because it can effectively 
control tumor growth and kill tumor cells. However, the impact of RT goes beyond direct tumor cell killing because 
it can change the tumor microenvironment by altering surrounding tissues and infiltrating cells and modulating the 
expression of immune checkpoints. Poliovirus receptor (PVR, cluster of differentiation (CD)155), a member of the 
nectin-like molecule family, is overexpressed in many human cancers. However, its role in the tumor growth and 
T-cell immune responses of triple-negative breast cancer (TNBC) remains unclear. In the present study, we observe 
that radiation exposure increases PVR expression in MDA-MB-231 and BT549 cells. Silencing PVR not only inhibited 
the proliferation of breast cancer cells but also significantly enhanced the cytotoxicity of cytotoxic T lymphocytes 
(CTLs) compared with the control or RT groups. Treatment of T cells with PVR decreased CD8+ T cells, increased 
CD4+ T cells, and induced PVR ligands such as T cell immunoreceptor with immunoglobulin and ITIM domain, 
CD226, and CD96. However, after treatment with PVR, CTL responses decreased and secretion of interferon-γ, 
tumor necrosis factor-α, interleukin (IL)-2, IL-6, and IL-10 was significantly inhibited. In contrast, PVR knockdown in-
creased the production of these cytokines, illustrating the immunosuppressive function of PVR. Suppression of PVR 
using an anti-PVR antibody inhibited 4T1 tumor growth by increasing immune cell infiltration. These results provide 
new insights into the role of PVR in TNBC and highlight its potential as a target for T cell-mediated immunotherapy 
in breast cancer.
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Introduction

Radiotherapy (RT) is the most common thera-
peutic modality for cancers; however, some 
patients develop radioresistance and recur-
rence, resulting in poor prognosis and reduced 
overall survival (OS) [1, 2]. RT success primarily 
depends on its ability to induce tumor cell 
death. In addition, RT can change the tumor 
microenvironment (TME) by altering surround-
ing tissues and infiltrating cells and modulating 
the expression of immune checkpoints (ICs)  
[3, 4]. Depending on the balance between RT- 
induced pro- and antitumor immune respons-
es, these changes either promote or inhibit 
tumor growth.

In early RT stages, dying cells actively or pas-
sively release damage-associated molecular 

patterns and tumor-associated antigens, acti-
vating innate immune cells, including dendritic 
cells (DCs), macrophages, and natural killer 
(NK) cells. These immune cells can prime and 
activate cytotoxic T lymphocytes (CTLs) and 
other effector T cells, resulting in a robust anti-
tumor immune response [5]. This initiates 
“immune recognition” between dying cancer 
cells and the immune system. RT-induced T cell 
cross-priming depends on immunogenic cell 
death molecular signal activation and requires 
interferon (IFN) I production by tumor-infiltrat- 
ing cells [6]. However, tumor elimination by 
RT-activated immunity also triggers immuno-
suppressive mechanisms, limiting the antitu-
mor effects of RT. For example, RT induces the 
expression of potent proinflammatory cytokines 
such as IFN I and II. These cytokines can induce 
the expression of programmed death-ligand 1 
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(PD-L1) [7]. Studies have indicated that radia-
tion induces PD-L1 upregulation in the TME, 
mediating radioresistance [8, 9]. These find-
ings form the basis for several trials that  
combine RT with PD-1/PD-L1 checkpoint inhi- 
bition.

As natural regulators of the immune system,  
IC proteins prevent excessive immune respons-
es and maintain immune homeostasis [10]. 
Recently, many immune inhibitory receptors 
have been identified and studied in cancer, 
including PD-1, CTL-associated antigen 4, lym-
phocyte-activation gene 3, T-cell immunoglo- 
bulin and mucin-domain containing-3, T-cell 
immunoglobulin and ITIM domain (TIGIT), and B 
and T lymphocyte attenuator. The interaction of 
these receptors with their ligands on cancer or 
other cells in the TME can lead to T cell function 
inhibition and contribute to tumor immune eva-
sion. Anti-PD-1/PD-L1 therapy is the most suc-
cessful IC blockade therapy approved to treat 
various cancer types, including blood, skin, 
lung, liver, bladder, and kidney cancers [10, 11].

Herein, we specifically focused on the upregula-
tion of ICs expressed on tumors after radiation. 
Poliovirus receptor (PVR, cluster of differentia-
tion (CD)155) was highly increased by radiation. 
PVR plays a vital role in various biological pro-
cesses, including cell growth, invasion, migra-
tion, and adhesion and immunomodulatory re- 
sponses during malignancy development [12-
15]. PVR expression is significantly upregulated 
in most human cancers and is highly correlated 
with poor prognosis [16-18]. Recent studies 
have identified PVR as a ligand for T and NK 
cell-expressed receptors. PVR has been recog-
nized as a promising immunotherapy target 
because it can bind to both the costimulatory 
immune receptor CD226 and inhibitory check-
point receptors TIGIT and Tactile (CD96) [19-
21]. However, the exact mechanisms of PVR’s 
effect on tumor progression and T cell respons-
es remain unknown.

In this study, using breast cancer cells, we elu-
cidated the expression and prognostic value of 
PVR after RT and determined the interaction 
between PVR and T-cell function. Targeting PVR 
that is capable of reinvigorating T cells in the 
TME may be a novel therapeutic alternative for 
patients with breast cancer.

Materials and methods

Cell lines and culture

The human triple negative breast cancer (TNBC) 
cell lines, BT549 and MDA-MB-231, and the 
murine mammary tumor cell line 4T1 were 
obtained from American Type Culture Collec- 
tion (Manassas, VA, USA). These cells were cul-
tured in RPMI1640 medium (Welgene, Gyeng- 
sangbuk-do, Korea) supplemented with 10% 
fetal bovine serum and 100 U/mL penicillin/
streptomycin (Welgene) at 37°C under a 5% 
CO2 atmosphere. 

Cell transfection and irradiation

PVR was knocked down using 21-base siRNA 
duplexes (Bioneer, Daejeon, Korea). The siRNA 
sequences were as follows: siPVR#1, sense 
5’-GAGGUAUCCAUCUCUGGCUAU-3’ and anti-
sense 5’-AUAGCCAGAGAUGGAUACCUC-3’, siP- 
VR#2, sense 5’-CGGCAAGAAUGUGACCUGCAA- 
3’ and antisense 5’-UUGCAGGUCACAUUCUUG- 
CCG-3’, siPVR#3, sense 5’-GCCUGUAAUCCCA- 
GCUUUA-3’ and antisense 5’-UUGCAGGUCACA- 
UUCUUGCCG-3’. Among these sequences, si- 
PVR#2 demonstrated strong inhibition of PVR 
levels by RT-PCR analysis, and was used in sub-
sequent experiments. Unless otherwise stated, 
siPVR indicates siPVR#2. Nontargeting siRNA 
(Bioneer) was used as a negative control. 
RNAiMAX (Invitrogen, Waltham, MA, USA) was 
used according to the manufacturer’s instruc-
tions to transfect subconfluent tumor cell lines 
with the siRNA duplexes. The cells were ex- 
posed to various radiation doses using 137Cs 
γ-source Biobeam 8000 irradiator (Gamma-
Service Medical GmbH, Leipzig, Germany) at a 
dose rate of 3.5 Gy/min.

Isolation of activated human CD3+ T cells from 
peripheral blood mononuclear cells (PBMCs)

Human PBMCs were purchased from STEMCELL 
Technologies (#70025, Vancouver, BC, Canada) 
and cultured at 106 cells/mL in ImmnoCult™-XF 
T cell Expansion medium (#10981) containing 
human CD3/CD28 activator (#10991) accord-
ing to the manufacturer’s instructions. Cells 
were stimulated with 200 IU/mL IL-2 (PeproTech 
Rocky Hill, NJ, USA) every 3 days and cultured 
for 14 days. On day 14, human naïve CD3+ T 
cells were purified using the EasySep™ Human 
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T cell enrichment isolation kit (#17951). A puri-
ty of approximately 97% was achieved. 

Bioinformatics analysis

The Cancer Genome Atlas (TCGA) data were 
analyzed using UALCAN (ualcan.path.uab.edu/
analysis.html). PVR mRNA expression in breast 
cancer based on OS was analyzed using GEPIA2 
(gepia2.cancer-pku.cn/#index). 

Clonogenic assay

Cells were seeded on 60-mm tissue culture 
dishes at various densities and then treated 
with different radiation doses. After 12-14 
days, colonies were stained with 1% methylene 
blue (Sigma-Aldrich, St. Louis, MO, USA) solu-
tion in absolute methanol for 10 min. Colonies 
>0.1 mm in diameter were scored as surviving 
colonies. 

Cell viability assay

Cells were seeded into 96-well plates (1 × 103 
cells/well) and treated with 2 and 5 nM PVR 
siRNA for 6 h. Then, the cells were irradiated at 
12 Gy for 24-72 h. After the treatment, cell via-
bility was determined by measuring the mito-
chondrial conversion of MTT (5 mg/mL, Sigma-
Aldrich) to formazan at an absorbance of 550 
nm using a microplate reader (Multiskan EX, 
Thermo Fisher Scientific, Waltham, USA). 

Flow cytometry

Immunostaining was performed as previously 
described [22]. Briefly, cells were incubated 
with human BD Fc Block™ (#564219, BD 
Biosciences, San Diego, CA, USA) and then 
stained with the corresponding antibodies. The 
antibodies used were as follows: CD155-APC 
(SKII.4), TIGIT-APC (A15153G), CD226-FITC 
(11A8), and CD96-APC (NK92.39) (BioLegend, 
San Diego, CA, USA). Naïve CD3+ T cell differen-
tiation was assessed via intracellular staining 
using a BD kit (BD Biosciences) according to 
the manufacturer’s instructions. Cells were 
incubated with the BD GolgiStop™ Protein 
Transport Inhibitor for 4 h and stained with sur-
face markers against CD3-FITC (HIT3a), CD4-
APC (RPA-T4), CD4-FITC (RPA-T4), CD8-APC 
(SK1), and CD25-APC (M-A251). The cells were 
then permeabilized using a fixation/permeabili-
zation solution (BD Biosciences) and stained 

with the following intracellular markers accord-
ing to the manufacturer’s instructions: IFNγ-
FITC (B27), IL4-FITC (MP4-25D2), CD217-APC 
(W15177A), perforin-FITC (δG9), Foxp3-PE 
(259D) (all from BioLegend), and granzyme 
B-FITC (GB11, BD Biosciences). Stained cells 
were obtained using the CyFlow® Cube6 flow 
cytometer (Sysmex-Partec GmbH, Görlizt, Ger- 
many) and analyzed using FlowJo software 
(v.10, Tree Star, Ashland, OR, USA).

Cytotoxicity assay

The CytoTox 96 Nonradioactive Cytotoxicity 
assay (Promega, Madison, WI, USA) was used 
to determine specific cytotoxicity based on the 
colorimetric detection of released lactate dehy-
drogenase (LDH). Target cells were harvested, 
washed, counted, and diluted to 1 × 105 cells/
mL. Then, 50 μL/well was added to 96-well 
plates. Effector CD3+ T cells were added at 
effector-target cell ratios of 1:1, 5:1, 10:1, and 
20:1 and co-cultured for 6 h. All conditions 
were assayed in quadruplicate. After incubating 
for 4 h at 37°C, LDH activity was determined 
using 50 μL of supernatant according to the 
manufacturer’s instructions.

Western blotting

Western blotting was performed as described 
previously [23] using a specific antibody aga- 
inst PVR (81254S, Cell Signaling Technology, 
Danvers, MA, USA). β-actin (A5316, Sigma-
Aldrich) was used for normalization. The optical 
density of each band was analyzed using Multi-
Gauge v3 (Fujifilm, Tokyo, Japan). 

Enzyme-linked immunosorbent assay (ELISA)

Cytokine levels in the supernatant were deter-
mined using ELISA kits for IFN-γ (#555142), 
tumor necrosis factor (TNF)-α (#555212),  
IL-2 (#555190), IL-6 (#555220), and IL-10 
(#555157) according to the manufacturer’s 
instructions (BD Biosciences). 

In vivo studies using a syngeneic mouse model

Six-week-old female BALB/c mice were pur-
chased from DooYeol Biotech (Seoul, Korea) 
and maintained under specific pathogen-free 
conditions. 4T1 cells (5 × 105 cells/100 μL 
phosphate-buffered saline) were subcutane-
ously injected into the right thigh. The mice 
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were randomly selected and locally irradiated 
once with high-dose radiation (8 Gy) using an 
X-ray irradiator (dose rate 2 Gy/min), and anti-
PVR antibody (30 μg/mouse, BioLegend, 
#942104) or Rat IgG2a λ isotype control 
(BioLegend, #402302) was intratumorally ad- 
ministered for three days. Tumor volume was 
calculated 4-5 times per week after tumor 
administration using three orthogonal planes 
(V = (L × W × W)/2, where V is tumor volume, L 
is tumor length, and W is tumor width). Body 
weights from each group were measured 2-3 
times per week. The animal experiments were 
performed according to our Institutional Animal 
Care and Use Committee, approved by the 
Korea Institute of Radiological & Medical 
Sciences (KIRAMS 2022-0139).

Isolation and phenotypic analysis of spleno-
cytes and tumor-infiltrating lymphocytes (TILs)

The mice were euthanized, and their spleens 
were harvested 20 days after tumor cell injec-
tion. Isolated splenocytes were subjected to 
immunostaining as previously described [24]. 
For TIL isolation, tumors were cut into small 
pieces, resuspended in RPMI 1640 medium 
with 500 μL collagenase/hyaluronidase solu-
tion (STEMCELL Technologies, #07912) and 
150 μg/mL DNase I solution (STEMCELL 
Technologies, #07900), and incubated for 25 
min at 37°C with shaking. The digested sam-
ples were passed through a 70 μm nylon cell 
strainer to obtain a single-cell suspension. The 
cells were stained with the following monoclo-
nal antibodies; TCRβ-APC (H57-597), CD11c-
APC (HL3), CD44-FITC (IM7), CD19-FITC (1D3), 
CD80-FITC (16-10A1), and CD86-FITC (GL1) 
purchased from BD Biosciences; and CD4-APC 
(RM4-5), CD8a-APC (53-6.7), B220-APC (RA3-
6B2), NK1.1-FITC (PK136), CD28-APC (37.51), 
CD25-APC (PC61), CD69-FITC (H1.2F3), F4/80-
APC (BM8), and CD11b-FITC (M1/70) pur-
chased from BioLegend. The results were ana-
lyzed using FlowJo software (v.10, FlowJo).

Statistical analysis

GraphPad Prism software version 8 (GraphPad, 
La Jolla, CA, USA) was used to perform statisti-
cal analyses. All data are expressed as mean ± 
standard error of mean. Analysis of variance 
and Tukey’s post-hoc test were performed to 
determine significant between-group differen- 
ces. 

Results

Radiation increases PVR expression in human 
breast cancer cells

Based on the strong correlation between high 
PVR expression in cancer cells and resistance 
to anticancer therapy, we speculated that radi-
ation-induced PVR expression reduces RT effi-
cacy [19, 25, 26]. Figure 1A demonstrates that 
PVR mRNA expression was higher in the most 
aggressive TNBC type than in the other breast 
cancer subtypes (P = 1.68E-12). Furthermore, 
GEPIA2 analysis revealed a significant associa-
tion between high PVR expression and shor- 
ter OS (HR = 1.9, P = 0.00022; Figure 1B). 
Therefore, MDA-MB-231 and BT549 cells were 
treated with the indicated radiation doses, fol-
lowed by PVR expression measurement via flow 
cytometry and western blotting. Radiation sig-
nificantly and dose-dependently increased PVR 
expression in both TNBC cell lines (Figure 1C 
and 1D). However, the magnitude and persis-
tence of PVR upregulation differed between the 
two cell lines; a higher response was observed 
in MDA-MB-231 cells than in BT549 cells. The 
clonogenic survival assay, to measure intrinsic 
radiosensitivity, revealed that MDA-MB-231 
cells were more radioresistant than BT549 
cells (Figure 1E). These results suggest that 
ionizing radiation (IR) significantly upregulates 
PVR expression in breast cancer cells and  
that PVR plays a critical role in acquiring 
radioresistance.

PVR inhibition increases CTL-mediated cytotox-
icity

To explore the molecular mechanism underly-
ing radiation-induced PVR upregulation, we 
used a siRNA targeting PVR (siPVR) to suppress 
PVR expression in the presence or absence of 
radiation. siPVR effectively suppressed PVR 
expression in both breast cancer cell lines, per-
sisting for 48 h (Figure 2A). Furthermore, PVR 
protein levels decreased in cell lysates (Figure 
2B). However, PVR knockdown alone or com-
bined with IR had no significant effect on can-
cer cell viability, except for high-dose siPVR 
treatment 3 days after IR (Figure 2C). Another 
siRNA sequence (siPVR#1) also effectively 
reduced PVR expression up to 48 h post-irradi-
ation without altering cell viability (Supple- 
mentary Figure 1A-C). To investigate PVR func-
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Figure 2. Effect of CTL responses on PVR depletion in irradiated breast cancer cells. Breast cancer cells were 
transfected with siPVR (2 and 5 nM) for 6 h and then irradiated. PVR expression was determined at indicated times 
after IR using (A) flow cytometry and (B) western blotting. (C) Cell viability was examined using the MTT assay. (D) 
CTL-mediated breast cancer cell killing was measured using the nonradioactive LDH assay. Results are presented 
as mean ± SEM from three independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs. 0 Gy siCont, †P<0.05, 
††P<0.01, †††P<0.001 vs. IR.

Figure 1. PVR expression in irradiated human breast cancer cells. A. Graphical overview of PVR mRNA expression 
in breast cancer (BRCA) subclasses was analyzed using UALCAN and TCGA BRCA dataset. B. Effects of PVR on the 
overall survival of patients with BRCA. The image with the highest logrank p-value is shown. C. Flow cytometry show-
ing PVR levels in MDA-MB-231 and BT549 cells at the indicated time points after exposure to various IR doses. D. Af-
ter 24 h of IR, western blotting was performed to measure PVR protein levels. E. Clonogenic survival fraction of cells 
was obtained at the indicated radiation exposures. Results are presented as mean ± SEM from three independent 
experiments. *P<0.05, **P<0.01, ***P<0.001 vs. 0 Gy control.
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tion in T cells, CTL responses were determined. 
PVR silencing significantly enriched CTL-me- 
diated cytotoxicity in breast cancer cells, and 
radiation further increased tumor cell death 
(Figure 2D). Radiation-induced PVR expression 
was also observed in lung cancer cell lines, and 
knockdown of PVR increased the cytotoxicity of 
CTLs (Supplementary Figure 1D and 1E). 
Collectively, these findings suggest that PVR is 
a potential target for enhancing the efficacy of 
T cell-mediated immunotherapy against breast 
cancer. 

PVR increases the CD4+ T cell population

To investigate the effect of PVR on T cell differ-
entiation, CD3+ T cells were isolated from hu- 
man PBMCs and treated with different doses  
of recombinant human PVR protein (rhPVR) for 
24 h. Figure 3A demonstrates that PVR 
increased the proportion of CD3+CD4+ T cells 
but decreased that of CD3+CD8+ T cells; how-
ever, it did not affect T cell subsets such as 
Th1, Th2, Th17, and Treg cells. After rhPVR 
treatment, PVR receptor expression increased 

Figure 3. PVR increases CD4+ T cells. A. Human PBMC-derived CD3+ T cells were treated with human recombinant 
protein PVR (rhPVR; 1 and 2 μg/ml) for 24 h; T cell subtypes were analyzed via flow cytometry. B. PVR receptor ex-
pression, including TIGIT, CD226, and CD96, on T cells was investigated after 24-h rhPVR treatment. C. Quantifica-
tion of T cell-mediated cytotoxicity against rhPVR-treated breast cancer cells using the nonradioactive LDH assay. 
Results are presented as mean ± SEM from three independent experiments. 
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in T cells, including CD226, CD96, and TIGIT 
(Figure 3B). When TNBC cells were treated with 
rhPVR and CTL-mediated cytotoxicity was mea-
sured, there was a significant decrease in LDH 
release (Figure 3C). These results suggest th- 
at rhPVR treatment decreases the number of 
CD8+ T cells and suppresses CTL-mediated 
antitumor activity. 

PVR stimulation of cancer cells interferes with 
cytokine secretion 

Because PVR is a negative IC, we investigated  
T cell-mediated cytokine secretion in co-cul-
tured PVR-treated breast cancer cells. Figure 
4A illustrates that after PVR treatment, the pro-
inflammatory cytokines IFN-γ, TNF-α, and IL-6 

Figure 4. Effect of PVR-stimulated cancer cells on T cell-generated cytokine production. (A) MDA-MB-231 and (B) 
BT549 cells were treated with rhPVR or IR. The cells were co-cultured with T cells for 24 h. Cytokine release in T 
cell supernatants was quantified using ELISA kits. Results are presented as mean ± SEM from three independent 
experiments. 
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remained unchanged, whereas the anti-inflam-
matory cytokine IL-10 was decreased. IL-2, a 
growth and survival factor for T lymphocytes, 
was increased in MDA-MB-231 cells. However, 
both pro- and anti-inflammatory cytokine pro-
duction was significantly decreased in co-cul-
tured PVR-stimulated BT549 and T cells (Figure 
4B). Furthermore, IR decreased IL-10 produc-
tion alone in MDA-MB-231 cells, whereas IFN-γ 

and TNF-α generation was decreased in BT549 
cells, indicating that radiation-induced immu- 
ne responses depend on the cell types and 
contexts. 

Next, we determined whether PVR suppression 
in tumors can restore cytokine secretion. Figure 
5A and 5B illustrate that PVR depletion signifi-
cantly increased IFN-γ, TNF-α, IL-2, and IL-6 pro-

Figure 5. Effect of PVR-depleted cancer cells on T cell-generated cytokine production. (A) MDA-MB-231 and (B) 
BT549 cells were treated with siPVR and IR for 24 h. The cells were co-cultured with T cells for 72 h. Cytokines 
release in T cell supernatants were quantified using ELISA kits. Results are presented as mean ± SEM from three 
independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs. Control, †P<0.05, ††P<0.01, †††P<0.001 vs. IR.
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duction in MDA-MB-231 and BT549 cells com-
pared with control and irradiated cells. Further- 
more, 5 nM siPVR increased IL-10 secretion in 
MDA-MB-231 but decreased it in BT549 cells. 
However, combined siPVR and irradiation treat-
ment increased IL-10 production in both cell 
lines compared with irradiation alone. Collec- 
tively, these results suggest that PVR knock-
down in cancer cells significantly increases 
cytokine production in co-cultured T cells. This 
capability is maintained in combined radiation 
treatment. 

PVR blockade inhibits tumor growth in 4T1-
bearing mice

To assess the antitumor effect of PVR inhibi-
tion, we used a syngeneic 4T1 murine TNBC 
transplanted model (Figure 6A). Similar to the 
data of human TNBC cells, PVR expression was 
markedly elevated by IR at the indicated dose 
in murine 4T1 cells (Figure 6B and 6C). Figure 
6D shows the tumor growth curves for the con-
trol, PVR blockade, IR alone, and IR + PVR 
blockade groups. Whereas PVR blockade alone 

Figure 6. Anti-tumor efficacy of PVR inhibition in 4T1-bearing mice. (A) Scheme of the experiments. (B) Western blot 
analysis and (C) flow cytometry results of PVR expression in 4T1 cells 24 h after irradiation at various doses. (D) 
Monitoring of tumor growth in each experimental group. (E) Graphical representation of tumor volume at the end 
of the experiment. (F) Body weight change. (G) Spleen weight at the end of the experiment. (H, I) Subpopulation of 
immune cells and activation markers in spleen. (J, K) Subpopulation of immune cells and activation markers in TILs. 
Data represent means ± SEM of 5-6 mice per experiment. *P<0.05, **P<0.01, ***P<0.001.
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resulted in a significantly slower tumor growth 
than the control group, the combination of PVR 
blockade and IR did not further improve tumor 
control (Figure 6D and 6E). To examine PVR-
mediated systemic immunity, the subpopula-
tion of immune cells in the spleen was analyzed 
via flow cytometry. While there were no body 
weight differences between all experimental 
groups, PVR blockade and/or IR significantly 
reduced spleen weight (Figure 6F and 6G). 
Both PVR blockade with or without IR treat- 
ment increased T cells (TCRβ, CD3, and CD8) 
and myeloid cells (CD11b). In contrast to the 
increase in T cell numbers by PVR inhibition, 
the proportion of activated T cells (CD28 and 
CD44) did not increase. The increase in MHC I 
and F4/80 antigen-positive cells was consis-
tent with the increased number of myeloid cells 
(Figure 6H and 6I). We further examined the 
immune populations of TILs. Both CD4 and 
CD8 T cells were increased by PVR blockade 
with or without IR treatment, and PVR inhibition 
notably increased the population of activated T 
cells (Figure 6J and 6K). An increase in the 
number of infiltrated myeloid cells was notice-
able, but there was no difference between 
groups. Overall, PVR blockade enhanced the 
proportion of T cells and myeloid cells in the 
spleen as well as infiltrated and activated T 
cells in the TME. 

Discussion

The role of RT as an immunomodulator has 
emerged as a novel and exciting concept. Many 
studies have reported that RT can cause cellu-
lar damage and activate the DNA damage 
response signaling pathway in tumors, inducing 
antigen presentation and leading to CTL prim-
ing [27, 28]. However, RT also exerts immuno-
suppressive effects [29, 30]. Recently, some 
studies have indicated that ICs act as immuno-
suppressors rather than immunoactivators in 
cancers. For example, tumor elimination by 
RT-activated immunity can be limited by nega-
tive Treg cell pathway activation, T cell exhaus-
tion, and suppressive immune cell differentia-
tion [31]. Preclinical animal models have re- 
vealed that PD-L1 expression can lead to RT 
resistance [8, 9]. Therefore, RT efficacy in the 
TME may be controversial, and the underly- 
ing mechanisms are largely unknown, thereby 
requiring comprehensive investigation.

In this study, we elucidated the role of PVR in 
breast cancer and its effect on T cell-mediated 
antitumor immune responses. PVR is an adhe-
sion molecule belonging to the nectin-like fam-
ily and is involved in various cancer-associated 
functions [12-14]. Although PVR was discov-
ered >30 years ago, this multifunctional mole-
cule has recently garnered scientific and clini-
cal attention because its complex receptor 
interactions and related immune response 
functions remain uncharacterized. Moreover, 
PVR is often highly expressed in cancers, addi-
tionally increasing interest [12]. According to 
TCGA data, PVR is upregulated in colon, esoph-
agus, head and neck, pancreas, rectum, and 
stomach cancers but not in breast cancer. 
However, among the breast cancer subtypes, 
PVR expression was significantly increased in 
TNBC and was highly correlated with poor OS. 
In addition, IR increased PVR upregulation in 
breast cancer cells, indicating its potential 
involvement in the sensitivity of radiation res- 
ponses (Figure 1). Recent studies have report-
ed that PVR is associated with cellular stress 
responses to reactive oxygen species (ROS) 
and is involved in the constitutive expression of 
Myc, with induction of the ATM-ATR DNA dam-
age repair pathway in human tumor cell lines 
[32, 33]. Therefore, these findings suggest that 
RT increases PVR expression by inducing ROS 
and DNA damage in breast cancer. 

To investigate whether PVR mediates RT resis-
tance, cell viability and T cell-mediated cytotox-
icity were determined in the presence and ab- 
sence of PVR. PVR knockdown in breast cancer 
cells did not inhibit cell viability but enhanced 
CTL responses with or without IR (Figure 2). 
Consistent with our findings, Lee et al. have 
reported that PVR deletion increases the anti-
tumor activity of CD8+ T and NK cells in tumors 
[34]. Interestingly, irradiated tumor cells acti-
vated CTL responses compared with nonirradi-
ated tumor cells; furthermore, CTL activity did 
not exert additive or synergistic effects on PVR 
suppression when combined with IR. Because 
IR simultaneously modulates various ICs in 
cancer cells, including PD-L1/L2, VISTA, HVEM, 
4-1BBL, ICOSL, and PVR, outcomes may differ 
depending on cell types and context. Therefore, 
additional studies on the mechanism underly-
ing radiation-induced PVR upregulation and 
verification of the combined effects of other ICs 
are warranted. 
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To date, many studies have reported that PVR 
binding to its receptors results in the expres-
sion of T cell-suppressive molecules and trans-
fer of tumorigenic signals [21, 35]; furthermore, 
most studies have highlighted the importance 
of TIGIT [36, 37]. However, the direct effect of 
PVR on T cell function remains unclear. rhPVR 
treatment of T cells increased the proportion  
of CD3+CD4+ T cells but decreased that of 
CD3+CD8+ T cells, suggesting its role in decreas-
ing T cell-mediated cytotoxicity. However, CD4+ 
T cell differentiation into specific effector sub-
types was not observed. Unfortunately, rhPVR 
treatment did not selectively increase the 
expression of the inhibitory TIGIT receptor but 
simultaneously increased the expression of all 
other receptors (Figure 3). PVR binds to CD226, 
resulting in a stimulatory immune response, 
whereas PVR binding to TIGIT and CD96 causes 
opposing immunosuppressive effects [38]. For 
example, TIGIT can inhibit NK cell-mediated 
immune responses by binding to PVR, thereby 
suppressing the antitumor effect of CD8+ T 
cells [26]. Furthermore, the binding affinity of 
TIGIT to PVR is considerably higher than that of 
CD226 to PVR [39], indicating that suppressive 
immune responses outcompete positive im- 
mune activation. CD96 may act as an inhibitor 
in the dysfunctional phenotype in mouse tumor 
models, with NK cells producing higher IFN-γ in 
CD96 knockout mice. These mice exhibited 
resistance to experimental lung metastases 
and carcinogen-induced tumor development  
by activating CD8+ T cells [21, 40, 41]. These 
inconsistent results may be attributed to the 
affinity and selectivity of rhPVR and limited in 
vitro experiments. Therefore, further studies 
with time and dose variations are warranted. 

Because cytokines are important in regulat- 
ing immune responses, we evaluated whether 
changes of PVR expression in tumors affect  
the cytokine-producing ability of T cells. Both 
pro- and anti-inflammatory cytokine secretion 
decreased in co-cultures of T cells and rhPVR-
treated breast cancer cells (Figure 4). Further- 
more, the activity of T cells cultured with rhPVR-
treated BT549 cells was greater and clearer 
than that of MDA-MB-231 cells. However, in 
both cell lines, conflicting results were observ- 
ed for IL-2 secretion. Because MDA-MB-231 
cells are more radioresistant than BT549 cells, 
more or sustained IL-2-induced T cell prolifera-
tion is needed to destroy tumor cells. Com- 

pared with the cytokine profile by rhPVR-
induced PVR upregulation, siPVR-treated PVR 
inhibition resulted in more distinct proinflam-
matory cytokine induction (Figure 5). However, 
similar to CTL responses, no additive or syner-
gistic effects were observed when combined 
with radiation. These results indicate that radi-
ation-increased PVR expression may play a 
minor role in the TME because PVR on tumors 
conveys both positive and negative signals, 
and can interact with other radiation-altered 
ICs. 

We further confirmed that PVR blockade 
delayed tumor growth compared with that of 
the control group, but its combination with IR 
did not demonstrate synergistic antitumor 
effects (Figure 6). Previous studies demon-
strated that loss of tumor-derived PVR expres-
sion reduced tumor progression and metasta-
sis in cervical cancer [42], colon cancer [43], 
non-small cell lung cancer [34], and hepatocel-
lular carcinoma [44]. Liu et al. reported that  
targeting PVR signaling by injecting C57BL/6 
mice with PVR knockout cervical cells inhibited 
tumor progression in mice [42]. The depletion 
of PVR increased the level of infiltrating CD8+ T 
lymphocytes in tissues and the secretion of 
IFN-γ and TNF-α. This is consistent with our 
results showing that anti-PVR antibody treat-
ment significantly increased the proportion of T 
lymphocytes (TCRβ, CD4, and CD8 T cells) and 
myeloid cells in splenocytes and tumor tissues. 
The absence of effectiveness of combined IR 
and PVR blockade may be due to non-optimal 
treatment schedules, such as insufficient PVR 
blockade, inadequate RT dose, and nonideal 
sequence of PVR blockade administration. 
Nonetheless, we demonstrated that PVR kno- 
ckdown in TNBC increased T cell-mediated  
antitumor activity by inducing proinflammatory 
cytokine secretion; this suggests that PVR func-
tions as an inhibitory IC in addition to its previ-
ous role as a proto-oncogene [45], and may be 
an attractive target to overcome resistance 
against chemotherapy or radiotherapy. 

Conclusion

Currently, many different PVR-targeting an- 
titumor approaches have been investigated, 
including recombinant oncolytic polioviruses, 
monoclonal antibodies, and genetically engi-
neered adoptive cell therapy. However, app- 
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roaches using anti-PVR antibodies remain 
scarce in preclinical and clinical trials because 
PVR expression patterns and kinetics remain 
unknown. Moreover, these approaches may 
provoke the unwanted inhibition of activating 
interactions and exert weaker effects than 
direct inhibitory receptor blockade. Although 
many aspects remain to be scrutinized, our 
study demonstrates that PVR induction in TNBC 
is a significant irradiation marker, making it a 
promising prognostic biomarker and therapeu-
tic target. In the near future, IC inhibitors, DC 
vaccines, and adoptive cell therapies, which 
are emerging immunotherapies, can be used to 
target PVR for better clinical outcomes. 
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Supplementary Figure 1. Evaluation of the efficacy of siPVRs. A. Breast cancer cells were transfected with 2 and 
5 nM of three types of siPVRs (#1, #2, or #3) and irradiated with 12 Gy. PVR expression was determined using RT-
PCR analysis 24 h after IR. B. Breast cancer cells were transfected with siPVR#1 (2 and 5 nM). PVR expression was 
detected at 24-48 h after IR using flow cytometry. C. Cell viability was examined using the MTT assay. D. H1975 and 
H460 lung cancer cells were transfected with 5 nM of siPVR#2. PVR expression was determined at 24 h after IR 
using flow cytometry. E. CTL-mediated lung cancer cell killing was measured using the nonradioactive LDH assay. 
*P<0.05, **P<0.01, ***P<0.001 vs. siCont, †P<0.05, ††P<0.01, †††P<0.001 vs. IR+siCont.


