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Abstract

Programmed death-ligand 1 (PD-L1) is a well-known immune
checkpoint protein that helps cancer cells evade immune
response. Anti–PD-L1 immune therapy has been approved for
the treatment of several advanced human cancers. Therefore,
further understanding of the regulatory mechanisms of PD-L1 is
critical to improvePD-L1–targeting immunotherapy. Recent stud-
ies indicated that contact-dependent pathways may regulate anti-
cancer immunity, highlighting the importance of cell contact–
induced signaling in cancer immunity. Here, we show that tumor
cell contact upregulates PD-L1 expression and reduces T-cell–
mediated cell killing through the membrane receptor tyrosine
kinase ephrin receptor A10 (EphA10), which is not expressed in
normal tissues except testis and is known tomediate cell contact–
dependent juxtacrine signaling. Knockout of EphA10 in tumor

cells increased T-cell–mediated antitumor immunity in syngeneic
mousemodels. EphA10 expression also correlated positively with
PD-L1 in human breast tumor tissues. Together, our data reveal
that in addition to paracrine/autocrine signaling, cell contact–
mediated juxtacrine signaling also promotes PD-L1 expression,
implying that tumor cells may escape immune surveillance via
this mechanism and that targeting EphA10 to boost antitumor
immunity may be a new immune checkpoint blockade strategy
for female patients with breast cancer.

Significance: Regulation of PD-L1 expression by cell contact–
mediated signaling promotes immune escape in breast cancer
and may lead to the development of an immunotherapy with
less adverse effects in female patients. Cancer Res; 78(14); 3761–8.
�2018 AACR.

Introduction
Tumor cells escape immune surveillance through the expres-

sion of multiple immune checkpoint–inhibitory ligands on the
cell surface that leads to cytotoxic T lymphocyte (CTL) dysfunc-
tion (1). One of the primary inhibitory ligands is programmed
death-ligand 1 (PD-L1), which binds to receptor programmed cell
death protein-1 (PD-1) on T cells to inhibit immune surveillance.
Many cancer types evade antitumor immunity via PD-L1 expres-
sion (2). To date, several proinflammatory molecules or cyto-
kines, such as EGF, INFg , TNFa, VEGF,GM-CSF, and IL10 secreted
from tumor cells or tumormicroenvironment, have been reported
to induce PD-L1 expression on tumors through paracrine or
autocrine signaling (3–5). Interestingly, cell contact–dependent
juxtacrine signaling has been shown to support tumor-initiating

cell (TIC) state, and PD-L1 is also expressed on TICs during the
tumor initiation stage (6–8). However, it is largely unclear wheth-
er cell contact–dependent signaling regulates immune evasion of
PD-L1–expressing tumor cells. Recent studies indicated that the
Hippo pathway kinases, LATS1/2, which mediate contact-depen-
dent growth inhibition, repress antitumor immunity (9), suggest-
ing that contact-mediated signaling also regulates cancer immu-
nity. Thus, furthering our understanding of the regulation of PD-
L1 through contact-dependent mechanism on tumor cells may
offer insights into cancer immunity and identify additional targets
for cancer immunotherapy.

The erythropoietin-producing hepatocellular carcinoma (Eph)
receptors belong to the largest family of receptor tyrosine kinases
(RTK) with 14members, are involved in embryonic development
and tissue organization, and are implicated in various diseases,
including cancer (10). Eph receptors interact with their mem-
brane-bound ligands, ephrins, on neighboring cells to induce cell
contact–dependent juxtacrine signals. Although the roles of Eph
receptors have been explored in tumor progression and immune
cell development (11, 12), the relationship between their func-
tions and cancer immunity is still unclear. Previous studies
indicated that one of the Eph members, EphA10, which is only
expressed in testis andmany breast cancer tissues but not in other
normal tissues, correlatedwith stage progression and lymphnode
metastasis in breast cancer and is a promising drug target (13).
However, it is not clear how EphA10 blockade induces breast
cancer regression. Here, we show that silencing EphA10 in breast
cancer induces CTL activity and attenuates PD-L1 expression,
unveiling a possible mechanism linking cell contact–mediated
signaling to cancer immunity and a newpotential target for cancer
immunotherapy.
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Materials and Methods
Cell lines and treatment

Most of cell lines used in this study were provided by the
ATCC, except SUM149, regularly checked by short tandem repeat
DNAfingerprinting atMDAndersonCancer Center, and routinely
examined forMycoplasma contamination. The cell lines obtained
from ATCC were cultured in the medium recommended by the
ATCC. SUM149 was obtained from Asterand Bioscience. Recom-
binant ephrinA3 protein (Sino Biological Inc.; #10188-H08H-
100) treatmentwas carried out at a concentration of 0.5 mg/mL for
the indicated times after serum-free starvation for 2 hours.

Sphere culture
MDA-MB-231–expressing PD-L1 cells were cultured in ultra-

low attached plate (Corning) under normal culture condition
(DMEM, 10% FBS, 1% PS) without special supplement. In this
condition, MDA-MB-231 cells formed spheres in a floating state
within a few days (from 3 to 7 days). When the size of spheres
reached a size suitable for observation, spheres were attached to
the cover slip. With attachment, single cells were dissociated from
the spheres. Two days after attachment, the samples were fixed
with 4% PFA and applied to immunofluorescence (IF) staining.

Plasmids, siRNA, and knockout constructs
The lentiviral-based shRNA (pGIPZ), which has the shRNA

sequence targeting 30 untranslated region of human PD-L1, was
used as the template. The original cDNA for GFP was replaced
with cDNA for Flag-PD-L1. Using this pGIPZ-shPD-L1/Flag-PD-
L1 dual expression construct, we established MDA-MB-231, BT-
549 and Hep3B stable cell lines expressing Flag-PD-L1 with
endogenous PD-L1 knockdown. Commercial siRNAs were used
to knock down EphA2 (Sigma-Aldrich; #1 SASI_Hs02_00337600
and #2 SASI_Hs01_00026514) and EphA4 (Sigma-Aldrich; #1
SASI_Hs01_00085625 and #2 SASI_Hs01_00085626). Nonspe-
cific siRNA control (Sigma-Aldrich; SIC001-10NMOL) was used
as a control in the experiments. siRNAs were transfected into
MDA-MB-231 cells using Electroporator (Nucleofector II; Amaxa
Biosystems) according to the manufacturer's instructions. To
generate EphA10 knockout or control MDA-MB-231/4T1, three
different regions of human EphA10 (NM_001099439.1) and
mouse EphA10 (NM_001256432.1) were targeted using pLenti-
CRISPRv2 vectors, respectively. The targeting sequences are as
follows:

Human EphA10-1: CAAAATCGACACGATCGCGG (533 to
555);

Human EphA10-2: AACACAGAGGTGCGCGAGAT (606 to
628);

Human EphA10-3: AGAAGGCACGGTCCGCTAGT (2874 to
2852);

Mouse EphA10-1: GGAAGTGGCTGGAACGTGCG (792 to
814);

Mouse EphA10-2: GCGAGTAGGTGACGTCGGAG (1213 to
1191);

Mouse EphA10-3: TCCAGGAACGTGCGTCGTGT (1952 to
1930).

Stable cells were selected with puromycin (InvivoGen; #ant-
pr-1) for 4 weeks. Puromycin (0.5 mg/mL) was used to select for
BT-549 and Hep3B stable cells, and puromycin (1 mg/mL) for

MDA-MB-231 stable cells, and puromycin (1.5 mg/mL) for 4T1
stable cells.

Western blotting
Cells were harvested and lysed in the lysis buffer (1.25 mol/L

urea and 2.5 % SDS) after washing with PBS. Protein concentra-
tion was measured by Pierce BCA Protein Assay (ThermoFisher;
#PI-23227). Immunoblotting was performed with primary anti-
bodies against PD-L1 (1:1,500; Cell Signaling Technology;
#13684), PCNA (1:1,000; Santa Cruz Biotechnology; #sc-56),
b-actin (1:10,000; Sigma-Aldrich; #A2228), EphA2 (1:1,000; Cell
Signaling Technology; #6997), EphA4 (1:1,000; ECM Bio-
sciences; #EM2801), EphA10 (1:500; R&D Systems; #MAB5188),
mouse EphA10 (1:500; ThermoFisher; #PA5-20775), and mouse
PD-L1 (1:1,000; R&D Systems; #MAB90781). Western blot detec-
tion was performed using chemiluminescent detection reagents
(Bio-Rad #170-5061 or ThermoFisher #34075) and ImageQuant
LAS 4010 (GE Healthcare).

Flow cytometric analysis of PD-L1 expression
For analysis of PD-L1 expression on cell membrane, 5� 105 of

cells were collected in Cell Staining Buffer (BioLegend; #420201)
and stained with allophycocyanin-conjugated anti-human PD-L1
antibody (1:60 for 20 minutes; BioLegend; #329707) by APC
Mouse IgG2b (1:60 for 20 minutes; BioLegend; #400319) as
control staining. Stained cells were subjected to flow cytometric
analysis using the BD FACSCanto II cytometer (BD Biosciences),
and data were processed by the FlowJo v10 software.

RNA extraction, reverse transcription, and qRT-PCR analysis
Cell lysates were harvested using the TRIzol Reagent (Thermo-

Fisher; #15596026), and total RNA was isolated with the RNeasy
Mini Kit (Qiagen; #74104) according to the manufacturer's pro-
tocols. cDNA was synthesized through the reverse transcription
from purified RNA using SuperScript III First-Strand cDNA syn-
thesis system (ThermoFisher; #18080051) according to the man-
ufacturer's protocol. qRT-PCR was performed using the CFX96
Real-Time System (Bio-Rad). GAPDH was used as an internal
control for mRNA expression. The data were analyzed by the
2�DDCT method. Primer sequences (5�to 3�) are as follows:

PD-L1-Forward: ACAGCTGAATTGGTCATCCC (cDNA ampli-
con size: 108 bp);

PD-L1-Reverse: TGTCAGTGCTACACCAAGGC
GAPDH-Forward: AAGGTGAAGGTCGGAGTCAA (cDNA

amplicon size: 108 bp);
GAPDH-Reverse: AATGAAGGGGTCATTGATGG

Immunofluorescence
Under anesthesia, the tumor mass was isolated frommice after

perfusion with 0.1mol/L PBS (pH 7.4) and embedded into opti-
mal cutting temperature compound block and frozen for cryostat
section. Cryostat sections (8-mm-thick) were fixed with 4% para-
formaldehyde (PFA) for 15minutes at room temperature. After
PBS washing, cryostat sections were incubated in the blocking
solution (PBS including 3% donkey serum, 1% BSA, 0.3% Triton
X-100, pH 7.4) for 30minutes at room temperature. For cell
staining, cells on round cover glass were fixed in 4% PFA at room
temperature for 15minutes after PBS washing. Cells were per-
meabilized in 0.5% Triton X-100 for 10 minutes and then in the
blocking solution for 30minutes at room temperature. In
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antibody reaction buffer (PBS plus 1% BSA, 0.3% Triton X-100,
pH7.4), sampleswere stainedwith primary antibodies against active
caspase 3 (1:300; Cell Signaling Technology; #9661L), CD8 (1:100;
BioRad; #MCA609G), GranzymeB (GB; 1:500; R&D Systems;
#AF1865), PD-L1 (1:200; Cell Signaling Technology; #13684), and
phalloidin (ThermoFisher; #A12379) overnight at 4�C, followed by
Alexa 350, 488, 546, and647 (1:3,000, Life Technologies) secondary
antibodies at room temperature for 1hour. Hoechst 33342 (Life
Technologies) was used for nuclear staining. The confocal micro-
scope (Carl Zeiss, LSM700) was used for image analysis.

DuoLink in situ proximity ligation assay
Proximity ligation assay (PLA) was carried out to investigate

the proximity of epitopes recognized by the two antidifferent
epitopes of PD-L1 antibodies that represent the detection of
PD-L1 in cancer cells using the Duolink In Situ Red Starter Kit
(Sigma-Aldrich; #DUO92101) according to the manufacturer's
instruction. Briefly, cells were fixed on the slide using 4% PFA
and washed with PBS. After blocking, anti–PD-L1 (1:200; Cell
Signaling Technology; #13684) and anti–PD-L1 (1:200; LSBio;
#338364) antibodies were incubated with cells overnight at

Figure 1.

High cell density induces PD-L1 expression on the
membrane of breast tumor cells through
nontranscriptional regulation. A, Top, quantitative data
of Western blot of PD-L1 in BT-549, MDA-MB-231,
SUM149, Hs578T, and HCC1937 cell lines. Data represent
mean� SD, n¼ 3; � , P < 0.05 by Student t test. Bottom,
representative Western blots. Cells were incubated for
48 hours at low-to-high cell density (different cell
number in 55 cm2). PCNA was used as a loading control.
PD-L1 expression levels normalized to that of
PCNA. B, Top, membrane PD-L1 expression by flow
cytometric analysis after BT-549 cellswere incubated for
48 hours at low cell density (2.5 � 105 cells in 55 cm2)
compared with those at high cell density (2.0� 106 cells
in 55 cm2). Bottom, MDA-MB-231 (bottom) were
incubated for 48 hours at low cell density (1.25� 105 cells
in 55 cm2) compared with those at high cell density
(1.0 � 106 cells in 55 cm2). Data represent mean � SD,
n ¼ 3; � , P < 0.05 by Student t test. C, qRT-PCR of
PD-L1 in MDA-MB-231 and BT-549 cell lines. Cells were
incubated for 48 hours with high cell density (1.0 � 106/
55 cm2 for MDA-MB-231; 2.0 � 106 cells/55 cm2 for
BT-549) comparedwith low cell density (1.25� 105 cells/
55 cm2 for MDA-MB-231; 2.5 � 105 cells/55 cm2 for
BT-549). D, Western blot of PD-L1 in PD-L1–expressing
MDA-MB-231, BT-549, and Hep3B stable cells. Cells were
incubated for 48 hours at low-to-high cell density
(different cell number in 55 cm2). PCNA was used as a
loading control.

Cell Contact Inhibits Anticancer Immunity via PD-L1

www.aacrjournals.org Cancer Res; 78(14) July 15, 2018 3763

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/14/3761/2770670/3761.pdf by guest on 19 M

ay 2023



4�C. Subsequent ligations and detections were carried out in
accordance with the manufacturer's recommendations.

Human phospho-RTK antibody array
Proteome Profiler Human Phospho-RTK Array Kit (R&D

Systems, ARY001B) was used to detect the potential activation
of RTK signals by cultured condition in high cell density
compared with low cell density. All procedures were performed
according to the manufacturer's instruction with minor mod-
ifications. Briefly, antibodies binding to specific RTKs from cell
lysate were spotted in duplicate onto nitro cellulose mem-
branes. Cell lysates (600 mg) were incubated with the mem-
brane overnight at 4�C. After washing, cell lysates containing
Tyr phosphorylation of the captured RTKs were mixed with an
horseradish peroxidase–conjugated pan phospho-tyrosine anti-
body. Finally, the binding signal was measured using chemi-
luminescent detection reagents and ImageQuant LAS 4010
(GE Healthcare).

Animal studies
All mice procedures were conducted under the guidelines and

the institutional animal care protocol (00001334-RN01)
approved by the Institutional Animal Care and Use Committee

at The University of Texas MD Anderson Cancer Center. BALB/c
and NOD SCID mice (6-week-old females) were purchased from
Jackson Laboratories.Mouse 4T1mammary tumor cells (5� 104)
in 50 mL of medium mixed with 50 mL of matrigel basement
membrane matrix (BD Biosciences; #CB40230C) were injected
into the mammary fat pad. Three days after inoculation, tumor
size was measured as indicated in the figures, and tumor volume
was calculated by using the formula: p/6� length�width2. Mice
with tumors greater than 1,500 mm3 were sacrificed.

Immunohistochemical staining
Humanbreast tumor tissuemicroarrays from224patientswere

obtained from Affiliated 9th People's Hospital of Shanghai Jiao-
tong University in China. The collection of patient tissues was in
accordance with the principles expressed in the Declaration of
Helsinki and were approved by the Institutional Review Board at
Affiliated 9th People's Hospital of Shanghai Jiaotong University.
Written-informed consent was obtained from all patients at the
time of enrollment. Immunohistochemical staining was per-
formed using anti–PD-L1 (1:100 overnight; Abcam; #ab205921)
and anti-EphA10 (1:100 overnight; LSBio; #LS-B10732) antibo-
dies. Tissue specimenswere incubated with primary antibody and
biotin-conjugated secondary antibody, and then mixed with an

Figure 2.

Breast tumor cell contact increases PD-L1 expression.
A, Immunofluorescence microscopy of PD-L1 expression
levels in cells with or without cell contact. MDA-MB-231–
expressing PD-L1 cells formed sphere under unattached
culture condition. Spheres were stained with PD-L1
antibody and phalloidin solution. Red, PD-L1; green,
F-actin; blue, nuclei. Scale bars, 500 mm (left)
and 100 mm (magnified panels a and b).B,MDA-MB-231–
expressing PD-L1 cells were seeded at low (1.25 � 105

cells in 55 cm2) or high density (1.0� 106 cells in 55 cm2)
for 48 hours, and then incubated with two different
PD-L1 antibodies, followed by detection using the
DuoLink probe. Left, quantitation of PLA. Three
randomly selected fields were analyzed for each
experiment. N ¼ 3. Low density, 96 cells. High density,
504 cells. Data represent mean � SD � , P < 0.05 by
Student t test. Right, representative images of PLA.
Scale bars, 100 mm and 20 mm (inset). Red dots, positive
PLA signals.

Yang et al.

Cancer Res; 78(14) July 15, 2018 Cancer Research3764

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/14/3761/2770670/3761.pdf by guest on 19 M

ay 2023



avidin–biotin–peroxidase complex. Amino-ethylcarbazole chro-
mogen was used for visualization. Protein expression was ranked
according to the Histoscore (H-score) method.

Statistical analysis
Themean� SDwere used in the numerical results. A two-tailed

independent Student t test was used to compare the continuous
variables between the two groups. A Kaplan–Meier estimation
and a log-rank test were used to compare the differences in overall
survival period between two groups. The correlation between
EphA10 and PD-L1 was analyzed using Pearson x2 test by SPSS
(Ver. 20). All statistical data of biological function assays were
collected from at least two independent replicates and contained
at least three technical replicates. The level of statistical signifi-
cance was set at 0.05 for all tests.

Results
We investigated the possibility that cell contact–dependent

signaling may be involved in PD-L1 regulation. To this end, we
first examined the protein expression of PD-L1 in BT-549, MDA-
MB-231, SUM149,Hs578t, andHCC1937 breast cancer cells with
different cell density seeded on 10-cm plates for 48 hours.
Notably, lysates harvested from cells seeded at higher density
exhibited higher levels of PD-L1 expression compared with those
at lower density (increased 3–5 fold compared with the lowest
density in each cell lines; Fig. 1A). Analysis of PD-L1 expression by

flow cytometry further confirmed that PD-L1 expression on the
cell surface of cells cultured at higher density was higher than
those at lower density (Fig. 1B). Next, we asked whether cell
density transcriptionally or posttranslationally regulates PD-L1.
We first examined PD-L1 RNA levels in cells cultured at high and
low density for comparison by qRT-PCR. The results indicated no
significant changes in PD-L1 RNA levels (Fig. 1C). In contrast,
stable expression of Flag-tagged PD-L1 driven by cytomegalovirus
promoter in PD-L1–knockdown MDA-MB-231, BT-549, and
Hep3B cells at high density increased the exogenous PD-L1
protein expression (Fig. 1D). These results suggested that PD-
L1 expression induced by high cell density is not through tran-
scriptional regulation.

To demonstrate that cell-to-cell contact upregulates PD-L1
expression, we established an in vitro culturing method to
observe the process of cell dissociation from sphere mass. After
seeding spheres of PD-L1–expressing MDA-MB-231 cells on the
coverslip under a standard culture condition for 2 days, we then
performed IF assay to detect PD-L1 level of cancer cells on the
coverslip (Fig. 2A, diagram). Compared with cells in sphere
mass, dissociated cancer cells without contact with the neigh-
boring cells expressed less PD-L1 (inset a vs. b, Fig. 2A). To
validate these findings quantitatively, we performed a Duo-
Link PLA using two antibodies that recognize different epitopes
of PD-L1. The results also indicated higher PD-L1 expression in
PD-L1–expressing MDA-MB-231 cells at high-density culturing
condition compared with those at low-density (Fig. 2B). These

Figure 3.

Juxtacrine signaling induces PD-L1 expression through EphA10. A, Left, representative blot of significant changes of protein phosphorylation in RTK array
from BT-549 cells in low cell density (2.5 � 105 cells in 55 cm2) compared with high cell density (2.0 � 106 cells in 55 cm2). Right, quantification of protein
phosphorylation changes in RTK array.B,Western blot of PD-L1 in BT-549 andMDA-MB-231 cells treatedwith orwithout 0.5mg/mL ephrinA3 at different time points.
b-Actin was used as a loading control for Western blotting. C, Left, control or EphA2 siRNA was transfected into MDA-MB-231 cells. Western blot showing
PD-L1 and EphA2 in each transfectant. Right, control or EphA4 siRNA was transfected into MDA-MB-231 cells. Western blot showing PD-L1 and EphA4
in each transfectant.D, Left,Western blot of EphA10-knockout (KO-EphA10)or -control (KO-ctrl)MDA-MB-231 cellswith EphA10or PD-L1 antibody.b-Actinwasused
as a loading control for Western blotting. Right, Western blot of mouse PD-L1 (mPD-L1) and mouse EphA10 (mEphA10) in mouse EphA10-knockout
(4T1-KO-EphA10) and control (4T1-KO-ctrl) 4T1 stable cells. b-Actin served as a loading control.
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findings further supported that tumor cell contact upregulates
PD-L1 expression.

Next, to identify the molecule(s) that may regulate PD-L1
expression by contact-dependent signaling, we compared the

activity of RTKs in BT-549 cells at high and low cell density by
human phospho-RTK array. Activities were relatively higher for
five RTKs, RTK like orphan receptor 2 (ROR2), neurotrophic
receptor tyrosine kinase 3 (TrkC), Eph receptor A2 (EphA2), Eph

Figure 4.

EphA10 deletion induces tumor regression through enhancing CTL-mediated antitumor immunity. A, The 4T1 EphA10-knockout (4T1-KO-EphA10) or control
(4T1-KO-ctrl) cells (5� 104) were injected into BALB/c or BALB/c SCIDmice (n¼ 8mice per group). Tumor volumewasmeasured at the indicated time points. Data
represent mean� SD. � , P < 0.05 by Student t test. B, Survival of mice bearing 4T1-KO-EphA10 or 4T1-KO-ctrl tumors. n¼ 8 mice per group; � , P < 0.001 by log-rank
test. C, Top, representative immunostaining images of PD-L1, CD8 (CTL marker), GB (activity of T cell), and CCA3 (apoptotic marker) in 4T1-KO-EphA10 or
4T1-KO-ctrl tumor mass. Scale bar, 200 mm (inset, 50mm). Hoechst was used for nuclear counter staining. Bottom, quantitation of PD-L1, CD8, GB, and CCA3 signals
by Image J. Data represent mean � SD. n ¼ 12. Three tissue slides per tumor, 4 mice per group. � , P < 0.05 by Student t test. D, Left, representative IHC staining
images of EphA10 and PD-L1 in patients with breast cancer (n ¼ 224). Right, statistical data showed positive correlation between expression of EphA10 and
PD-L1 in 224 surgical specimens of human breast cancer. The correlation between EphA10 and PD-L1 was analyzed using SPSS Pearson x2 test (P <0.0001). A P value
of less than 0.05 was set as the criterion for statistical significance.
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receptor A4 (EphA4), and Eph receptor A10 (EphA10), at high cell
density compared with low cell density (Fig. 3A). Interestingly,
three of the RTKs, EphA2, EphA4, and EphA10, are known to
mediate cell contact–dependent signaling by binding their ephrin
ligands located on the membrane of nearby cells (12, 14). To
determinewhether EphA receptorsmediate PD-L1 expression, BT-
549 and MDA-MB-231 cells were treated with the ephrinA3
ligand, which binds to the EphA receptors (10), including EphA2,
EphA4, and EphA10. BT-549 andMDA-MB-231 cells treated with
ephrinA3 exhibited increased PD-L1 expression within 3 hours
compared with the no treatment controls (Fig. 3B). These data
implied that contact-induced PD-L1 expression in tumor cells
may be mediated by EphA2, EphA4, or EphA10. To further
determine which EphA receptor(s) mediates PD-L1 expression,
EphA2, EphA4, or EphA10 was either knocked down by siRNA
knockdown or knocked out by CRISPR-Cas9 in MDA-MB-231
cells. The reduction of PD-L1 only occurred in EphA10-knockout
cells, but not in EphA2- or EphA4-knockdown cells (Fig. 3C and
D, left). The results were further validated in the mouse 4T1
mammary tumor cells (Fig. 3D, right). These data suggested that
EphA10 may mediate the contact-induced PD-L1 expression in
tumor cells.

To test the possibility that EphA10 blockademay reduce PD-L1
expression and tumor growth by activating CD8þ CTL, a major
effector of antitumor immunity that eliminates cancer cells by
secreting GB in tumor cells (15), we used EphA10-knocked out
mouse 4T1 mammary tumor cells (4T1-KO-EphA10), which
exhibited a reduction in PD-L1 expression compared with knock-
out controls (4T1-KO-ctrl; Fig. 3D, right) to establish an EphA10-
knockout 4T1 mammary tumor mouse model by orthotropic
injection in SCIDmice and immunocompetent BALB/c mice and
evaluated the tumor growth. Knockout EphA10 significantly
reduced the tumor growth (Fig. 4A, right) and increased the
survival (Fig. 4B) of immunocompetent BALB/c mice but had
noeffects on the tumor growth inBALB/c SCIDmice (Fig. 4A, left).
We also analyzed the levels of PD-L1, cleaved caspase 3 (CCA3, an
apoptotic marker), CD8þ CTL population, and CTL activity
using GB release as an indicator by staining tumor sections. The
results showed that knockout EphA10 in tumors derived from
immunocompetent BALB/c mice significantly decreased PD-L1
expression levels (Fig. 4C, left) and increased the CD8þ CTL
population, the amount of GB release, and the levels of CCA3
by 4.9 (�0.8), 3.7 (�0.6), and 4.8 (�1.1) fold, respectively,
compared with controls (Fig. 4C, right). These data suggested
that EphA10 upregulates PD-L1 expression, and blocking EphA10
can increase the population of CD8þ CTL with antitumor activ-
ities in tumor tissues. To recapitulate the above results in human
cancer patients for future clinical application, we performed
immunohistochemistry (IHC) staining of 224 human breast
cancer specimens and identified a significant positive correlation
with P value less than 0.0001 between EphA10 and PD-L1
expression (Fig. 4D).

Discussion
Our current study uncovers a mechanism underlying PD-L1

regulation in which EphA10-mediated contact-dependent signal-
ing increases its expression inbreast cancer cells, linking the role of
tumor cell contact to immune escape. It is not yet clear whether
EphA10 may be multifunctional in antitumor immunity. How-
ever, at least the current report suggests that the reduction of PD-

L1 by EphA10 KO may be one way to increase antitumor
immunity.

Ephrin receptors signaling has been known to play important
roles in both the immune system and cancer. Previous studies
identified EphA 2 and 3 as a tumor-associated antigen–activating
T cell (16, 17) and the stimulation of EphB 1/2/3 receptors
induced T-cell activation (18). Furthermore, EphA2 signaling is
known to promote T-cell adhesion to vascular endothelial cells,
thereby increasing T-cell infiltration (19). In contrast to such
ephrin receptors enhancing antitumor immunity, our results
show that EphA10 contributes to suppress antitumor immunity.
Because EphA10 does not have its own kinase activity, it could
inactivate other EphA/B-ephrin signaling through forming het-
erodimer or competing for ligands. Alternatively, it might sup-
press antitumor immunity though reverse signaling in receptor-
bound immune cells (18). It is certainly worthy to further verify
functions of Eph A10 in antitumor immunity in the future.

Specially, our analysis of tumor with IF (Fig. 4C, CD8þ) shows
that much more CTLs infiltrated into EphA10 KO tumors than
control tumors. The number of tumor-infiltrating T cell (TIL) has
correlation with efficacy of immunotherapy targeting PD-L1/PD-
1 in the breast tumor. In the recent clinical trial for patients with
PD-L1–positive breast cancer, although immune check point
blockage was very limited in hormone receptor–positive breast
cancer,whichhas lownumber of TIL, triple-negative breast cancer,
which has high number of TIL, showed 18.5% response to
pembrolizumab (anti–PD-1) and 19% response to atezolizumab
(anti–PD-L1), respectively (20). These results suggested that in
addition to PD-L1 expression, the levels of TIL also serve as
another determinant to predict response to immunotherapy.

In this regard, the EphA10 blockade could effectively "kill two
birds with one stone." Because EphA10 blockade can enhance not
only CTL activity by blocking PD-L1/PD-1–inhibitory signaling
but also infiltration of CTL into tumor tissue, EphA10 may have
more potential as a new target for immunotherapy comparedwith
PD-L1/PD-1 single targeting. Furthermore, EphA10 may be an
ideal therapeutic target with less adverse effects in female patients
with breast cancer because its expression is specific in breast cancer
but not in most of other normal tissues (except for male testis;
ref. 13). Therefore, it would beworthwhile to further elucidate the
roles of EphA10 in cancer immunity to develop novel
immunotherapies."
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