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ABSTRACT
Programmed cell death ligand 1 (PD-L1) is an immunosuppressive molecule
expressed on tumor cells. By interacting with programmed cell death-1 (PD-1) on
T cells, it inhibits immune responses. Because PD-L1 expression on cancer cells
increases their chemoresistance, we investigated the correlation between PD-L1 and
multidrug resistance 1/ P-glycoprotein (MDR1/P-gp) expression in breast cancer
cells. Analysis of breast cancer tissues using tissue microarrays revealed a significant
correlation between PD-L1 and MDR1/P-gp protein levels. Increased expression of
PD-L1 was associated with lymph node metastasis and histological tumor grade. In
addition, interaction of PD-L1 with PD-1 induced phosphorylation of AKT and ERK,
resulting in the activation of PI3K/AKT and MAPK/ERK pathways and increased MDR1/
P-gp expression in breast cancer cells. The PD-1/PD-L1 interaction also increased
survival of breast cancer cells incubated with doxorubicin. These findings suggest
that the PD-1/PD-L1 inhibition may increase chemotherapy efficacy by inhibiting the
MDR1/P-gp expression in breast cancer cells.

INTRODUCTION

2 (SHP2) [8]. This recruitment results in dephosphorylation
of zeta-chain-associated protein kinase 70 (ZAP70), protein
kinase C-θ (PKCθ), and CD3ζ, leading to attenuation of the
T cell receptor/CD28 (TCR/CD28) signal [9], and inhibition
of immune responses [10].
Breast cancer is diagnosed in nearly 1.4 million
women every year and is a major cause of cancer-related
death in women. The expression of PD-L1 is more frequent
in basal breast cancers and basal type breast cancer cell
lines [11, 12]. High expression of PD-L1 is associated
with poor-prognosis characterized by progesterone
receptor (PR)-negative, estrogen receptor (ER)-negative,
and human epidermal growth factor receptor 2 (HER2)positive status, large tumor size, and high proliferation
and grade [13–15]. Compared to PD-L1 negative tumors,

Programmed cell death ligand 1(PD-L1), also known
as B7 homologue 1 (B7-H1) or CD274, is an immune
checkpoint molecule belonging to the B7 family [1]. PDL1 is expressed on B cells, macrophages, dendritic cells
(DCs), and T cells, as well as some non-hematopoietic cells
[2]. Recently, PD-L1 has been found to be overexpressed
on many different tumor cells, including bladder, ovarian,
pancreatic, and breast cancer cells [3–6]. PD-1, also known
as CD279, is the receptor of PD-L1; it is expressed by
activated NK cells, dendritic cells, as well as T cells and B
cells [7]. The binding of PD-L1 to PD-1 results in tyrosine
phosphorylation of the PD-1 cytoplasmic domain and the
recruitment of SH2-domain containing tyrosine phosphatase
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PD-L1 positive tumors exhibit an increased number of
intra-tumor CD8 + T cells, indicating a strong association
between the expression of PD-L1 and tumor-infiltrating
lymphocytes (TILs) [16]. As the binding of PD-L1 to
PD-1 results in dysfunction of cytotoxic T lymphocytes
(CTL) and loss of antitumor immunity, reactivation of
dormant TILs by PD-1/PD-L1 inhibitors could represent
a promising strategy in PD-L1 up-regulated breast cancer.
Interestingly, recent reports indicate that PD-L1
also acts as an anti-apoptotic molecule on cancer cells.
Knockdown of PD-L1 leads to an increase in spontaneous
apoptosis and doxorubicin-induced apoptosis in breast
cancer cells [17]. PD-L1 expression on mouse mast
cells results in the resistance to CTL-mediated lysis and
factor associated suicide ligend (FasL)-mediated apoptosis;
the resistance requires intracellular domain of PD-L1 [18].
Binding of PD-L1 to recombinant PD-1 increases resistance
to conventional chemotherapeutic agents in breast and
prostate cancer cells, and ERK and mTOR phosphorylation
[19]. It has been reported that interaction of PD-L1 and
PD-1 activates PI3K/AKT pathway in myeloma and
diffuse large B-cell lymphoma (DLBCL) [1, 20], but the
mechanisms are poorly understood.
Overexpression of P-glycoprotein (P-gp), coded by
MDR1 gene, represents one of the mechanisms of how cancer
cells reduce the intracellular concentration of anticancer
drugs. P-gp is a 170 kDa plasma membrane glycoprotein that
is a member of the ATP-binding cassette (ABC) transporter
protein superfamily, and functions as an energy-dependent
ATP efflux pump [21]. P-gp is widely distributed in normal
tissues, including kidney, small intestine, liver, and brain, and
likely protects these susceptible organs from toxic compounds
[22]. P-gp is also highly expressed in multidrug–resistant
cancer cells, and has an impact on the pharmacokinetics
of a wide range of drugs, such as doxorubicin, epirubicin,
etoposide, paclitaxel, and docetaxel. As PD-L1 expression on
cancer cells increases their chemoresistance, we speculated
that PD-L1 expression correlates with MDR1/P-gp
expression in breast cancer cells.
In this study, we demonstrate that the PD-L1
expression correlates with the MDR1/P-gp expression
in breast cancer tissues. In the presence of PD-1, PD-L1
up-regulates the MDR1/P-gp expression in breast cancer
cells, and this up-regulation is mediated by the activation
of PI3K/AKT and MAPK/ERK pathways.

immunohistochemistry (IHC) staining of tissue microarrays
(Supplementary Figure 1). The levels of PD-L1 and MDR1/
P-gp were defined as ‘low expression’ and ‘high expression’
according to the staining scores. High expression of PDL1 was found in 105 breast cancer cases (70.0%). High
expression of MDR1/P-gp was found in 74 breast cancer
cases (49.3%). Low levels of PD-L1 and MDR1/P-gp were
observed in 41 patients (27.3%), and high levels of PD-L1
and MDR1/P-gp were observed in 70 patients (46.7 %). Four
patients (2.7%) had a low expression of PD-L1 and a high
expression of MDR1/P-gp. Thirty-five patients (23.3%) had a
high expression of PD-L1 and a low expression of MDR1/Pgp. Together, these results show that the expression of PD-L1
positively correlates with the expression of MDR1/P-gp in
breast cancer tissues (R = 0.703, p < 0.01; Table 1).
Next, we evaluated the correlation between PD-L1
expression and clinicopathological features in 247 breast
cancer tissues. The protein levels of PD-L1 correlated with
lymph node metastasis (p = 0.0009), and histological grade
of tumors; PD-L1 was increased in grade I/II compared
with grade III (p = 0.0022). In addition, Her-2 positive
patients exhibited increased PD-L1 levels (p = 0.0043).
No correlation was found with patients’ age, tumor node
metastases (TNM) classification, and ER or PR status.
We also investigated the correlation between PD-L1
expression and clinicopathological features in 59 triplenegative breast cancer (TNBC) patients. Increased
expression of PD-L1 was associated with lymph node
metastasis (p = 0.0362), suggesting that high levels of PDL1 may promote lymph node metastasis in TNBC patients.
Together, these data show that the PD-L1 expression is
associated with lymph node metastasis, histological grade,
and Her-2 status (Tables 2 and 3), suggesting that it may
serve as a prognosis factor in breast cancer patients.
We then investigated the correlation between
MDR1/P-gp expression and clinicopathological features
in 160 breast cancer tissues. However, we found no
significant correlation between MDR/P-g expression and
clinicopathological features (Table 4).

Expression of PD-L1 on breast cancer cells is upregulated by IFN-γ
Breast cancer cell lines T47D and MDA-MB-231
were analyzed for PD-L1 expression by flow cytometry.
T47D cells express undetectable cell surface levels of
PD-L1; however, the PD-L1 expression is induced by
24h incubation with IFN-γ. MDA-MB-231 constitutively
expresses high levels of PD-L1, which is further increased
by 24h treatment with IFN-γ (Figure 1A).

RESULTS
Correlation of PD-L1 expression with MDR1/Pgp and clinicopathological features in breast
cancer

PD-1/PD-L1 interaction increases MDR1/P-gp
expression in breast cancer cells

Since MDR1/P-gp and PD-L1 play an important role
in drug resistance, we investigated whether PD-L1 expression
correlates with MDR1/P-gp in 150 breast cancer tissues.
PD-L1 and MRD/P-gp protein expression was analyzed by
www.impactjournals.com/oncotarget
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Table 1: Correlation of PD-L1 and MDR1/P-gp expression
PD-L1
MDR1/P-gp

low

high

low

41

35

high

4

70

Spearman R

P value

0.703

< 0.01*

p < 0.01.

*

Table 2: Association of PD-L1 and clinicopathological features of breast cancer
low (score < = 4)
ALL
Age
<= 50
> 50
TNM stage

Total no.

n

%

n

%

143
104

57
41

23.08%
16.60%

86
63

34.82%
25.51%

P value

0.9447
0.5995

I
9
II
162
III
76
Lymph node metastasis
Negative
150
Positive
97
Grade
I
47
II
88
III
29
unknown

high (score > 4)

5
64
29

2.02%
25.91%
11.74%

4
98
47

1.62%
39.68%
19.03%
0.0009**

72
26

29.15%
10.53%

78
71

31.58%
28.74%

8
27
21

3.24%
10.93%
8.50%

39
61
8

15.79%
24.70%
3.24%

0.0022*
(I + II vs III)

0.3349

83

ER status
ER+

12

5

5.15%

7

7.22%

ER-

85

48

49.48%

37

38.14%

PR+

8

2

2.06%

6

6.19%

PR-

89

51

52.58%

38

39.18%

HER2+

26

8

8.25%

18

18.56%

HER2−

71

45

46.39%

26

26.80%

PR status
0.0788

HER2 status
0.0043**

p < 0.05; **p < 0.01.

*

Incubation of T47D and MDA-MB-231 cells with PD-1Fc also increased the MDR1/P-gp protein levels (Figure
1C). We investigated the effect of IFN-γ on MDR/P-gp
expression in the present study. The result showed that
IFN-γ did not induce MDR/P-gp expression in T47D (data
not shown).
Since MDA-MB-231 cells constitutively express
PD-L1, they were used to investigate the PD-L1/PD-1
interaction. To confirm that the up-regulation of MDR1/P-

tissues, we analyzed whether PD-L1 up-regulates MDR1/
P-gp in breast cancer cells, in the presence of PD-1.
Incubation of MDA-MB-231 cells with PD-1-Fc for 24h
increased the MDR1/P-gp mRNA level 13.95–fold (p <
0.05) compared with IgG1 Fc control. Exposure of IFNγ-treated (24 h) T47D cells to PD-1-Fc increased the
MDR1/P-gp mRNA level 3.03–fold (p < 0.05; Figure
1B). The amplified products were confirmed by agarose
gel electrophoresis and sequencing (data not shown).
www.impactjournals.com/oncotarget
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Figure 1: PD-1/PD-L1 interaction up-regulates MDR1/P-gp expression in breast cancer cell lines. (A) T47D and MDA-

MB-231 cells were treated with 75ng/ml IFN-γ for 24 hours and the cell surface expression of PD-L1 was determined by flow cytometry.
The shaded histograms indicate staining with PE-labeled isotype control IgG, the dashed histograms indicate staining with PE-labeled antiPD-L1 antibody, and the open histograms indicate IFN-γ treated cells staining with PE-labeled anti-PD-L1 antibody. (B) MDR1 mRNA was
analyzed by real-time quantitative PCR in MDA-MB-231 cells or IFN-γ-treated T47D cells after treatment with IgG Fc or PD-1-Fc for 24 h.
Amplification of β-actin mRNA was used as a control.(*p <0 .05). (C) MDR1/P-gp was determined in MDA-MB-231 cells or IFN-γ-treated
T47D cells by western blot after treatment with IgG Fc or PD-1-Fc for 24 h. (D) Flow cytometric analysis of PD-L1 on MDA-MB-231 after
treatment with non-targeting siRNA or PD-L1 siRNA. The dashed histograms indicate staining with PE-labeled isotype control IgG, the
solid histograms indicate staining with PE-labeled anti-PD-L1 antibody. (E) After knockdown of PD-L1, MDA-MB-231 was treated with
PD-1-Fc for 24 h and MDR1/P-gp was determined by western blot. Non-targeting siRNAs were used as negative controls (NC).
www.impactjournals.com/oncotarget
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Table 3: Association of PD-L1 and clinicopathological features of Triple-negative breast cancer
(TNBC)
TNBC
Age
< = 50
> 50
TNM stage
I
II
III

P value

n

high (score > 4)
%

Total no.

n

low (score < = 4)
%

36
23

25
14

42.37%
23.73%

11
9

18.64%
15.25%

0.4974

0
33
26

0
23
16

0.00%
38.98%
27.12%

0
10
10

0.00%
16.95%
16.95%

0.5110

Lymph node metastasis
Negative
40
Positive
19
Grade
I
2
II
27
III
23
unknown

0.0362*
30
9

50.85%
15.25%

10
10

16.95%
16.95%

2
15
18

3.39%
25.42%
30.51%

0
12
5

0.00%
20.34%
8.47%

0.5096
(I + II vs III)

7

p < 0.05; p < 0.01.

*

**

gp was due to the interaction of PD-1 and PD-L1, PDL1 was transiently knocked down using a specific siRNA
(Figure 1D). As shown in Figure 1E, PD-1-Fc failed to upregulate MDR1/P-gp after PD-L1 suppression in MDAMB-231 cells, indicating that the interaction of PD-L1 and
PD-1 increases MDR1/P-gp expression in TNBC cells.

the up-regulation of MDR1/P-gp is due to the activation of
PI3K/AKT and MAPK/ERK pathways.

PD-1/PD-L1 binding activates PI3K/AKT and
MAPK/ERK signaling in MDA-MB-231 cells
To determine whether PD-1/PD-L1 binding activates
the PI3K/AKT and MAPK/ERK pathways in MDAMB-231 cells, MDA-MB-231 cells were treated with
PD-1-/Fc, and AKT and ERK activities were analyzed by
Western blot analysis. As shown in Figures 3A and 3B,
phosphorylated levels of AKT and ERK were increased in
MDA-MB-231 cells stimulated with PD-1-/Fc.

Up-regulation of MDR1/P-gp is dependent on
PI3K/AKT and MAPK/ERK pathways
As it was reported that PI3K/AKT and MAPK/
ERK pathways are involved in the regulation of MDR1/Pgp expression, we investigated their roles in the PD-L1mediated MDR1/P-gp up-regulation in MDA-MB-231
cells. As shown in Figure 2A, MAPK/ERK inhibitor
(PD98059, 10 µM) inhibited the up-regulation of MDR1
mRNA. PI3K/AKT pathway inhibitor (LY294002, 10 µM)
had a lesser inhibition effect on the up-regulation of MDR1
mRNA. Similar results were observed on protein levels
(Figure 2B). As PI3K/AKT and MAPK/ERK pathways
were reported to contribute to PD-L1 expression in breast
cancer cells, inhibition of these pathways might have
suppressed the PD-L1 expression. To exclude the possibility
that the down-regulation of MDR1/P-gp was due to the
inhibition of PD-L1 expression by PI3K/AKT and MAPK/
ERK pathways, MDA-MB-231 cells were treated with
LY294002 (10 µM) or PD98059 (10 µM) and analyzed for
PD-L1 expression. As shown in Supplementary Figure 2,
LY294002 or PD98059 treatment did not down-regulate the
PD-L1 expression in MDA-MB-231 cells, indicating that
www.impactjournals.com/oncotarget

PD-1/PD-L1 interaction increases survival
of MDA-MB-231 cells following exposure to
doxorubicin
To investigate the contribution of PD-1/PD-L1
interaction to drug resistance, MDA-MB-231 cells were
incubated with PD-1-Fc for 24 h prior to exposure to
doxorubicin, and their survival was analyzed. As shown
in Figure 4, PD-1/PD-L1 interaction increased survival
of MDA-MB-231 cells incubated with doxorubicin
(p < 0.05).

DISCUSSION
In this study, we found that the PD-L1 expression
is increased in breast cancer tissues, and correlates with
99905
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the expression of MDR1/P-gp. The increased expression
of PD-L1 also correlates with lymph node metastases
in breast cancer patients, histological grade of tumors,
and their Her-2 status. Interaction of PD-L1 with PD-1
increases PI3K/AKT and MAPK/ERK signaling in breast
cancer cells, resulting in the increased MDR1/P-gp
expression.
PD-L1 is up-regulated in many types of tumors.
Previous studies mainly focused on the function of PDL1 as a ligand that interacts with PD-1 on T cells. This
interaction results in the inhibitory signal delivered to
T cells, resulting in apoptosis and exhaustion of T cells
[23–25]. Several reports have indicated that PD-L1 can
deliver a reverse signal to cancer cells, and act as an
anti-apoptotic molecule. In this study, we observed that
phosphorylation of AKT and ERK increased following
PD-L1/PD-1 interaction induced by PD-1-Fc treatment;

this was consistent with previous reports [19]. The
PI3K/AKT and MAPK/ERK signaling pathways play a
crucial role in tumorigenesis and tumor progression by
promoting cell proliferation and inhibiting apoptosis [26,
27]. Activation of these pathways by the PD-L1/PD-1
interaction may contribute to the resistance of cancer cells
to chemotherapeutic agents.
Drug resistance refers to the status of poor
responsiveness of tumor cells to chemotherapeutic drugs.
The main mechanism of drug resistance is overexpression
of the ATP-dependent efflux pump, known as P-gp [28],
which is the first known member of the ABC transporter
superfamily, and is encoded by the MDR1 gene. In this
study, we found a correlation between MDR1/ P-gp and
PD-L1 expression in breast cancer tissues. We further
showed that the PD-L1 expression on breast cancer cells
increased the MDR1/P-gp expression in the presence of

Figure 2: PI3K/AKT and MAPK/ERK inhibitors abrogate PD-L1-mediated MDR1/P-gp up-regulation. (A) MDR1

mRNA was analyzed by real-time quantitative PCR in MDA-MB-231. Cells were pretreated with each inhibitor for 2 hours prior to
treatment of PD-1-Fc (*p < 0.05). (B) MDR1/P-gp was determined by western blot after treatment with PD-1-Fc for 24 h in present or
absent of inhibitors.
www.impactjournals.com/oncotarget
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PD-1. In MDA-MB-231 cells, knockdown of PD-L1 with
siRNA inhibited the MDR1/P-gp up-regulation after PD1-Fc treatment, demonstrating that the up-regulation of
MDR1 was due to the reverse signal derived from PD-L1
on breast cancer cells. To our knowledge, the present work
is the first demonstration that PD-L1 reverse signal can
up-regulate the expression of MDR1/P-gp.
Previous studies have indicated that PI3K/
AKT and MAPK/ERK pathways are involved in the
P-gp biosynthesis and degradation [29, 30]. Our study
demonstrated that PI3K/AKT and MAPK/ERK pathways
were activated by PD-1 and PD-L1 interaction in breast
cancer cells. Thus, we hypothesized that the up-regulation
of MDR1/P-gp by PD-L1 is mediated by the activation of
PI3K/AKT and MAPK/ERK pathways. Indeed, we found
that inhibition of PI3K/AKT and MAPK/ERK pathways
suppressed the PD-L1-induced MDR1/P-gp up-regulation,
indicating that PD-L1 reverse signal up-regulates the
MDR1/P-gp expression via activation of PI3K/AKT and
MAPK/ERK pathways. Several reports have shown that

PD-1 can be expressed as a soluble form [31, 32]. Thus,
soluble PD-1 or PD-1 expressed on tumor infiltrating T
cells may regulate the MDR1/P-gp expression on breast
cancer cells. In addition, we evaluated the chemoresistance
function using colony formation assay and the results
showed that PD-1/PD-L1 interaction increased survival
in MDA-MB-231 cells exposed to PD-1-Fc prior to
doxorubicin. However, the mechanisms of how PDL1 delivers the intracellular reverse signal, and inhibits
apoptosis in cancer cells, need further investigation.
Our results have shown that the PD-L1 expression in
breast cancer tissues correlates with lymph node metastasis
and HER2 expression, which is consistent with previous
reports [33, 34]. However, the association of PD-L1
expression with patients’ age, and ER and PR status was
different compared to previously published studies [13,
34]. This inconsistency may be attributable to differences in
the IHC staining for PD-L1, or the use of tissue microarray
(TMA) to assess the PD-L1 expression. TMA allowed us
to investigate multiple specimens simultaneously, but the

Figure 3: Effect of PD-1/PD-L1 interaction on phosphorylated ERK (p-ERK) and phosphorylated AKT (p-AKT)
in MDA-MB-231. (A) p-RRK and total ERK were determined by western blot after treatment with IgG Fc or PD-1-Fc for indicated
periods. (B) p-AKT and total AKT were determined by western blot after treatment with IgG Fc or PD-1-Fc for indicated periods. Numbers
represent p-ERK or pAKT relative signal intensities.
www.impactjournals.com/oncotarget
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Table 4: Association of MDR1/P-gp and clinicopathological features in breast cancer
low (score < = 4)
ALL
Total no.
Age
< = 50
93
> 50
67
TNM stage
I
10
II
119
III
31
Tumor size
<=2
11
< = 5cm
114
> 5cm
17
Invasion into
chest wall
18
Lymph node metastasis
Negative
93
Positive
67
Grade
I
40
II
39
III
1
unknown
80

P value

n

%

n

%

48
33

51.61%
49.25%

45
34

48.39%
50.75%

0.768

7
57
17

70.00%
47.90%
54.84%

3
62
14

30.00%
52.10%
45.16%

0.354

7
52
11

63.64%
45.61%
64.71%

4
62
6

36.36%
54.39%
35.29%

0.258

11

61.11%

7

35.29%

50
31

53.76%
46.27%

43
36

46.24%
53.73%

0.35

13
18
0
50

32.50%
46.15%
0.00%
62.50%

27
21
1
30

67.50%
53.85%
100.00%
37.50%

0.251
(I vs II + III)

use of TMAs may not accurately represent PD-L1 protein
expression due to the intra-tumor heterogeneity of expression.
We also showed that high PD-L1 expression levels were
associated with low-grade tumor. The results in this part were
only got from the statistical analysis of the IHC experiment.
However, the mechanisms involved in this phenomenon
are still not completely elucidated in other reports, which
need further investigation. In this study we found no
significant correlation between MDR/P-g expression and
clinicopathological features, which is consistent with previous
reports [35–38].But conflicting results have been obtained
from several studies [35, 38, 39]. There are also conflicting
results regarding the role of MDR1/P-gp on prognosis [36,
37, 40–42] . This may be partly due to different subsets of
tumors, the use of different tumor material, and the use of
different antibodies. Furthermore, the genetic polymorphism
of MDR1 might be associated with prognosis [43, 44].
One of the limitations of this study is that we did not
evaluate correlation between PD-L1 and patient prognosis.
Other reports have indicated that PD-L1 correlates with poor
prognosis in breast cancer patients [3, 11]. Another limitation
is that we did not investigate the reproducibility of these data
in other PD-L1-positive breast cancer cell lines. Considering
the endogenous biological differences in breast cancer cell
lines, future studies should include multiple cell lines.
www.impactjournals.com/oncotarget

high (score < = 4)

In conclusion, we have shown that PD-L1 binding
to PD-1 up-regulates the MDR1/P-gp expression in
breast cancer cells, indicating that this may contribute
to the resistance to chemotherapy drugs in breast
cancer patients. In addition, our results indicate that
the PD-L1/PD-1-induced MDR1/P-gp expression is
mediated by the activation of PI3K/AKT and MAPK/
ERK pathways. Furthermore, we demonstrate that the
PD-L1 expression in breast cancer tissues is associated
with histological grade of tumors, lymph node
metastasis, and HER2 status. Additional studies are
needed to elucidate the mechanisms regulating MDR1/
P-gp expression in breast cancer cells, and the extent
of how MDR1/P-gp contributes to drug resistance.
However, our present findings suggest that the PD-1/
PD-L1 inhibition may increase chemotherapy efficacy
by inhibiting the MDR1/P-gp expression in breast
cancer cells.

MATERIALS AND METHODS
Cell culture
T47D cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 100 IU/ml Penicillin, and
99908
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Quantitative real-time RT-PCR

100 mg/ml Streptomycin at 37°C in 5% CO2. MDAMBA-231 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS,
100 IU/ ml Penicillin, and 100 mg/ ml Streptomycin.

Total RNA was extracted using Trizol reagent
(Sigma), and RNA concentration was determined using
NanoDrop 2000c spectrometer (Thermo Scientific). cDNA
was prepared with RevertAid Stand cDNA Synthesis
Kit (Thermo Scientific); β-actin was used as an internal
control. Levels of human MDR1 mRNA were assessed
using FastStart Universal SYBR Green Master (ROX)
(Roche). Real-time PCR was performed on an ABI
7500 Real-Time PCR System. Relative gene expression
levels were analyzed using the 2-ΔΔCt method.

Flow cytometry (FACS)
Flow cytometry analysis was used to access the
cell surface PD-L1 expression. Cells were harvested
and stained with phycoerythrin (PE)-labeled antiPD-L1 antibody (BD Biosciences) or isotype control
IgG for 30 min. The cells were washed with PBS
twice and suspended in 500 µl of PBS. The cells were
analyzed using BD FACSCaliber flow cytometer (BD
Biosciences). FlowJo software (Tree Star Inc.) was used
for data analysis.

Western blot analysis
Cells were lysed with RIPA lysis buffer (Beyotime
Biotechnology). Lysates were cleared by centrifugation
at 12,000 g for 5 min at 4 °C and the total protein
concentration was determined by BCA Protein Assay Kit
(Beyotime Biotechnology). The lysates were separated
using SDS-PAGE and transferred onto PVDF membranes.
Membranes were blocked in 5% non-fat dry milk in TBST
buffer for 1 hour at room temperature. The membranes
were incubated with primary antibody followed by
HRP-conjugated goat anti-rabbit secondary antibody
(ZSGBbio). Bands were visualized using Pro-light HRP
Chemiluminescent Kit (Taingen). Primary antibodies

Cell treatment with IFN-γ and PD-1-Fc
Cells were seeded in 35 mm wells, incubated 24
h with recombinant human IFN-γ (75 ng/ml, Peprotech)
when the monolayer cell density reached ~70%
confluency, and analyzed for PD-L1 expression by
flow cytometry. Cells were supplemented with human
recombinant PD-1-Fc (1 μg/ml for T47D cells, and 0.5
μg/ml for MDA-MB-231 cells, Genscript) or IgG Fc (Sino
Biological) for 24 h and harvested for further analysis.

Figure 4: PD-1/PD-L1 interaction results in increased resistance to doxorubicin. Results of clonogenic assays using MDAMB-231 cells incubated with recombinant PD-1-Fc (0.2 µg/ml) for 24 h prior to exposure to doxorubicin (1 µM) (*p < 0.05).
www.impactjournals.com/oncotarget
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against MDR1/P-gp, ERK, p-ERK and p-AKT were
purchased from Cell Signaling Technology. β-actin and
AKT antibodies were purchased from Bioss.

were calculated using the nonparametric Spearman rank
correlation test. Differences with p < 0.05 were considered
significant. Statistical analyses were performed with SPSS
17.0 statistical software (Chicago, IL, USA).

Knockdown of PD-L1 by short interfering (si) RNA
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