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AbstrAct
The ability of tumor cells to avoid immune destruction (immune escape) as well 

as their acquired resistance to anti-cancer drugs constitute important barriers to 
the successful management of cancer. Interaction between the Programmed Death 
Ligand 1 (PD-L1) on the surface of tumor cells with the Programmed Death-1 (PD-1) 
receptor on cytotoxic T lymphocytes leads to inactivation of these immune effectors 
and, consequently, immune escape. Here we show that the PD-1/PD-L1 axis also 
leads to tumor cell resistance to conventional chemotherapeutic agents. Using a 
panel of PD-L1-expressing human and mouse breast and prostate cancer cell lines, we 
found that incubation of breast and prostate cancer cells in the presence of purified 
recombinant PD-1 resulted in resistance to doxorubicin and docetaxel as determined 
using clonogenic survival assays. Co-culture with PD-1-expressing Jurkat T cells also 
promoted chemoresistance and this was prevented by antibody blockade of either 
PD-L1 or PD-1 or by silencing of the PD-L1 gene. Moreover, inhibition of the PD-1/
PD-L1 axis using anti-PD-1 antibody enhanced doxorubicin chemotherapy to inhibit 
metastasis in a syngeneic mammary orthotopic mouse model of metastatic breast 
cancer. To further investigate the mechanism of tumor cell survival advantage upon 
PD-L1 ligation, we show that exposure to rPD-1 promoted ERK and mTOR growth and 
survival pathways leading to increased cell proliferation. Overall, the findings of this 
study indicate that combinations of chemotherapy and immune checkpoint blockade 
may limit chemoresistance and progression to metastatic disease.

IntroductIon

The ability of tumor cells to avoid immune 
destruction (immune escape), as well as their acquired 
resistance to anti-cancer drugs, constitute key barriers 
to the successful management of cancer. An important 
mechanism of cancer immune escape involves interaction 
between the Programmed Death 1 (PD-1) receptor on 
cytotoxic T lymphocytes (CTLs) with the Programmed 
Death Ligand 1 (PD-L1) on cancer cells or other host 
immune cells. [1]. The PD-1/PD-L1 axis is one of several 
“immune checkpoint regulators” that have physiological 
roles in self-tolerance and in limiting the duration and 

amplitude of immune responses, primarily through the 
inhibition of adaptive T cell responses [2]. Tumor cells 
co-opt the PD-1/PD-L1 mechanism of immune regulation 
such that activation of this axis results in suppression 
of anti-tumor adaptive responses through mechanisms 
involving induction of CTL anergy, exhaustion, apoptosis 
and decreased cytokine production [1, 3]. In addition to 
interfering with CTL function, engagement of PD-1 with 
PD-L1 increases tumor cell resistance to pro-apoptotic 
signals including those delivered by cytotoxic immune 
effectors, staurosporin, and Fas ligation [4]; however, 
the specific mechanism through which this occurs has 
not been elucidated. Most solid tumours express PD-L1 
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at various levels and local factors and molecules, such as 
interferon gamma (IFNγ), stimulate PD-L1 expression [3, 
5]. PD-L1 has emerged as a valuable prognostic marker 
and several studies have correlated PD-L1 expression 
with tumor infiltrating lymphocytes (TILs) [6], high 
histological grade [7] and poor overall survival [8]. 
Current strategies designed to interfere with PD-1/PD-
L1 signaling through the use of humanized monoclonal 
antibodies (e.g. Nivolumab) have shown robust clinical 
responses in patients with heavily-pre-treated advanced 
cancers such as melanoma, non-small cell lung cancer, 
and renal cell carcinoma. Furthermore, there is evidence 
of PD-1/PD-L1-mediated resistance to radiotherapy and 
anti-CTLA-4 antibody immunotherapy [9], suggesting that 
PD-1/PD-L1 axis may serve as a pro-survival mechanism 
for tumour cells. There is evidence that response to PD-1/
PD-L1 blockade therapy is at least partly dependent on the 
levels of tumor PD-L1 protein [10, 11]. 

Based on the knowledge that PD-L1 expression 
protects tumor cells from pro-apoptotic agents [12], and 
that the PD-1/PD-L1 axis is correlated with negative 

patient outcomes [8], we postulated that the PD-1/PD-
L1 axis also contributes to the acquisition of resistance 
to conventional chemotherapeutic agents. Here we show 
that the interaction between PD-1 and PD-L1 increases 
breast and prostate cancer cell resistance to doxorubicin 
and docetaxel in vitro and that inhibition of the PD-1/
PD-L1 axis using targeted therapy against PD-1 enhances 
the effect of conventional chemotherapy to attenuate 
metastasis in an in vivo model of mammary carcinoma. 

results

Pd-1/Pd-l1 interaction increased clonogenic 
survival in tumor cells following exposure to 
chemotherapeutic agents

To investigate the contribution of the PD-1/PD-L1 
axis to drug resistance in tumor cells we incubated MDA-
MB-231, 4T1 and DU145 cells with rPD-1 for 24 h prior 

Figure 1: Pd-1/Pd-l1 interaction results in increased resistance to doxorubicin and docetaxel. A., Results of clonogenic 
assays using MDA-MB-231 cells, 4T1 cells and DU145 cells incubated with recombinant PD-1 (rPD-1; 0.2 µg/ml) for 24 h prior to 
exposure to doxorubicin (6.25 µM for MDA-MB-231 cells, 2.5 µM 4T1 cells) or docetaxel (1.6 µM DU145 cells). Statistical analysis was 
performed using an unpaired two-tailed t-test. b., Results of clonogenic assays using 4T1 cells incubated with rPD-1 (0.2 µg/ml) for 24 h 
with or without anti-PD-L1 antibody prior to exposure to doxorubicin (2.5 µM). c., Results of clonogenic assays using MDA-MB-231 cells 
treated with lentiviral non-targeting or PD-L1-targeting shRNA and incubated with rPD-1 (0.2 µg/ml) prior to doxorubicin exposure (6.25 
µM). d., Results of clonogenic assays using 4T1 cells treated with lentiviral non-targeting or PD-L1-targeting shRNA and incubated with 
rPD-1 (0.2µg/ml) prior to doxorubicin exposure (2.5 µM; left panel). *, P < 0.05; **, P < 0.01; ***, P < 0.0001; ****, P < 0.0001. Results 
of all clonogenic assays are presented as relative survival compared to cells cultured in standard conditions treated with chemotherapy 
alone. Each graph represents pooled data from at least three independent experiments conducted in replicates of six. Error bars represent 
the standard error of the mean. 
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to exposure to doxorubicin or docetaxel. We observed 
increased survival in all cell lines when exposed to rPD-
1 prior to doxorubicin (MDA-MB-231 and 4T1 cells) or 
docetaxel (DU145 cells) (Figure 1A, p < 0.05). To assess 
whether the specific interaction between PD-1 and PD-L1 
mediates the observed drug resistance, we blocked PD-L1 
using a monoclonal antibody prior to exposure to rPD-
1 and subsequent treatment with the chemotherapeutic 
agent. This resulted in complete inhibition of rPD-1-
mediated chemoresistance (Figure 1B, p < 0.0001). 
Furthermore, stable knockdown of PD-L1 expression 
using human PD-L1-specific or murine PD-L1-specific 
shRNA prevented the rPD-1-mediated acquisition of 

resistance to doxorubicin in MDA-MB-231 cells and 4T1 
cells (Figure 1C and 1D). Interestingly, MDA-MB-231 
and 4T1 cells expressing PD-L1-specific shRNA in the 
absence of PD-1 were intrinsically more resistant to 
doxorubicin than their non-targeting shRNA-expressing 
counterparts. However, the results from the knockdown 
experiments support the conclusion that the interaction 
between PD-1 and PD-L1 mediates chemoresistance. 

To model a more physiological system, we co-
cultured MDA-MB-231 cells or DU145 cells with PD-1-
expressing Jurkat T cells [13] for 24 h prior to exposure 
to doxorubicin. Results from these experiments revealed 
an increase in drug resistance when tumor cells were 

Figure 2: Jurkat t cells increase Pd-1/Pd-l1-mediated drug resistance in tumor cells. A., Results of clonogenic assays 
using MDA-MB-231 cells incubated with Jurkat T cells (5:1) with or without anti-PD-1 antibody-mediated blockade (1 µg/ml) for 24 h 
prior to doxorubicin exposure (6.25 µM). b., Results of clonogenic assays using DU145 cells incubated with Jurkat T cells with or without 
anti-PD-L1 antibody-mediated blockade (4 µg/ml) for 24 h prior to doxorubicin exposure (6.25 µM). c., Results of clonogenic assays 
with DU145 cells treated with control or PD-L1-targeting siRNA prior to co-incubation with Jurkat T cells for 24 h before treatment with 
doxorubicin (6.25 µM). d., Survival of MDA-MB-231 cells pre-incubated with or without IFNγ (10 ng/ml) and various concentrations of 
rPD-1 prior to doxorubicin (12.5 µM) exposure. Data are presented as the mean relative survival compared to cells cultured in standard 
conditions and treated with doxorubicin alone. *, P < 0.05; **, P < 0.01; ***, P < 0.0001; ****, P < 0.0001. Data were pooled from at least 
three independent experiments conducted in replicates of six. Error bars represent standard error of the mean. 
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Figure 3: results from in vivo mammary carcinoma studies showing the effect of anti-Pd-1 antibody therapy alone 
or in combination with doxorubicin on 4t1 tumor cell metastasis. A., Balb/c Mice treated with combination anti-PD-1 + 
doxorubicin had significantly fewer total and organ-specific metastases than those receiving either treatment alone. b., Combination 
anti-PD-1 + doxorubicin therapy had no affect on immunodeficient Rag2-/-γc-/- mice. A. and b., Total number of metastases analyzed in the 
lung, liver, spleen, heart, kidney and posterior abdominal wall of Balb/c mice treated with doxorubicin or anti-PD-1 antibody alone or in 
combination (top) and number of metastases analyzed in the lung (middle) and heart (bottom) of Balb/c mice treated with doxorubicin or 
anti-PD-1 antibody alone or in combination. Data shown in A are from an experiment consisting of 23 animals, however the experiment 
was conducted two other times with similar results. Error bars represent standard deviation. b., Total number of metastases in the lung, 
liver, spleen, heart and kidney of Rag2-/-γc-/- mice treated with doxorubicin or anti-PD-1 antibody alone or in combination (top) and the 
number of metastases analyzed in the lung (middle) and heart (bottom) of Rag2-/-γc-/- mice treated with doxorubicin or anti-PD-1 alone or in 
combination. Data in B were obtained from an experiment consisting of 20 animals. Error bars represent standard deviation. 
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exposed to Jurkat cells (Figure 2A, 2B, 2C p < 0.0001). 
Furthermore, inclusion of blocking anti-PD-L1 or anti-
PD-1 antibody (Figure 2A, 2B) or transient knockdown of 
PD-L1 expression using siRNA (Figure 2C) prevented the 
T cell-mediated acquisition of resistance to doxorubicin in 
MDA-MB-231 and DU145 cells. 

IFNγ is a known inducer of PD-L1 expression in 
various cell types, including mammary carcinoma cells [5] 
and is often present in the tumor microenvironment. To 
determine whether the extent of PD-1/PD-L1 interactions 
is associated with the size of the surviving fraction 
following exposure to anti-cancer drugs we increased the 
expression of PD-L1 in tumor cells using IFNγ. We then 
exposed the tumor cells to a low (0.2 µg/ml) or high (1.0 
µg/ml) concentration of rPD-1 for 24 h (Figure 2D) and 
subsequently exposed them to doxorubicin for 1 h. Pre-
incubation of cells with IFNγ resulted in increased PD-
L1 expression (Supplementary Figure 1A) and enhanced 
the effect of rPD-1 on resistance to doxorubicin in MDA-
MB-231 cells (Figure 2D, p < 0.0001). Specifically, cells 
incubated with IFNγ and exposed to 1 µg/ml of rPD-1 
exhibited a 33% increase in survival compared to IFNγ-
stimulated cells exposed to 0.2 µg/ml of rPD-1 (p < 
0.0001). These results provide evidence that the proportion 
of cells surviving exposure to doxorubicin correlates with 
the extent of PD-1/PD-L1 interactions. 

Interestingly, exposure to IFNγ alone resulted 
in increased resistance to doxorubicin (Figure 2D, p < 
0.001). This effect was not limited to MDA-MB-231 cells, 
as it was also observed when 4T1 and DU145 cells were 
treated with IFNγ (data not shown). 

Anti-Pd-1 antibody treatment combined with 
doxorubicin resulted in decreased metastasis in 
mice bearing 4t1 mammary tumors

To determine the role of the PD-1/PD-L1 axis in 
chemoresistance in vivo, we employed an established 
mouse model of metastatic mammary carcinoma using 
GFP-tagged 4T1 cells. Mice treated with blocking anti-
PD-1 antibody in combination with doxorubicin had 
a significantly reduced number of metastases (liver, 
lungs, heart, spleen, kidneys and posterior abdominal 
wall combined) than those treated with anti-PD-1 
antibody or doxorubicin alone (p < 0.05; Figure 3A, 
top). Furthermore, combined treatment with anti-PD-1 
antibody + doxorubicin resulted in a significantly reduced 
number of lung and heart metastases when compared with 
treatment with doxorubicin alone (p < 0.05; Figure 3A, 
middle & bottom). Interestingly, treatment of mice with 
anti-PD-1 antibody alone did not have a significant effect 
on metastasis. Though metastatic lesions were quantified 
using fluorescence image analysis, histological analysis 
also revealed that mice receiving combination anti-PD-1 
and doxorubicin treatment had fewer Ki67+ nuclei when 

compared to mice that received IgG and saline (Figure 4). 
To determine if anti-PD-1-antibody-mediated attenuation 
of chemoresistance was immune-cell specific, a similar 
experiment was conducted using Rag2-/-γc-/- mice deficient 
in T cells, B cells and NK cells. We did not observe a 
significant difference in the total number of organ-specific 
metastases between the treatment groups (Figure 3B). 
This lack of effect of anti-PD-1 antibody treatment in 
these immunodeficient mice supports the concept that 
the chemosensitizing effect of the anti-PD-1 antibody is 
mediated by immune cells. 

Though we did not observe a statistically significant 
reduction in primary tumor volume in the Balb/c mouse 
model, combination treatment revealed a trend towards 
and a smaller final tumor volume (Supplementary 
Figure 1B, p = 0.069) and decreasing tumor growth 
(Supplementary Figure 2C; p = 0.055) 

exposure to Pd-1 increased erK and mtor 
phosphorylation and tumor cell proliferation

To dissect the molecular mechanisms linking PD-1 
binding to PD-L1 on tumor cells, we treated MDA-
MB-231 cells with rPD-1 and assessed ERK and mTOR 
survival pathways. Western blot analysis revealed ERK 
activation that was sustained for up to 60 min (Figure 
5A). Similar results were observed for mTOR activation 
(Figure 5B). Furthermore, exposure to rPD-1 for 24 h 
resulted in a significant increase in proliferation in both 
MDA-MB-231 and DU145 cells as determined using a 
cell proliferation assay (Figure 5C). 

dIscussIon

This investigation sought to determine the role of 
the PD-1/PD-L1 axis in the acquisition of resistance to 
doxorubicin and docetaxel in breast and prostate cancer 
models, respectively. In vivo and in vitro findings using 
human and murine cell lines and two distinct murine 
models of metastatic breast cancer support the concept 
that tumor cells may co-opt the host’s immune system 
to acquire resistance to conventional chemotherapeutics. 
These findings reveal a potential for currently available 
immune checkpoint blockade approaches specifically 
designed to interfere with the PD-1/PD-L1 axis to be used 
as adjuvants to chemotherapy. 

A recent publication by Noh et al. revealed that 
co-culture of PD-L1-expressing B16F10 melanoma 
cells with bone marrow-derived cells results in a smaller 
proportion of cells undergoing apoptosis/necrosis 
following gemcitabine treatment [14]; however that study 
did not assess the contribution of the PD-1/PD-L1 axis 
specifically. Our study demonstrated that independently 
blocking PD-1 or PD-L1 resulted in inhibition of PD-
1-mediated chemoresistance to a similar extent, and 
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Figure 4: effect of anti-Pd-1 and doxorubicin combination treatment on cell proliferation in vivo. Immunostaining for 
Ki67 of primary 4T1 tumors (A. and c.) and lung metastases (b. and d.) from mice treated with non-immune IgG + saline A. and b. or 
anti-PD-1 antibody + doxorubicin. There was a significant decrease (*P < 0.05) in the percent of Ki67-positive nuclei in lungs from mice 
treated with combination anti-PD-1 Ab + doxorubicin versus lungs from mice treated with control IgG + saline, as determined by ANOVA 
followed by Bonferroni’s post hoc test (e). The proportion of Ki67-positive cells in lungs of mice treated with control IgG + doxorubicin 
or anti-PD-1 antibody + saline was not significantly different from that of untreated (IgG + saline) control mice. Bars = 100 µm.



Oncotarget10563www.impactjournals.com/oncotarget

experiments using stable knockdown of PD-L1 expression 
abolished rPD-1-mediated chemoresistance. The use 
of distinct human and murine PD-L1 shRNA as well as 
human PD-L1 siRNA resulting in similar inhibition of 
PD-1/PD-L1-mediated drug resistance indicates that the 
effect of PD-L1 knockdown was not gene-construct-
specific. Furthermore, using an immunodeficient Rag2-/-

γc-/- murine model of breast cancer lacking the major PD-1 
expressing immune cells (T, B and NK cells), our study 
showed that blockade of the PD-1/PD-L1 axis using PD-1 
blocking antibodies in combination with doxorubicin 
had no effect on the number of metastases, highlighting 
the essential role of immune cells in the acquisition of 
chemoresistance. Due to the immunodeficient nature 
of the Rag2-/-γc-/- mice, tumor progression occurred at 
a faster rate than in the Balb/c immunocompetent mice 
and not all mice were able to complete the four cycles of 
treatment. However, taken together, these findings reveal 
for the first time that specific PD-1/PD-L1 interactions are 
at least partly responsible for resistance to doxorubicin 
and docetaxel. Furthermore, our results indicate that 
interactions between PD-1 or PD-L1 and other ligands 

(e.g. PD-L2 and B7.1) are unlikely to play a role in the 
drug resistance phenotype. 

Our study demonstrates a novel mechanism by 
which tumor cells acquire resistance to conventional 
chemotherapeutics upon engagement of the PD-1/PD-
L1 axis and strengthen the rationale for combination 
chemotherapy/immunotherapy in the clinical setting. Due 
to the correlation between PD-L1 expression and response 
to anti-PD-1 treatment [15], most clinical trials are 
currently focusing on treating cancers known to express 
high levels of PD-L1 such as melanoma and non-small 
cell lung cancer [16]. Our in vivo data show that although 
PD-1 blockade or doxorubicin alone did not affect primary 
tumor growth and metastasis, the combination of these 
two modalities significantly reduced the overall and organ-
specific (lung and heart) number of 4T1 metastases. A 
lack of effect of PD-1 blockade alone on metastasis using 
this model may be due to differences in the PD-1/PD-L1 
signaling threshold required for drug resistance versus 
immune escape. Alternatively, the synergy observed with 
combination anti-PD-1 + doxorubicin therapy may be 
a consequence of chemotherapy-induced immune cell 

Figure 5: effect of recombinant Pd-1 (rPd-1) on phosphorylated erK (perK) and total erK in MdA-Mb-231 
cells as determined by Western immunoblot. A., Incubation with rPD-1 (10 µg/ml) resulted in almost a two-fold increase in the 
ratio of pERK : ERK after 30 min in this experiment, with similar results obtained in two additional experiments (Supplementary Table 
1). b., Incubation with rPD-1 also increased the ratio of phospho-mTOR (pmTOR) : mTOR in three separate experiments, although to 
a more variable degree (Supplementary Table 2). In the experiment shown in this figure, the ratio of pmTOR : mTOR peaked at > 100-
fold after a 30-min incubation with rPD-1. c., Relative cell proliferation of DU145 or MDA-MB-231 cells following exposure to various 
concentrations of rPD-1 for 24 hours as determined using the WST proliferation assay in at least three independent experiments conducted 
in replicates of seven. ***, P < 0.001; ****, P < 0.0001. Error bars represent standard error of the mean.
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stimulation and tumor antigen release [17]. In the presence 
of anti-PD-1 antibody, these tumor-specific antigens may 
be able to promote an effective CTL-mediated anti-tumor 
immune response. 

A study by Azuma et al. demonstrated resistance to 
pro-apoptotic signals in tumor cells following engagement 
of PD-1 with PD-L1 [4]; however, that study did not 
reveal a role for major anti-apoptotic and apoptotic 
pathways in this process. In an effort to determine the 
mechanism responsible for PD-1/PD-L1-mediated 
chemoresistance, we explored a potential role of known 
cell survival molecules. The Ras/Raf/MEK/ERK and 
RAS/PI3K/PTEN/mTOR signal transduction pathways are 
well known regulators of cell proliferation and apoptosis 
which ultimately lead to drug resistance in various 
cancers including breast [18-20], hematopoietic [21, 22] 
and liver [23] cancers. Our study revealed a significant 
increase in ERK and mTOR phosphorylation as well as 
cellular proliferation in response to rPD-1. These findings 
indicate that the PD-1/PD-L1 axis may initiate pro-
tumorigenic signals leading to chemoresistance. In vitro 
activation of pro-tumorigenic pathways and an increase 
in cell proliferation following tumor cell exposure to rPD-
1 corroborate our in-vivo findings showing blockade of 
PD-1/PD-L1 interaction resulted in reduced Ki67 staining 
in metastases. Further investigation into how these signals 
function to promote cell survival is required in order to 
effectively target PD-1/PD-L1-mediated drug resistance. 

The findings of this study indicate that immune 
checkpoint blockade approaches designed to target 
the PD-1/PD-L1 axis in cancer patients may be of 
further therapeutic benefit when used in combination 
with conventional chemotherapy. The complex tumor 
microenvironment (TME) composed of immune, stromal 
and vascular cells and their associated cytokines influence 
tumor growth and malignant progression. While this study 
attempted to mimic certain aspects of the TME through 
the incorporation of T cells and IFNγ, other factors, 
such as hypoxia could also affect PD-1/PD-L1-mediated 
chemoresistance. A previous study from our laboratory 
demonstrated that hypoxia induces PD-L1 expression 
in tumor cells in a HIF-1α-dependent manner [13]. It 
is also well known that hypoxia and HIF-1 contribute 
to the acquisition of drug resistance in cancer cells 
independently of PD-1 [24, 25]. Therefore, the present 
study provides evidence of an alternative mechanism 
by which hypoxia could indirectly contribute to drug 
resistance in cancer cells. Overall, our findings indicate 
that, in addition to being an effective immune checkpoint 
blockade strategy, inhibition of the PD-1/PD-L1 axis may 
be a novel approach to decrease drug resistance in cancer 
and, therefore, improve the efficacy of chemotherapy.

MAterIAls And Methods

ethics statement

Investigation has been conducted in accordance with 
the ethical standards and according to the Declaration of 
Helsinki and according to national and international 
guidelines and has been approved by the authors’ 
institutional review board.

cell lines

Human MDA-MB-231 breast carcinoma cells, 
DU145 prostate cancer cells and Jurkat T cell leukemia 
cells were obtained from The American Type Culture 
Collection (ATCC) and used for the in vitro experiments. 
Mouse 4T1 breast carcinoma cells were obtained from 
ATCC and used for both in vitro and in vivo experiments. 
All cell lines were cultured in RPMI 1640 medium 
(Invitrogen #11875-119) supplemented with either 10% 
(MDA-MB-231 cells, 4T1 cells and Jurkat cells) or 5% 
(DU145 cells) fetal bovine serum (Sigma #F6178). The 
authenticity of these cell lines has not been verified in the 
last six months. Cells were maintained under standard 
culture conditions (37ºC in 20% O2 and 5% CO2). 

transient and stable Pd-l1 knockdown

Transient knockdown of human PD-L1 expression 
was achieved using Silencer® Select siRNA #s26547 
(Ambion Inc.). Silencer® Negative Control siRNA #2 
(Ambion Inc.) was used as control. The siRNA (25 nM 
final concentration) was introduced into cells using 
siPORT NeoFx reagent (Ambion Inc.) according to the 
manufacturer’s instructions. Treatments with siRNA were 
performed 24 h prior to incubation in hypoxia or standard 
conditions.

We used a lentiviral transfection system consisting 
of GFP-expressing PD-L1 specific short-hairpin RNA 
(shRNA) (Open Bioscience; mouse #V2LMM_71093, 
human #V2LHS_53668) to achieve stable PD-L1 
knockdown (Supplementary Figure 1). A non-targeting 
equivalent vector was used as a control (Open Bioscience). 
Cells that incorporated the cDNA vector were selected in 
puromycin-containing medium (2-10 µg/ml; Invitrogen 
#A1113803). PD-L1 knockdown in MDA-MB-231 cells 
and 4T1 cells was confirmed by immunoblot (R&D 
Systems #AF156) or flow cytometry (R&D Systems 
#FAB1019F), respectively (Supplementary Figure 1A 
and 1B), as described previously [13]. Briefly, 293T cells 
were transfected with the desired lentiviral plasmid along 
with psPAx2 (packaging- Gag Pol Rev proteins) and 
pMD2.g (envelope - VSV-G protein) (Open Bioscience) 
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overnight. Cells were cultured in fresh medium for 48 h 
before the medium was collected and filtered. Target cells 
(MDA-MB-231 or 4T1) were seeded in six-well plates at 
50,000 cells/well and a dilution series was used to infect 
the cells. After 48 h, cells underwent puromycin (2-10 µg/
ml) selection for 4-5 days. GFP-expression was assessed 
during the selection period using a UV microscope. 

stimulation of Pd-l1 expression

To stimulate PD-L1 expression, tumour cells 
were incubated with human IFNγ (10 ng/ml; human, 
eBioscience #14-8319-80) for 24 or 48 h. PD-L1 up-
regulation on human MDA-MB-231 cells after incubation 
with IFNγ was confirmed by Western blot analysis as we 
previously reported [13] (Supplementary Figure 1A).

exposure to Pd-1

MDA-MB-231, DU145 and 4T1 cells were 
incubated with recombinant PD-1 (rPD-1; R&D Systems; 
human: #1086-PD; mouse: #1021-PD) in serum-free 
medium for 24 h prior to exposure to chemotherapeutic 
agents and subsequent clonogenic assays. Alternatively, 
MDA-MB-231 or DU145 cells were co-cultured with 
human Jurkat T cells for 24 h in a 1:5 ratio. Jurkat cells 
were stimulated with IL-2 (100U; Sigma, #17908-10KU) 
prior to co-culture in order to induce activation and 
stimulate PD-1 expression as previously reported [26]. 
We have shown that > 90% of Jurkat T cells express 
PD-1 [13]. In some experiments, we blocked PD-1/PD-L1 
interaction with either human anti-PD-L1 antibody (4 µg/
ml; Biolegend #329702) or anti-PD-1 antibody (1 µg/ml; 
R&D Systems #AF1086) prior to exposure to rPD-1 or 
Jurkat T cells and doxorubicin.

clonogenic (colony formation) assay

Clonogenic assays were performed to determine the 
effect of PD-1/PD-L1 on tumor cell survival following 
drug exposure as described previously [27]. Tumor cells 
(50,000 - 100,000) were plated in six-well plates and 
after various manipulations of the PD-1/PD-L1 axis, were 
incubated with either doxorubicin (6.25 µM and 12.5 µM 
for MDA-MB-231; 2.5 µM for 4T1; 6.25 µM for DU145; 
Sigma #D1515-10MG) or docetaxel (1.6 µM; Sigma 
#Y0001133) for 1 hr. Drug concentrations were established 
such that similar surviving fractions were observed across 
all cell lines and drug types (approximately 0.01). Colony 
formation assays were performed and scored 7-14 days 
following plating. 

Immunoblot analysis of survival pathways

For immunoblot analysis, plates of MBA-MB-231 
cells stimulated with rPD-1 (1 µg/ml) were rinsed 
with cold PBS and lysed in RIPA buffer containing 
the inhibitors leupeptin (10 µg/ml), aprotinin (10 µg/
ml), phenylmethylsulfonyl fluoride (1 mM), sodium 
orthovanadate (1 mM), and sodium fluoride (10 µM). 
Equal amounts of protein from whole cell lysates were 
separated by SDS-PAGE and transferred to a PVDF 
membrane using a Trans-Blot Turbo transfer system 
(BioRad). Membranes were blocked with 5% skim milk 
in TBST for one hour at room temperature and incubated 
overnight at 4°C with the following antibodies: anti-
pSer2448 mTor, anti-mTor (Cell Signaling Technology), 
and anti-pErk1/2 and anti-Erk (Santa Cruz Biotechnology). 
All antibodies were diluted 1:1000 in TBST. Membranes 
were washed three times with TBST and incubated 
with anti-mouse and rabbit HRP-conjugated secondary 
antibodies (LI-COR), diluted to 1:25,000 in TBST for one 
hour at room temperature. Protein bands were visualized 
using enhanced chemiluminescence substrate and 
quantified using a C-digit Blot Scanner (LI-COR).

Proliferation assay

The effect of rPD-1 on tumor cell proliferation was 
assessed using the WST reagent. Briefly, cells cultured in 
96-well plates were incubated for 24 h in the absence or 
presence of rPD-1 (0.2 and 10 µg/ml). Two hours before 
the end of the incubation period, 10 µl of the WST reagent 
was added to each well according to the manufacturer’s 
instructions (Roche Diagnostics). Absorbance was 
measured at 450 nm using an ELISA plate reader. 

Mouse mammary carcinoma models of metastasis 

Female Balb/c mice (Charles River) were inoculated 
with a single orthotopic injection of 3.5 x 103 GFP-
expressing 4T1 cells into the lower left mammary fat pad. 
Once tumours were palpable (about 10 days following 
tumor cell inoculation), mice were treated twice a week 
for 15 days with either mouse anti-PD-1 antibody (n = 
12; 200 µg in 100 µL; Pharmacia Biotech) or control 
anti-hamster IgG (n = 11; Jackson Immunoresearch) 
delivered intraperitoneally (i.p.). Twenty-four hours after 
each antibody injection, mice received either doxorubicin 
(n = 12; 5 mg/kg; Sigma #D1515) or the equivalent 
volume of saline (n = 11;) i.p. One mouse did not develop 
a primary tumour and therefore was excluded from the 
study. Tumor dimensions were measured after each 
antibody treatment using digital calipers and volumes 
were calculated using the formula (length x width)2 x 0.5. 
Overall, mice received four treatment cycles of anti-PD-1 
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Ab or IgG ± doxorubicin/saline throughout the duration 
of the experiment. On day 15 (experimental endpoint), 
mice were euthanized and the primary tumour, heart, 
lungs, liver, spleen and kidneys were excised and analyzed 
using a Pan-A-See-Ya Panorama biophotonics imaging 
system (Lighttools Research) followed by image analysis 
using ImagePro 6.1 software (Media Cybernetics). 
Primary tumors and lungs from tumor-bearing Balb/c 
mice were also fixed in formalin and processed for 
immunohistochemistry using a rabbit polyclonal anti-
Ki67 antibody (Abcam ab15580; 1:1,000) in order to 
localize proliferating cells. Sections were stained using 
the Discovery XR Staining System (Ventana Medical 
Systems, Inc.). Staining was visualized using DAB 
followed by counterstaining with hematoxylin. Sections 
were scanned on an Aperio CS digital slide scanner (Leica 
Biosystems) and images were captured using Aperio 
Spectrum software (Leica Biosystems).

To determine a potential role of PD-1-expressing 
lymphocytes in PD-1/PD-L1-mediated chemoresistance 
in vivo we adopted the 4T1 mammary carcinoma model 
described above using mice lacking T, B, and NK cells. 
Alymphoid female Rag2-/-γc-/- mice (provided by Dr. C. 
Tayade, Queen’s University) were inoculated as above 
with GFP-expressing 4T1 cells. After tumours were 
palpable (7-10 days following tumor cell inoculation), 
mice were treated twice a week for up to 15 days with 
either mouse anti-PD-1 antibody (n = 10) or control anti-
hamster IgG (n = 10) in combination with doxorubicin 
or saline as described above. Mice were euthanized 
upon reaching humane endpoints or on day 15 after 
receiving four rounds of treatment. Because of their 
immunodeficient nature, a few mice reached humane 
endpoints prior to completion of the four rounds of 
treatment (see Supplementary Table 3 for details). Organ 
metastases were analyzed as described above. 

statistical analysis

All statistical analyses were conducted using 
GraphPad Prism 6 software (GradPad Software, Inc). In 
vitro surviving fraction data and in vivo metastasis data 
were analyzed using Student’s t-test (when comparing 
two groups) or by one or two-way ANOVA followed by 
Tukey’s multiple comparison’s test when more than two 
groups were compared, unless otherwise stated. Data were 
considered significant when p < 0.05.

AcKnoWledgMents

We would like to thank Spencer Barr for his 
assistance with animal experiments. We would also like to 
thank Lee Boudreau for conducting the tumour and organ 
immunohistochemistry and Shakeel Virk for scanning 
slides and conducting image analysis. 

conFlIcts oF Interest

None of the authors declare any potential conflict 
of interest.

grAnt suPPort

This work was supported by a grant from the 
Canadian Institutes of Health Research awarded to 
C.H. Graham and D.R. Siemens. I.B. Barsoum was the 
recipient of a Terry Fox Foundation Training Program in 
Transdisciplinary Cancer Research in partnership with the 
Canadian Institutes of Health Research. T. Cotechini was 
the recipient of a Canadian Institutes of Health Research 
Doctoral Award-Frederick Banting and Charles Best 
Canada Graduate Scholarship and an Ontario Graduate 
Scholarship.

editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

reFerences 

1. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, 
Braunstein I, Kobayashi SV, Linsley PS, Thompson CB 
and Riley JL. CTLA-4 and PD-1 Receptors Inhibit T-Cell 
Activation by Distinct Mechanisms. Molecular and Cellular 
Biology. 2005; 25:9543-9553.

2. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T and 
Minato N. Involvement of PD-L1 on tumor cells in the 
escape from host immune system and tumor immunotherapy 
by PD-L1 blockade. Proceedings of the National Academy 
of Sciences. 2002; 99:12293-12297.

3. Zou W and Chen L. Inhibitory B7-family molecules in the 
tumour microenvironment. Nat Rev Immunol. 2008; 8:467-
477.

4. Azuma T, Yao S, Zhu G, Flies AS, Flies SJ and Chen L. 
B7-H1 is a ubiquitous antiapoptotic receptor on cancer 
cells. Blood. 2008; 111:3635-3643.

5. Soliman H, Khalil F and Antonia S. PD-L1 expression is 
increased in a subset of basal type breast cancer cells. PLoS 
One. 2014; 9:e88557.

6. Wimberly H, Brown JR, Schalper K, Haack H, Silver MR, 
Nixon C, Bossuyt V, Pusztai L, Lannin DR and Rimm 
DL. PD-L1 Expression Correlates with Tumor-Infiltrating 
Lymphocytes and Response to Neoadjuvant Chemotherapy 
in Breast Cancer. Cancer immunology research. 2014.

7. Ghebeh H, Barhoush E, Tulbah A, Elkum N, Al-Tweigeri 
T and Dermime S. FOXP3+ Tregs and B7-H1+/PD-1+ T 
lymphocytes co-infiltrate the tumor tissues of high-risk 



Oncotarget10567www.impactjournals.com/oncotarget

breast cancer patients: Implication for immunotherapy. 
BMC Cancer. 2008; 8:57.

8. Muenst S, Schaerli AR, Gao F, Daster S, Trella E, Droeser 
RA, Muraro MG, Zajac P, Zanetti R, Gillanders WE, Weber 
WP and Soysal SD. Expression of programmed death ligand 
1 (PD-L1) is associated with poor prognosis in human 
breast cancer. Breast Cancer Res Treat. 2014; 146:15-24.

9. Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, 
Pauken KE, Stelekati E, Benci JL, Xu B, Dada H, Odorizzi 
PM, Herati RS, Mansfield KD, Patsch D, Amaravadi RK, 
Schuchter LM, Ishwaran H, et al. Radiation and dual 
checkpoint blockade activate non-redundant immune 
mechanisms in cancer. Nature. 2015; 520:373-377.

10. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim 
JH, Chen L, Pardoll DM, Topalian SL and Anders RA. 
Association of PD-1, PD-1 Ligands, and Other Features 
of the Tumor Immune Microenvironment with Response 
to Anti-PD-1 Therapy. Clinical Cancer Research. 2014; 
20:5064-5074.

11. Taube JM, Klein AP, Brahmer JR, Xu H, Pan X, Kim 
JH, Chen L, Pardoll DM, Topalian SL and Anders RA. 
Association of PD-1, PD-1 ligands, and other features of 
the tumor immune microenvironment with response to anti-
PD-1 therapy. Clinical Cancer Research. 2014.

12. Azuma T, Yao S, Zhu G, Flies AS, Flies SJ and Chen L. 
B7-H1 is a ubiquitous antiapoptotic receptor on cancer 
cells. Blood. 2008; 111:3635-3643.

13. Barsoum IB, Smallwood CA, Siemens DR and Graham CH. 
A mechanism of hypoxia-mediated escape from adaptive 
immunity in cancer cells. Cancer Res. 2014; 74:665-674.

14. Noh H, Hu J, Wang X, Xia X, Satelli A and Li S. Immune 
checkpoint regulator PD-L1 expression on tumor cells by 
contacting CD11b positive bone marrow derived stromal 
cells. Cell Communication and Signaling. 2015; 13:14.

15. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, 
Gordon MS, Sosman JA, McDermott DF, Powderly JD, 
Gettinger SN, Kohrt HE, Horn L, Lawrence DP, Rost S, 
Leabman M, Xiao Y, et al. Predictive correlates of response 
to the anti-PD-L1 antibody MPDL3280A in cancer patients. 
Nature. 2014; 515:563-567.

16. Carosella ED, Ploussard G, LeMaoult J and 
Desgrandchamps F. A Systematic Review of 
Immunotherapy in Urologic Cancer: Evolving Roles for 
Targeting of CTLA-4, PD-1/PD-L1, and HLA-G. Eur Urol. 
(0).

17. Bracci L, Schiavoni G, Sistigu A and Belardelli F. Immune-
based mechanisms of cytotoxic chemotherapy: implications 
for the design of novel and rationale-based combined 
treatments against cancer. Cell death and differentiation. 
2014; 21:15-25.

18. McCubrey JA, Abrams SL, Stadelman K, Chappell WH, 
LaHair M, Ferland RA and Steelman LS. Targeting signal 
transduction pathways to eliminate chemotherapeutic drug 
resistance and cancer stem cells. Advances in Enzyme 

Regulation. 2010; 50:285-307.
19. Davis JM, Navolanic PM, Weinstein-Oppenheimer CR, 

Steelman LS, Hu W, Konopleva M, Blagosklonny MV 
and McCubrey JA. Raf-1 and Bcl-2 Induce Distinct and 
Common Pathways That Contribute to Breast Cancer Drug 
Resistance. Clinical Cancer Research. 2003; 9:1161-1170.

20. Steelman LS, Navolanic PM, Sokolosky ML, Taylor JR, 
Lehmann BD, Chappell WH, Abrams SL, Wong EW, 
Stadelman KM, Terrian DM, Leslie NR, Martelli AM, 
Stivala F, Libra M, Franklin RA and McCubrey JA. 
Suppression of PTEN function increases breast cancer 
chemotherapeutic drug resistance while conferring 
sensitivity to mTOR inhibitors. Oncogene. 2008; 27:4086-
4095.

21. Shelton JG, Steelman LS, Lee JT, Knapp SL, Blalock WL, 
Moye PW, Franklin RA, Pohnert SC, Mirza AM, McMahon 
M and McCubrey JA. Effects of the RAF/MEK/ERK and 
PI3K/AKT signal transduction pathways on the abrogation 
of cytokine-dependence and prevention of apoptosis in 
hematopoietic cells. Oncogene. 2003; 22:2478-2492.

22. McCubrey JA, Abrams SL, Ligresti G, Misaghian N, 
Wong EW, Steelman LS, Basecke J, Troppmair J, Libra 
M, Nicoletti F, Molton S, McMahon M, Evangelisti C 
and Martelli AM. Involvement of p53 and Raf/MEK/ERK 
pathways in hematopoietic drug resistance. Leukemia. 
2008; 22:2080-2090.

23. Yoon H, Min J-K, Lee JW, Kim D-G and Hong 
HJ. Acquisition of chemoresistance in intrahepatic 
cholangiocarcinoma cells by activation of AKT 
and extracellular signal-regulated kinase (ERK)1/2. 
Biochemical and Biophysical Research Communications. 
2011; 405:333-337.

24. Sullivan R and Graham CH. Hypoxia prevents etoposide-
induced DNA damage in cancer cells through a mechanism 
involving hypoxia-inducible factor 1. Mol Cancer Ther. 
2009; 8:1702-1713.

25. Sullivan R, Paré GC, Frederiksen LJ, Semenza GL and 
Graham CH. Hypoxia-induced resistance to anticancer 
drugs is associated with decreased senescence and requires 
hypoxia-inducible factor-1 activity. Mol Cancer Ther. 2008; 
7:1961-1973.

26. Yiemwattana I, Ngoenkam J, Paensuwan P, Kriangkrai R, 
Chuenjitkuntaworn B and Pongcharoen S. Essential role 
of the adaptor protein Nck1 in Jurkat T cell activation and 
function. Clin Exp Immunol. 2012; 167:99-107.

27. Matthews NE, Adams MA, Maxwell LR, Gofton TE 
and Graham CH. Nitric oxide-mediated regulation of 
chemosensitivity in cancer cells. J Natl Cancer Inst. 2001; 
93:1879-1885.


