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Blockade of Tumor-Expressed PD-1 promotes lung cancer growth
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ABSTRACT
Anti-PD-1 immunotherapy is the standard of care for treating many patients with non-small cell lung
cancer (NSCLC), yet mechanisms of treatment failure are emerging. We present a case of NSCLC, who
rapidly progressed during a trial (NCT02318771) combining palliative radiotherapy and pembrolizumab.
Planned tumor biopsy demonstrated PD-1 expression by NSCLC cells. We validated this observation by
detecting PD-1 transcript in lung cancer cells and by co-localizing PD-1 and lung cancer-specific markers
in resected lung cancer tissues. We further investigated the biological role of cancer-intrinsic PD-1 in a
mouse lung cancer cell line, M109. Knockout or antibody blockade of PD-1 enhanced M109 viability in-
vitro, while PD-1 overexpression and exposure to recombinant PD-L1 diminished viability. PD-1 blockade
accelerated growth of M109-xenograft tumors with increased proliferation and decreased apoptosis in
immune-deficient mice. This represents a first-time report of NSCLC-intrinsic PD-1 expression and a
potential mechanism by which PD-1 blockade may promote cancer growth.
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Introduction

Programmed death-1 (PD-1) and programmed death-ligand 1
(PD-L1) immuno-checkpoint inhibitors represent one of the
most significant breakthroughs in the treatment of advanced
malignancies. Clinical trials demonstrating improved, durable
response with anti-PD-1 or anti-PD-L1 drugs have led to FDA
approval in their treatment of advanced melanoma, non-small
cell lung cancer (NSCLC), renal cell carcinoma (RCC), head
and neck cancer, and refractory Hodgkin’s lymphoma, to name
a few.1–6 Despite their successes, response rates to PD-1/PD-L1
inhibitors hover around 20–40%, and attempts to reliably pre-
dict a response to these drugs have been largely imprecise
despite widespread use of PD-L1 as a biomarker for favorable
response.7,8,9,10 Indeed, several retrospective studies have even
observed a subset of patients who experience unusually rapid
progression upon initiation of PD-1/PD-L1 axis blockade, a
phenomenon referred to as hyperprogression.11–14

PD-1 is a transmembrane protein receptor, found on T-, B-, nat-
ural killer cells, and monocytes. Ligation of PD-1 to its ligand on
cancer cells, PD-L1, induces apoptosis, cell cycle arrest, and
anergy.7,15,16 Interestingly, PD-1 expression has also been detected
on melanoma-initiating stem cells.17 In a series of novel experi-
ments, Kleffel et al. recently demonstrated that PD-1 expressed by
melanoma cells has intrinsic tumor-promoting effects and that
treatment with anti-PD-1 mAb (a-PD-1) suppressed this effect.18

Here, we present a first-time report of cancer-intrinsic PD-1
in a patient with NSCLC whose cancer rapidly progressed
upon initiation of anti-PD-1 therapy. We present data on a
PD-1 expressing murine NSCLC cell line that implicates the
blockade of cancer-intrinsic PD-1 as a mechanism by which
cancer survival may be enhanced in-vitro and in-vivo.

Results & discussion

Rapid progression in a patient with nsclc treated
with pembrolizumab

A lung cancer patient who failed several chemotherapy regi-
mens experienced rapid progression after being enrolled on
clinical trial NCT02318771, a Phase I study of radiotherapy
(RT) plus pembrolizumab for metastatic or recurrent head and
neck cancer, RCC, or NSCLC. The trial design is outlined in
Fig. 1A. This was a 61-year old female with 35 pack-year smok-
ing history who presented with Stage IV T2N2M1 adenocarci-
noma of the lung without EGFR mutations or ALK-
translocation in May 2013. Between May 2013 and February
2015, the patient had progressed on pemetrexed and carbopla-
tin, docetaxel, navelabine, and gemcitabine. Additionally, the
patient was treated with whole-brain RT in October 2014 and
palliative RT to a supraclavicular metastasis in November 2014.
In March 2015, the patient was randomized to arm A1 on
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clinical trial NCT02318771. Per study protocol (Fig. 1A), a pos-
terior left lower lobe lung lesion, designated on axial CT in
Fig. 1B, was biopsied; treated with 8 Gy in one fraction; and
then re-biopsied five days after radiation. The patient was then
started on 200 mg of pembrolizumab once every three weeks
(Fig. 1A). After just three cycles of pembrolizumab, clinical
progression was noted from right bronchus obstruction, multi-
ple new pulmonary nodules, and interval increase in intracra-
nial lesions. Notably, the lesion treated with RT had nearly
doubled in size in just two months.

Several retrospective series have described hyperprogres-
sion after the initiation of anti-PD-1 therapy, defined by a
two-fold increase in tumor growth rate (TGR) during the
experimental period of therapy compared with a reference
period before PD-1/PD-L1 blockade, as determined by
RECIST 1.1 criteria.11–14 We calculated the TGRs during the
experimental and reference periods as previously described,11

using the sum of the diameter of non-irradiated RECIST 1.1
target lesions. This sum, at multiple time points, is expressed
as a percentage of their size immediately prior to the

Figure 1. Rapid Progression in a Patient with NSCLC Treated with Pembrolizumab. A patient with NSCLC was enrolled on a clinical trial of RT and pembrolizumab. (A) An
outline of the study schema is shown. The patient was randomized to Arm A1 and received 8 Gy in 1 fraction followed by pembrolizumab. (B) CT scans of the chest are
shown (left) at the time of pembrolizumab initiation and (right) at two months after pembrolizumab initiation, at which time clinical progression was noted. The red
arrow indicates the target lesion, which was treated with 8 Gy in one fraction. (C) The sum of the diameters of RECIST target lesions are plotted in reference to their sum
at the time of pembrolizumab initiation. The reference and experimental time periods are the time periods before and after pembrolizumab therapy, respectively. The
increase in tumor growth following pembrolizumab corresponded to a 2.4-fold increase in tumor growth rate, confirming hyperprogression.11
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pembrolizumab initiation in Fig. 1C. During just three cycles
of pembrolizumab, this patient’s RECIST target lesions had
grown by 114% (Fig. 1C), corresponding to a 2.4-fold
increase in TGR after pembrolizumab.

NSCLC cancer-intrinsic PD-1 expression

PD-1-expressing tumor-infiltrating lymphocytes (TILs) as well
as PD-L1-expressing tumor cells are relative, though imperfect
predictors of favorable response to anti-PD-1 or PD-L1 ther-
apy.1,2,19–21 As a part of planned biomarker study under this
clinical trial, biopsies of the irradiated target lesion, obtained
after RT and prior to pembrolizumab, were assessed for PD-1-
expressing TILs and tumor PD-L1 expression with PD-L1,
CD45, and PD-1 immunohistochemistry stains. Although the
tumor cells avidly expressed PD-L1 (Fig. 2A), there were no
detectable CD45 positive cells. The absence of TILs predicts
lack of efficacy from anti-PD-1 therapy.21 Unexpectedly, cancer
cells were stained diffusely positive for PD-1, indicating cancer-
intrinsic PD-1 expression, a finding only previously reported in
melanoma (Fig. 2A).17,18 Notably, we recently reported a case

of renal cell carcinoma treated on the arm A2 of the same clini-
cal trial, who experienced a similar clinical course.20 Similar to
the NSCLC case, the tumor tissue was void of TILs with high
PD-L1 expression as previously reported.20 It, as well, stained
diffusely positive for PD-1 (Supplementary Data, Fig. 1.) To
date, cancer-intrinsic PD-1 expression has only been described
in melanoma, and its biologic role has never been studied in
NSCLC.17,18 Following this finding of PD-1 expression in the
NSCLC tumor, we sought to validate NSCLC-intrinsic PD-1
expression and establish an experimental model to assess its
biologic role.

PD-1 expression among human NSCLC

To validate our findings of cancer-intrinsic PD-1 expression in
human NSCLC, we queried the EMBL-EBI Expression Atlas
for human NSCLC cell lines in culture rather than lung cancer
tissues, which are likely to be infiltrated with PD-1-expressing
lymphocytes.22 Four RNA-sequenced data sets were available,
which showed 3% of sequenced lung cancer cell lines (7 of 236)
expressing detectable (>0.5 FPKM) PD-1 transcript (Fig. 2B).

Figure 2. Human NSCLC Expresses PD-1. (A) Tumor biopsy of the target lesion stained with H.E., anti-PD-L1, and anti-PD-1 is shown at low and high power magnification.
Red arrows designate cells staining positive for PD-L1 or PD-1. (B) The EMBL-EBI Expression Atlas was queried for human NSCLC cell lines that express PD-1 and RNA-
sequencing data were found from four different experiments. The relative percentage of PD-1 expressing cell lines is shown in the pie chart in black. (C) Tissue microarray
slides from 128 resected NSCLC specimens (64 squamous cell carcinoma and 64 adenocarcinoma) assessed for coexpression of PD-1 and P40 and TTF-1, respectively are
shown. Yellow arrows designate cells expressing PD-1 and P40 or TTF-1.
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To establish PD-1 expression in lung cancer tissue, tissue
microarray slides that consist of 64 human squamous cell carci-
noma and 64 human adenocarcinoma were analyzed by immu-
nofluorescence for simultaneous expression of PD-1 and either
P40 or TTF-1, respectively. Dual fluorescence was observed in
four (6.3%) of the squamous cell carcinoma and 6 (9.3%) of the
adenocarcinoma samples (Fig. 2C).

Collectively, this represents the first report of PD-1 expres-
sion in human NSCLC. Should these data be representative of
larger cohorts of patients, a smaller, yet significant fraction of
NSCLC would express PD-1 in comparison to melanoma.18

However, T cells only express PD-1 upon cytokine stimulation
and activation, while their na€ıve counterparts lack PD-1 expres-
sion.23 As it relates to the NSCLC case in Fig. 1, it is possible
that the radiation prior to pembrolizumab increased type I
interferon production by either tumor cells or immune cells,24

which, consequently, may have increased PD-1 expression on
tumor cells as it does in T cells.23 Future studies should exam-
ine whether cancer cells are subject to the same interferon-
mediated induction of PD-1 expression as T cells.23

Murine NSCLC cell line, M109, expresses PD-1

To identify a mouse model to study the biological role of
NSCLC-intrinsic PD-1, we interrogated murine NSCLC lines
for PD-1 expression by RT-PCR (Fig. 3A). PD-1 transcript was
only detected in M109 cell line, and its corresponding protein
was detected by immunofluorescence (Fig. 3A) and by flow
cytometry (data not shown). To assess whether PD-1 is
expressed by M109 in-vivo, M109 tumors were grown in PD-1
knockout mice to eliminate any infiltrating PD-1 positive
immune cells from the host. As shown, tumor-expressed PD-1
was again detected in tissue by immunofluorescence (Fig. 3A).

PD-1/PD-L1 mediates cell viability of M109 in-vitro

To determine the role of PD-1 expressed by M109 cells, we
assessed cell viability of M109 cells by MTT assay in the pres-
ence of increasing doses of anti-PD-1 antibody or IgG isotype
control. a-PD-1 increased M109 cell viability in a dose-depen-
dent manner, as shown in Fig. 3B. To validate the findings of
this assay, we performed clonogenic assays with M109 cells in
the presence of 100 mg/mL of a-PD-1 or isotype control.
Increased clonogenicity was detected in cells treated with a-
PD-1 (Fig. 3C).

We next generated two M109 cell line variants: a PD-1
knockout (KO) cell line by the CRIPSR-cas9 technique and a
PD-1 overexpressing (OE) cell line using a lentiviral particle
transfection system. The triplet cell model was assessed for PD-
1 transcript by RT-PCR to confirm successful manipulation of
PD-1 expression. An abundance of PD-1 transcript was
detected in the PD-1-OE cell line, while PD-1 was barely
detectable in the PD-1-KO cell line, confirming successful
knockout (Fig. 3D). To completely characterize the PD-1/PD-
L1 axis, we assessed the three cell lines for PD-L1 expression by
RT-PCR. All three cell lines were found to express PD-L1 as
well, though there appeared to be an inverse relationship
between PD-1 and PD-L1 expression (Fig. 3D).

To assess whether manipulation of PD-1 expression affected
viability, MTT assays comparing the three cell lines were per-
formed. PD-1-KO cells were more viable relative to the
wt-M109 cell line, and PD-1-OE cells were markedly less viable
(Fig. 3E). To study the effects of PD-1 blockade on the triplet
cell model in-vitro, we performed MTT assays after the addi-
tion of a-PD-1 or isotype control. a-PD-1 increased viability of
the wt (P<0.05) and PD-1-OE cells (P<0.001) (Fig. 3F). How-
ever, PD-1-KO cells were unaffected, confirming M109 PD-1
as the target of a-PD-1-mediated increases in cell viability. To
determine the effects of PD-1 activation on cell viability, MTT
assays were performed after the addition of recombinant PD-
L1 or IgG in serum-free media in each of the three cell lines.
PD-L1 decreased viability of the wt (P<0.05) and, to a greater
degree, the PD-1-OE cell line (P<0.001), while the PD-1-KO
cell line was unaltered, as shown in Fig. 3F. Collectively, these
data suggest that PD-1 axis activation decreases cancer cell sur-
vival, similar to the biological functions of PD-1 well-character-
ized in T-cells.1,7,21,25

The biological significance of tumor-expressed PD-1
in-vivo following anti-PD-1 therapy

Tumors may acquire resistance to PD-1/PD-L1 blockade by
upregulating of alternative immunosuppressive pathways that
disable anti-tumor immunity regardless of PD-1/PD-L1 inter-
actions.2 As such, the degree to which TILs populate the pre-
treatment TME is directly correlated with response to PD-1
blockade.21 To determine the effects of a-PD-1 in a model com-
parable to the aforementioned case in which the direct effects of
a-PD-1 on cancer cells could be isolated, wt-M109 tumors
grown in NSG mice were treated with a-PD-1 or isotype con-
trol. Similar to our results in-vitro, tumors treated with a-PD-1
were significantly larger at the end of the experiment (Fig. 4A).
M109 xenografts were collected and analyzed for proliferative
and apoptotic markers by immunohistochemistry. Tumors
treated with a-PD-1 displayed increased staining for Ki-67 and
decreased staining for cleaved caspace-3, indicating increased
proliferation and decreased apoptosis analogous to the effects
of PD-1 blockade in T-cells (Fig. 4B).1,7,21,25 In a separate
experiment, we grew wt-M109 tumors in PD-1-KO BALB/c
mice to determine whether the observed increases in tumor
growth following PD-1 blockade could be sustained in an
immunocompetent host without changing T-cell activation as
the TILs are PD-1 negative. Tumors treated with a-PD-1 again
were larger after three weeks. Further characterization of this
model is underway.

Several studies have recently described a “tumor flare” or
hyperprogression, associated with PD-1/PD-L1 axis blockade
that is distinct from pseudoprogression in some patients.11–14

Interestingly, in Checkmate 057, a phase III randomized con-
trol trial comparing the PD-1 inhibitor nivolumab to docetaxel
in NSCLC, the progression free survival curve favored doce-
taxel for the first six months, leading some to speculate that
early hyperprogression as the cause.9,11 The notion of anti-PD-
1 therapy promoting tumor progression in some patients has
been limited by simplification of tumor growth kinetics, lack of
a total washout period of prior therapy in some patients,
assumptions of a total lack of efficacy of prior therapy, and a
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lack of mechanistic explanation. Our study, however, suggests
blockade of cancer-intrinsic PD-1 can release NSCLC from
anti-survival effects of its interaction with its ligand, providing
the first biologic proof of principle that PD-1 blockade may,
albeit rarely, enhance cancer viability.

Importantly, we are unable to definitively prove that pem-
brolizumab directly induced hyperprogression in the NSCLC
case. Nevertheless, we uncovered a biologic role of NSCLC-

intrinsic PD-1 that parallels this patient’s clinical course. The
biopsy from the NSCLC case and the lymphocyte-deplete NSG
tumors were void of TILs, both in contrast to inflamed tumors
likely to favorably respond to PD-1 blockade, as illustrated in
Fig. 4C.21 Both the M109 cell line and the tumor tissue from
the NSCLC case simultaneously expressed PD-1 and PD-L1.
Given the growth-suppressive effects of PD-1 activation seen in
M109 cells, we hypothesize that inhibition of this signaling

Figure 3. Increased Cell Viability of M109 following PD-1 Blockade in-vitro. (A) Three murine NSCLC cell lines were interrogated for PD-1 transcript by RT-PCR, as shown.
Thymic tissue from wild-type and PD-1-knockout BALB/c mice served as positive and negative controls. PD-1 expression by the M109 cell line was assessed in cell culture
(green) and in-vivo in a PD-1 knockout BALB/c mouse (red). (B) Increasing doses of a-PD-1 (25, 50, 75, or 100 mg/mL) or IgG isotype control were added to M109 cells,
and viability was measured by MTT assay. (C) 100 mg/mL of a-PD-1 or IgG was added to M109 cells, and effects on cell survival and clonogenicity were measured by clo-
nogenic assay. (D) Relative PD-1 and PD-L1 transcript levels determined by qRT-PCR between the wt-M109, PD-1 knockout (KO) and PD-1-overexpressing (OE) are shown.
GADPH served as the internal control. (E) MTT assays assess the viability of the PD-1-KO and PD-1-OE cell lines in reference to the wt-M109 cell line. (F) MTT viability assays
were performed after the addition of 100 mg/mL a-PD-1 vs. isotype control (left) or 5 mg/mL recombinant PD-L1 vs. isotype control (right) to the three cell lines are
shown. Changes in viability from these assays are plotted in reference to viability after the addition of isotype control. All values are listed as mean C/- SD. (�p<0.05,
��p<0.001, unpaired t-test).
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accounts for the increased viability observed with PD-1 block-
ade (Fig. 4C), which is supported by the changes in apoptotic
and proliferative markers in the NSG model. Moreover, hyper-
progression may be a result of two independent, co-occurring
events: cancer-intrinsic PD-1 expression and inherent resis-
tance to PD-1 blockade (i.e., depletion of TILs in the tumor
microenvironment). In the absence of this resistance, perhaps
the blockade NSCLC-intrinsic PD-1 serves to only partially
mitigate the efficacy of anti-PD-1 immunotherapy. Regardless,

the relevance of NSCLC-intrinsic PD-1 in predicting responses
to PD-1 inhibitors must be further validated in large cohorts of
patients.

While our data indicate that inactivation of PD-1 with a-
PD-1 has diverse effects on cell death and growth (Fig. 4B), it
remains unanswered what precise downstream mechanisms
contribute to this. One possibility is that PD-1 activation upre-
gulates pro-apoptotic proteins, including BIM, as it does in
CD8C T cells.16,26 In human CD4C T cells, PD-1 activation

Figure 4. The Effects of Anti-PD-1 on M109 in-vivo. (A) A growth curve of subcutaneous wt-M109 tumors grown in NSG mice treated with a-PD-1 (N D 6) or isotype con-
trol (ND 6) is shown. (B) Tumors were harvested from sacrificed mice and assessed for Ki-67 and cleaved-caspase-3 by immunohistochemistry, as shown. Average percen-
tages of Ki-67(C) and Cleaved-caspase-3(C) cells were calculated per high power field (HPF). All values are listed as mean C/- SD (�p<0.05, ��p<0.001, unpaired t-test).
Statistical differences between two groups were determined by the unpaired t-test. (C) An illustration showing the mechanism by blockade of NSCLC-intrinsic PD-1 may
contribute to therapeutic resistance or even promote growth is shown. The left panel of the illustration summarizes prior understanding of PD-1/PD-L1 inhibition in
tumors void of PD-1 expression and illustrates the effect of PD-1 blockade in inflamed tumors that do not express PD-1. T-lymphocytes proliferate and generate an anti-
tumor immune response. PD-1, expressed by T- cells is activated by PD-L1 on tumor cells, causing T-cell anergy and apoptosis. The right panel illustration demonstrates
the effect of anti-PD-1 therapy in a non-inflamed, or cold, tumor that expresses PD-1. Blockade the growth suppressive interaction between PD-1/PD-L1 results in
increased viability.
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impedes cell cycle progression at the G1-S checkpoint through
multiple complex mechanisms, including the upregulation of
the G1 phase inhibitor p15INK4 and indirectly increasing inhi-
bition of cyclin-dependent kinase 2.15 Further studies are
needed to determine whether increases in cancer cell survival
in-vitro and in-vivo are related to cycle progression or altering
apoptotic regulation.

Possibly of more importance, however, will be determining
the complex consequences of the phosphatases that interact
with activated PD-1, which may account for the apparent dual-
ity in the role of cancer-intrinsic PD-1 signaling in our study
compared to that of Kleffel et al. They reported suppression,
rather than promotion, of growth with PD-1 blockade in PD-1-
expressing melanoma.18 The SHP1 and SHP2 phosphatases are
the mediators of PD-1 signaling, leading to T-cell anergy.27

Kleffel et. al. hypothesized that the differential effects of PD-1
blockade on T-lymphocytes vs. melanoma were due to the dif-
ferences in SHP2 signaling (mostly oncogenic in cancer mod-
els) in two cell types.18 Though largely recognized as an
oncogenic phosphatase, SHP2 does not uniformly function as a
proto-oncogene across all cancer histologic types or mutational
landscapes.28–30 EGFR mutations, for example, sequester SHP2
and prevent its ability to promote downstream Erk activation.31

Contrary to SHP2, SHP1, also activated upon PD-1/PD-L1 liga-
tion in both T cells and neurons,32 functions as a tumor sup-
pressor by degrading JAK kinases33 and dephosphorylating
STAT3.34 Therefore, the partnering phosphatase following PD-
1 activation may vary, leading to either pro-survival or death
signaling in PD-1-expressing cancer cells and variable biologi-
cal consequences of PD-1 blockade.

In conclusion, this study provides the first report of PD-1
expression in NSCLC. It reveals a mechanism by which anti-
PD-1 therapy will be rendered less efficacious or even deleteri-
ous. Further studies are needed to elucidate the mechanism
behind which PD-1 blockade can promote tumor growth and
to assess the role of intrinsic tumor expression in larger cohorts
of patients treated with PD-1/PD-L1 inhibitors.

Methods

Patient data and informed consent

We report data on two patients enrolled on clinical trial
NCT02318771, a phase I exploratory study to investigate the
immunomodulatory activity of radiation therapy (RT) in com-
bination with MK-3475 (pembrolizumab) in patients with
recurrent/metastatic head and neck, renal cell cancer, mela-
noma and lung cancer. This study was approved by the institu-
tional review board at Thomas Jefferson University, and
informed written consent was obtained prior to randomization.

EMBL-EBI expression atlas

The EMBL-EBI Expression Atlas website (https://www.ebi.ac.
uk/gxa/home) was queried for PD-1 gene transcript in NSCLC
as determined by RNA sequencing by searching for the PDCD1
gene in Homo Sapiens, using sample properties keyword
“LUNG.22” The expression cutoff for PDCD1 in the EMBL-EBI
expression atlas was 0.5 FPKM.

Tissue microarray

Human NSCLC (64 adenocarcinoma and 64 squamous cell car-
cinoma) tissue microarray (TMA) slides were purchased from
US BioMax, Inc. TMA slides were deparaffinized and rehy-
drated followed by antigen retrieval, where slides were
immersed in Antigen Unmasking Solution (H-3300, Vector
Laboratories). The sections were blocked in 0.5% casein in PBS
for 1 hour at room temperature then incubated with primary
antibodies overnight at 4�C. Slides were washed and incubated
with appropriate fluorochrome-conjugated secondary antibod-
ies for 1 hour, washed, and nuclei were counterstained with
DAPI (Sigma). Images were acquired using a Nikon Ae1R with
High Speed Resonant Scanner Confocal Microscopy.

Cell culture

The Madison 109 (M109) tumor cells were grown in RPMI
1640 Medium (ThermoFisher, #11875-093) supplemented with
10% FBS Medium (ThermoFisher Scientific) under standard
cell culture conditions. Cell lines were maintained in humidi-
fied incubators with 5% CO2 at 37�C. EL4 murine T lympho-
cytes were obtained from American Type Culture Collection.

RT-PCR

Total RNA was isolated from murine NSCLC cell lines, murine
PD-1(C/C) or PD-1(-/-) thymus using RNeasy Plus Mini Kit�

(Qiagen, #74136). Standard cDNA synthesis reactions were car-
ried out using the Superscript III FirstStrand Synthesis System�

for RT-PCR (Invitrogen, #18080051). reverse transcribed prod-
ucts were amplified with the Platinum PCR SuperMix High
Fidelity Kit (Invitrogen, #12532024). Full-length PD-1 and PD-
L1 were amplified and sequenced following reverse transcrip-
tion of total mRNA using specific primer pairs (PD-1: forward:
50-ATGCAGATCCCACAGGCGCC-30 and reverse: 50-TCA-
GAGGGGCCAAGAGCAGTG-30; PD-L1: forward: 50-TTGCT-
ACGGGCGTTTACTATC-30 and reverse: 50-TCCCGTTCTAC
AGGGAATCT-30; Beta-actin: forward 50-TCCTTCGTTGC-
CGGTCCACCA-30 and reverse 50-ACCAGCGCAGCGA-
TATCGTCTC-30). Murine GADPH served as the loading
control. Samples were assayed as described by Kleffel et. al.18

Cell viability assay

MTT assays were performed as previously described.35 In brief,
cells were seeded into 96-well plates with 2,500 cells per well, 12
replicates per group, in 1640 RPMI medium (Sigma-Aldrich).
Anti-mouse PD-1 (Bio XCell, #BE0146) or IgG were added
24 hours after implantation. For the recombinant PD-L1 assay,
after 24 hours, cells were washed with PBS three times and then
replaced with serum replacement medium (SRM) with 5 mg/mL
of recombinant IgG (R&D Systems), or SRM with 5 mg/mL
recombinant mouse PD-L1 (R&D Systems, #Q9NZQ7). After
72 hours, cells were incubated with MTT (Sigma-Aldrich,
#57360-69-7). The absorbance was measured at wavelength of
570 nm with a Flexstation 3 Molecular Device (Sunnydale, CA).
At the time of collection, OD was between 0.25 and 0.80.
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Clonogenic assay

Exponentially growing M109 cells were seeded in 60-mm
dishes and treated with 100 mg/mL anti-PD-1 antibody or IgG
with three replicates per group. Cells were incubated in CO2 at
37�C, and colony formation was measured as previously
described after adequate growth.36

Immunohistochemistry and immunofluorescence

Immunohistochemistry analysis of PD-1 expression in tumor
biopsies obtained from the NSCLC case as well as Ki-67 and
Cleaved-Caspase 3 were done as described previously.37 For
immunofluorescence, sections were fixed using 2% paraformal-
dehyde for 20 minutes at room temperature. Specimens were
blocked with the supernatant of 0.5% casein/phosphate-buff-
ered saline, stirred for 1 hour, and incubated with unconjugated
goat anti-mouse PD-1(Abcam, #Ab137132), anti-human PD-1
(R&D Systems, #AF-1086), or anti-human CD45 (R&D Sys-
tems, #MAB-1430) overnight at 4�C followed by washes and
incubation with FITC labeled anti-goat secondary antibodies
(Molecular Probes, #A-11034) for 1 hour at room temperature.
Specimens were counterstained with DAPI, washed with PBS-
Tween20 0.1%, mounted with Vectashield mounting medium
(Vector Labs, #H-1000), and imaged using a 40£ objective
with Nikon C2 Microscope (Molecular Devices, Inc.).

Generation of M109 PD-1 knockout and overexpressing
cell lines

Stable PD-1 knockout (KO) M109 lines were generated using
the CRISPR/Cas9 system from Santa Cruz Biotechnology,
murine PDCD1 Double Nickase Plasmid (#sc-422150-NIC) or
Control CRISPR/Cas9 Plasmid (#sc-418922) using lipofect-
amine transfection agent (Thermofisher, #11668019) and 1 mg/
mL puromycin (Thermofisher, #A113802) for selection, as
described by Shlyakhtina et al.38 Effective knockout of PD-1
was confirmed by qRT-PCR.

PD-1-OE cells were generated by transfecting M109 cells
with a PD-1-overexpression mGFP-tagged lentivector par-
ticles purchased from Origene (#MR227347L2 V) according
to the manufacturer’s protocol using polybrene (Origene) to
enhance transfection. Stably transduced cells were propa-
gated and flow-sorted for PD-1-overexpressing subpopula-
tions. Cells were stored in liquid nitrogen and re-cultured
at the time of MTT assay, and qRT-PCR was used to
confirm PD-1 overexpression.

M109 mouse models

All in-vivo experiments were carried out in accordance with the
Thomas Jefferson University Institutional Animal Care & Use
Committee. 250 mg of anti-PD-1 antibody (Bio XCell,
#BE0146) or IgG control were given by IP three days before
tumor inoculation to NSG mice. 0.5£ 105 wt-M109 cells
were inoculated subcutaneously on the right flank of the twelve
mice (six per group), and twice weekly IP treatments with anti-
PD-1 mAb or IgG were given thereafter.

Statistics

Statistical comparisons were performed using the unpaired
t-test. Data are shown as the mean § SD. Statistically signifi-
cant differences were designated by P-value <0.05. All reported
P-values are two-sided. GraphPad Prism 5 (GraphPad Software
Inc.) was used for statistical analyses.
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