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A B S T R A C T

Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor due to the lack of effective ther-
apeutic drugs. Cancer therapy targeting programmed cell death protein 1 (PD-1) or programmed death ligand-1
(PD-L1) is of revolutionary. However, the role of intrinsic PD-L1, which determines immune-therapy outcomes,
remains largely unclear. Here we demonstrated an oncogenic role of PD-L1 via binding and activating Ras in
GBM cells. RNA-sequencing transcriptome data revealed that PD-L1 significantly altered gene expression en-
riched in cell growth/migration/invasion pathways in human GBM cells. PD-L1 overexpression and knockout or
knockdown demonstrated that PD-L1 promoted GBM cell proliferation and migration in vitro and in vivo.
Mechanistically, PD-L1 prominently activated epithelial mesenchymal transition (EMT) process in a MEK/Erk-
but not PI3K/Akt-dependent manner. Further, we identified intracellular interactions of PD-L1 and H-Ras, which
led to Ras/Erk/EMT activation. Finally, we demonstrated that PD-L1 overexpression promoted while knockdown
abolished GBM development and invasion in orthotopic GBM models of rodents. Taken together, we found that
intracellular PD-L1 confers GBM cell malignancy and aggressiveness via binding Ras and activating the down-
stream Erk-EMT signaling. Thus, these results shed important insights in improving efficacy of immune therapy
for GBM as well as other malignant tumors.

1. Introduction

Glioblastoma multiforme (GBM) is the most severe malignant as-
trocytoma (WHO grade IV), accounting for approximately 60%–70% of
gliomas [1]. GBM is characterized by infiltrative growth, necrosis and
hypoxia, with a median survival time of 14.6months after diagnosis
[2]. Despite the use of standard treatment regimen (i.e., surgical re-
section, radiotherapy and chemotherapy), the overall 5-year survival
rate of GBM remains only 9.8% [2–4]. Therefore, identification of new

therapeutic targets is urgent for improving GBM management.
Recently, antibodies against programmed cell death protein 1 (PD-

1) and its ligand programmed death ligand-1 (PD-L1, i.e., CD274 or B7-
H1) have been achieved curable results in advanced cancers (e.g.,
melanoma) and this antibody-based immune therapy is widely tested in
different types of malignant tumors [5]. PD-1 exists mainly on cell
surface of cytotoxic T lymphocytes (CTL) while PD-L1 is widely ex-
pressed in tumor and non-tumor cells (e.g., dendritic cells and mono-
cytes) [5,6]. The binding of PD-L1 to PD-1 induces apoptosis or
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exhaustion of CTL, which constitutes the immune-inhibitory checkpoint
responsible for escape of cancer cells from CTL's killing [5,6]. Present
clinical data reveal that only a few patients respond positively to the
therapy of PD-1/PD-L1 antibody, which largely depends on the immune
status of the patients and the expression levels and functionality of PD-
L1 in cancer cells [7–9]. The majority of the previous PD-L1 studies
have been focused on analyzing the prognostic value of PD-L1 expres-
sion, demonstrating that PD-L1 is a key poor prognostic marker in
various cancers, for example, breast cancer, renal cell carcinoma,
melanoma and ovarian cancer [10–14]. Further, the regulation of PD-
L1 expression is well studied, and it was reported that PD-L1 is upre-
gulated by PI3K/PTEN/Akt, Erk, JAK/STAT3, hypoxia-inducible factors
(HIF), nuclear factor kappa B and some other intracellular signaling
pathways [15,16].

PD-L1 not only mediates tumor-CTL communications, but also ex-
erts independent intracellular functions in cancer cells. Recently, it
becomes aware that intrinsic PD-L1 plays important regulatory roles in
cell growth, proliferation, apoptosis, autophagy, migration and inva-
sion in various cancers, including melanoma [17], gastric cancer [18],
pancreatic cancer [19], head and neck carcinoma [20], lung adeno-
carcinoma [21], suggesting that it might exert initial oncogenic effects
in cancer development [22]. In ovarian cancer and melanoma cells,
PI3K/Akt is strongly involved in PD-L1 oncogenic effects [17]. How-
ever, the underlying mechanism of intrinsic PD-L1 in most cancer cells
remains largely unexplored.

Until now, clinical trials of PD-1 and PD-L1 antibodies in glioma
remains in phase II and phase III, such as (1) NCT02017717, Nivolumab
in GBM, was in phase III, and (2) NCT01952769, Pidilizumab in diffuse
intrinsic pontine glioma, was in phase I and II [9]. Several studies had
reported that higher PD-L1 expression level positively correlates to
higher malignant grade of gliomas and poorer prognosis [23–27], and
higher vascular endothelial growth factor level [28], supporting the
oncogenic role of PD-L1 in glioma. In glioma tissues, increased PD-L1
appears mainly in Ki67-negative tumor cells, indicating that the major
function of PD-L1 in glioma cells is not associated with cell proliferation
[24]. Surprisingly, to our best knowledge, experimental study of in-
trinsic PD-L1 in glioma cells has not been reported.

In the present study, we demonstrated that intrinsic PD-L1 had
prominent oncogenic effects, preferentially in aspects of promoting
migration and invasion, on GBM cells in vitro and in vivo. We identified
the first intracellular PD-L1-binding partner, Ras. Further, we demon-
strated that PD-L1 enhanced GBM malignancy via activating Ras-Erk-
EMT (epithelial mesenchymal transition) axis signaling.

2. Materials and methods

2.1. Cell culture, antibodies and pharmacological drugs

The human glioblastoma cell lines (U87MG, LN229), rat glioma C6
cell line, human embryonic kidney 293 T cell line were purchased from
American Tissue Culture Collection (MA, USA). The human GBM cell
line U251 was purchased from China Center for Type Culture Collection
(Wuhan, China). All GMB cell lines were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM, Gibco, CA, USA) supplemented with 10%
FBS (Gemini, CA, USA) and 1% Penicillin-Streptomycin Solution
(Hyclone, Thermo, Beijing, China). U0126 (MEK1/2 inhibitor, Cell
Signaling Technology, MA, USA), LY294002 (PI3 kinase inhibitor, Cell
Signaling Technology, MA, USA) or SB415286 (GSK3 inhibitor, Sigma,
MO, USA) were used at a final concentration of 20 μM, 25 μM, or 20 μM,
respectively. SCH772984 (specific Erk1/2 inhibitor, Sellcek Chemicals,
Shanghai, China) were used at a final concentration of 0.5 or 1.0 μM.
Primary antibodies against Slug (C15D3), β-catenin (D10A8), ZEB1
(D80D3), vimentin (D21H3), E-Cadherin (24E10), N-Cadherin
(D4R1H), phospho-p44/42 MAP kinase (Thr202/Tyr204, #9101), p44/
42 MAPK (137F5), phospho-Akt (Ser473, #D9E), total Akt (#9272),
GSK-3β (27C10), phospho-GSK-3β (Ser9, #9336) were purchased from

Cell Signaling Technology (MA, USA). Antibodies against PD-L1/CD274
(PA5-28115, Thermo Fisher, IL, USA), PD-L1 (ABM4E54, Abcam,
Cambridge, UK), GST (Z-5, Santa Cruz Biotechnology, TX, USA), β-actin
(20536–1-AP, Proteintech, Wuhan, China) were commercially pur-
chased.

2.2. Establishment of stable GBM cell lines with PD-L1 overexpression

p-PD-L1-EGFP-GV230 plasmid expressing PD-L1-EGFP fusion pro-
tein was purchased from GeneChem (Shanghai, China). Full-length
human PD-L1 coding cDNA with stop codons was PCR amplified from
p-PD-L1-EGFP-GV230 plasmids and cloned into lentiviral p-FU vector
(p-FU-PD-L1). Lentivirus/p-FU-PD-L1 (LV-PD-L1), Lentivirus/p-FU (LV-
Vec) or Lentivirus/p-FU-Venus (LV-Venus) were packaged in 293 T
cells, purified and concentrated using Amicon Ultra-15 Centrifugal
Filters (Ultracel-100 K, Merck Millipore Ltd., Cork, Ireland), and then
aliquoted and stored at −80 °C. Concentrated LV solution at a final
concentration of 1/50 were used for lentiviral infection of U251/
U87MG/LN229/C6 cells (efficiency>90% as determined by Venus
expression, Fig. S1) and the expression of exogenous gene remained
unchanged after at least 10 passages.

2.3. Establishment of stable GBM cell lines with PD-L1 knockdown

Lentivirus containing human PD-L1 short hairpin RNA (shRNA)
targeting 5′-CGAATTACTGTGAAAGTCAAT-3′ (LV-sh-PD-L1) and con-
trol LV-sh-NC (1× 108 TU/ml, with EGFP tag) was purchased from
Vigene (Shandong, China). Condensed LV-sh-PD-L1 or LV-sh-NC at a
final concentration of 1/500 was used for viral infection of U251/
U87MG cells.

2.4. Establishment of stable GBM cell lines with PD-L1 knockout via
CRISPR/Cas9 technique

CRISPR/Cas9 technique utilizes a single guide RNA (sgRNA) scaf-
fold to direct genomic DNA cutting by Cas9, which leads to reading-
frame shift of the cutting gene after repairing and thus abolishes normal
functions of the gene/protein [29,30]. DNA oligos encoding specific
sgRNA targeting to human PD-L1 genome or GFP (served as control)
were selected from genome-scale CRISPR knock-out (GeCKO) libraries
[29,30]:

CRISPR GFP#1 Forward: CACCGGGAGCGCACCATCTTCTTCA.
CRISPR GFP#1 Reverse: AAACTGAAGAAGATGGTGCGCTCCC.
CRISPR PD-L1#2 Forward: CACCGAGCTACTATGCTGAACCTTC.
CRISPR PD-L1#2 Reverse: AAACGAAGGTTCAGCATAGTAGCTC.
CRISPR PD-L1#3 Forward: CACCGGGATGACCAATTCAGCTGTA.
CRISPR PD-L1#3 Reverse: AAACTACAGCTGAATTGGTCATCCC.
The oligo DNA pairs were commercially synthesized, annealed and

inserted into LentiCRISPRv2 (Invitrogen, CA, USA) at BsmBI/BsmBI
sites (named LV-sg-GFP/sg-PD-L1#2/sg-PD-L1#3), which expresses
specific sgRNAs and Cas9 protein. Lentiviruses were produced, purified
and concentrated as LV-Venus. Condensed LV-sg-GFP/sg-PD-L1#2/sg-
PD-L1#3 at a final concentration of 1/50 was used to infect U251/
U87MG cells. Puromycin at a final concentration of 2.0 μg/ml (Selleck
Chemicals, TX, USA) was used to select stable sgRNA/Cas9-expressing
cells. U87MG/sg-PD-L1 cells were collected as a pool while U251/sg-
PD-L1 cells were multiplied from a single clone.

2.5. Orthotopic rat/mouse models of GBM and bioluminescence imaging

All animal handling and experiments were performed in accordance
with NIH guidelines and approved by the Ethics Committees of
Huazhong University of Science and Technology. Adult Sprague-
Dawley (SD) rats (250–300 g, male) were purchased from the
Experimental Animal Centre, HUST and Balb/c nude mice (4–5weeks
old, body weight 16–18 g, female) were purchased from Beijing Vital
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River Laboratory Animal Technology Company (Beijing, China). All
animals were group housed in the Animal Core Facility of Tongji
Medical College with a 12-h light/dark cycle with ad libitum to food
and water for 3 days prior to any experiments. GBM cell implantation in
the brain was performed as previously described [31]. Briefly, adult rats
were anesthetized with chloral hydrate and a burr hole was drilled in
the skull 1.0 mm anterior to the bregma and 3.2mm left or right to the
sagittal suture. A 10-μl Hamilton microsyringe (Hamilton, MA, USA)
with an unbeveled 33G needle containing 1.0× 106 of C6/Vec (left) or
C6/PD-L1 (right) cells in 10 μl of PBS was advanced to a depth of
5.3 mm from the skull surface and then withdrawed 0.5mm. Cell sus-
pension was delivered at rate of 1.0 μl/min. After cell implantation, the
needle was left in place for 10min before withdrawal. After 14 d of cell
inoculation, the rats were perfused with 4% paraformaldehyde (PFA)
and the brains were paraffin-embedded. For nude mouse GBM model,
equal amounts of U87MG cells (2.5× 105 cells in 3 μl of PBS) with LV-
sh-NC or sh-PD-L1 infection (with EGFP tag) were implanted into the
left (U87MG/sh-NC) or right (U87MG/sh-PD-L1) striatum of brain at
0.5 mm anterior to the bregma/2.0 mm left or right to the sagittal su-
ture/3.2 mm depth from the skull surface. After 24 d of cell inoculation,
nude mice were anesthetized and imaged for EGFP activity at 488 nm-
excitation using a bioluminescence imaging (BLI) system-Lago X
(Spectral Instruments Imaging, AZ, USA). Immediately after living
imaging, the mice were sacrificed and perfused with 4% PFA. The
whole brains were isolated and rescanned for EGFP images. The BLI
data was analyzed by Amiview (Spectral Instruments Imaging, AZ,
USA) and expressed as average radiance (×107 photons/s/cm2/sr)
[32].

2.6. RNA-sequencing and enrichment analysis

Three 100-mm dishes of U251/PD-L1 or U251/Vec stable cell lines
were subjected to total mRNA isolation, cDNA libraries construction
and sequencing at Illumina HiSeq sequence platform (PE150) with 6G
clean data by Novogene Bioinformatics Institute (Shanghai, China).
Differential gene expression analysis between U251/PD-L1 and U251/
Vec groups was performed using the DESeq2 R package (1.10.1). The
resulting P-values were adjusted using the Benjamini and Hochberg's
approach for controlling the false discovery rate. Differently expressed
genes (DEGs) with P < 0.005, adjusted P < 0.05 (Padj) and absolute
changing fold≥1.2 were subjected to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Gene Ontology (GO) enrichment ana-
lysis. KEGG pathways and GO terms with Padj< 0.05 were considered
significantly enriched by DEGs.

2.7. Cell viability and EdU-incorporation assays

The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to measure cell viability as previously reported
[33]. GBM cells were seeded in 96-well plates (3000 cells/well). MTT
(1mg/ml of final concentration; Amresco Inc., OH, USA) was added to
each well at a fixed time every day, and 100 μl of dimethyl sulfoxide
was added to each well 4 h after incubation. The optical density of
solution was measured at absorbance 490/650 nm with a microtiter
plate reader (Synergy 2, BioTek Instruments, VT, USA). The absorbance
at 490 nm minus absorbance at 650 nm represented cell viability. Re-
sults were shown as the relative cell viability compared to 0 d with at
least 6 replicates.

EdU (5-ethynyl-2-deoxyuridine)-incorporation assay was conducted
as reported [33] using EdU DNA Proliferation in vitro Detection kit
(RiboBio, Guangzhou, China). Briefly, GBM cells were seeded in 96-well
plates (1×104 cells/well) in triplicate for 24 h, incubated with 50 μM
of EdU for another 2 h and then the EdU incorporation was manifested
by Apollo® fluorochrome according to the manufacturer's instructions.
Nuclei were stained with Hoechst 33,342 in the kit. Micrographs were
taken randomly from at least 9 different fields in each well with a

conventional inverted fluorescent microscope (Olympus, Tokyo, Japan)
and the percentage of EdU-positive cells was calculated as the number
of EdU-positive cell divided by the number of Hoechst-positive cells.

2.8. Scratch-wound healing assay, cell morphology analysis and transwell-
migration assay

Cell migration ability was measured by scratch-wound healing assay
as previously reported [34]. Briefly, confluent cells in 35-mm dishes
were scratched with a yellow pipette and the wound edges were mi-
crographed at 0 h and designated time-points. The wound-edge line was
drawn by linking front boundary of at least 10 cells forward the nude
area. The wound size was calculated as the distance between the op-
posite wound-edge lines using the Image-Pro Plus (IPP) software (Media
Cybernetics, USA) and the average wound size represented at least 12
different fields in each culture dish. Cell morphology analysis was
conducted as reported [35]. For cell length/width and cell pseudopodia
length measurement, single cells along the wound edge or in the nude
area were randomly selected for analysis using the IPP software as
supplemental instructions (Fig. S2). Data from at least 200 cells were
used for statistical analysis.

Transwell-migration assay was conducted as reported [34]. Briefly,
1× 105 cells were seeded into the upper chamber of transwell appa-
ratus (Corning Incorporated, NY, USA) in 200 μl of serum-free DMEM
and 800 μl of complete medium was added to the lower chamber to
induce cell migration. After 12 h, migrated cells were stained, micro-
graphed and calculated. An average of migrated cells from at least 9
different fields was used for statistical analysis.

2.9. Western blotting analysis

Western blotting analysis was performed as previously reported
[36]. Briefly, the cell lysates were collected and dispersed in radio-
immunoprecipitation assay lysis buffer containing phenylmethane-
sulfonyl fluoride. Equal amounts of total proteins were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis and electro-
transferred onto nitrocellulose filter membranes (0.45 μm, Merck Mil-
lipore, Cork, Ireland). The blots were incubated with corresponding
primary and secondary IRDye 800 or IRDye 680 CW-conjugated goat
anti-rabbit or anti-mouse IgG antibodies (LI-COR Biosciences, Lincoln,
USA). The labeled bands were visualized and quantified by Odyssey
Infrared Imaging System (LI-COR Biosciences, MA, USA).

2.10. Immunofluorescence staining and analysis

Immunofluorescence staining was performed as previously reported
[36]. Cells in 35-mm culture dishes were fixed, permeabilized, blocked,
and then incubated with primary and corresponding Dylight 488-la-
beled secondary antibodies (Abbkine, CA, USA). For paraffin-embedded
tissues, rat brain slices were deparaffinized, rehydrated, antigen un-
masked, blocked with 5% bovine serum albumin (BSA) and then in-
cubated with primary antibodies and corresponding Dylight 488/594-
labeled secondary antibodies. Micrographs were taken under the same
conditions with a conventional fluorescent microscope (Olympus,
Tokyo, Japan).

The clinical tumor sample was obtained from the Department of
Pathology, Tongji Hospital, Huazhong University of Science and
Technology. The sample was surgically resected during 2016 and di-
agnosed as GBM (WHO IV) clinically and pathologically at Tongji
Hospital. Immunofluorescence staining was done with paraffin-em-
bedded tissues as described above. Micrographs were taken with a Zeiss
510 confocal microscope (Carl Zeiss, Oberkochen, Germany). The
fluorescence intensity of stained cells was analyzed with ImageJ (NIH,
https://imagej.nih.gov/ij/).
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2.11. Glutathione S-transferase (GST)-pull down assay

GST-pull down assay was performed as previously described [36].
LN229 or 293 T cells were transfected with pDEST27-GST/GST-H-Ras
or co-transfected with p-FU-PD-L1+ pDEST27-GST/GST-H-Ras for 2 d.
Cell lysates were extracted with GST-lysis buffer and 400 μg of total
soluble proteins from each sample were incubated with 30 μl of glu-
tathione sepharose bead slurry (GE Healthcare Life Sciences, Piscat-
away, USA) overnight at 4 °C. After extensive washing, the im-
munoprecipitates were subjected to Western blotting analysis. Anti-GST
or anti-PD-L1 antibodies were used to probe corresponding proteins.

2.12. Active Ras detection assay

Active Ras detection assay was performed using Active Ras Dection
Kit (#8821, Cell Signaling Technology, MA, USA) as manufacturer's
instructions. GST-Raf1-RBD (Ras-binding domain) fusion protein is
used to bind the activated form of Ras (GTP-bound Ras), which can then
be immnunoprecipitated with glutathione resin. Briefly, cell lysate of
U251/Vec or U251/PD-L1 cells of 100-mm dish was extracted with
Lysis/Binding/Wash Buffer from the kit. Cell lysate (1mg/ml) of 700 μg
for each sample was subjected to a spin cup (inserted in collection tube)
which was pretreated with 100 μl of 50% glutathione resin and 80 μg
GST-Raf1-RBD, and then the mixture was incubated at 4 °C for 1 h with
gentle rocking. In vitro GTPγS or GDP treatment with 700 μl equal
mixed U251-Vec/PD-L1 cell lysate was set as positive or negative
control respectively (not shown). A volume of 50 μl 2XSDS buffer
(containing 200mM dithiothreitol) was used to detach the reaction
mixture from the spin cup. Heat the eluted samples for 5min at
95–100 °C and then subjected to Western blotting analysis. Ras (GTP-
bound Ras) level was detected using a Ras Mouse mAb from the kit.

2.13. Hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC)
analysis

Paraffin-embedded rat or mouse brain slices (4 μm) were used for H
&E staining and the brain images were scanned with an automatic slice
scanning system-SV120 (Olympus, Tokyo, Japan). The tumor rim was
delineated with black dashed cycle. Tumor invasive index was calcu-
lated via measuring the area of tumor invading the brain parenchyma
per tumor rim length as reported [31]. Statistical analysis used data
from at least 7 slices from 5 rat brains per group. For IHC, the rat brain
slices were deparaffinized, rehydrated, endogenous peroxidase blocked,
antigen unmasked, blocked with 5% BSA and then incubated with
primary antibodies and corresponding secondary antibodies. Im-
munoreaction was visualized with diamino-benzidine tetrachloride.
The sections were photographed with an optical microscope (Olympus,
Tokyo, Japan), and the integral optical density of positive signal was
analyzed with ImageJ. Statistical analysis used data from at least 7
slices from 5 brains per group.

2.14. Statistical analysis

All experiments were repeated independently at least three times.
The values were expressed as means ± SEM. Unpaired Student's test
was used to compare between two groups of in vitro experiments.
Paired Student's test was used to compare between two groups of an-
imal experiments. Comparisons among multiple groups were performed
through one-way ANOVA with Student–Newman–Keuls post-test.
P < 0.05 was considered statistically significant.

3. Results

3.1. PD-L1 knockdown abolishes glioma xenografts formation in nude mice

We first studied the role of endogenous PD-L1 on GBM development

using human GBM cells. Stable PD-L1 knockdown U87MG cell line
(U87MG/sh-PD-L1 or negative control U87MG/sh-NC, both with EGFP
tag) was established by lentivirus infection, which was confirmed by
Western blotting analysis (Fig. 3G and Fig. S5A). Equal amounts of
U87MG/sh-NC or U87MG/sh-PD-L1 cells were microinjected into the
left or right striatum of Balb/c nude mice for 24 d. Bioluminescence
imaging in living mice clearly showed that EGFP signals were invisible
in right brain with U87MG/sh-PD-L1 implantation while EGFP signals
were visible in both left brains with U87MG/sh-NC implantation
(Fig. 1A and Fig. S3A). Reimaging of isolated mouse brains confirmed
that EGFP signals were in left hemispheres (U87MG/sh-NC) but not in
the right hemispheres (U87MG/sh-PD-L1) (Fig. 1B and Fig. S3B). H&E
staining of brain slices further confirmed the successful xenografts
formation of U87MG/sh-NC but none of U87MG/sh-PD-L1 (Fig. 1C and
Fig. S3C). Statistical analysis demonstrated that the average radiance
(photons/s/cm2/sr) of U87MG/sh-PD-L1 xenograft was significantly
decreased both in living mice (Fig. 1D) or isolated mouse brains
(Fig. 1E) compared to U87MG/sh-NC control. These data demonstrated
the oncogenic property of PD-L1 in GBM cells in vivo.

Fig. 1. PD-L1 knockdown abolishes GBM development in mouse brain. PD-L1 in human
GBM U87MG cells were knocked down by lentiviral infection (LV-sh-PD-L1, with EGFP
tag). Equal amounts of U87MG/LV-sh-NC (negative control) cells or U87MG/sh-PD-L1
cells were microinjected to the left or right striatum of Balb/c nude mice. (A) EGFP
bioluminescence imaging of living mice after 24 d of GBM cell implantation. The intensity
and range of EGFP signal in left (sh-NC) or right (sh-PD-L1) hemisphere represented
corresponding tumor size. (B) EGFP bioluminescence imaging of isolated brains. After
living imaging, the mice were perfused with 4% PFA and whole brains were isolated and
reimaged. (C) Representative brain slices of H&E staining showed tumor size of 5 cor-
responding brains in (B). (D–E) Statistical analysis demonstrated the average radiance
(photons/s/cm2/sr) of EGFP signals in U87MG/sh-PD-L1 xenografts was significantly
decreased both in living mice (D) or isolated mouse brains (E). **P < 0.01,
***P < 0.001 (n=9).
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Fig. 2. Transcriptomic analysis in PD-L1-overexpressed GBM cells. (A) Differential expressed genes (DEGs) between U251/Vec and U251/PD-L1 cells. PD-L1 was overexpressed stably in
human GBM U251 cells by lentiviral infection (U251/PD-L1). Total RNA was extracted from U251/PD-L1 or its control (U251/Vec) cells and subjected to mRNA-sequencing. Hot map
showed significant DEGs between U251/PD-L1 and U251/Vec groups. P < 0.005, Padj < 0.05 and absolute fold change≥1.2 (n=3). (B) KEGG pathway enrichment analysis de-
monstrated DEGs are enriched in Focal adhesion, ECM-receptor interation, PI3K-Akt signaling pathway, MAPK signaling pathway and Pathways in cancer (Padj < 0.05). (C-E) Gene ontology
enrichment analysis of biological process, cellular component and molecular function based on DEGs (Padj < 0.05). (C) Bar chart showed the top 21 enriched biological process items.
Most of them (e.g., wound healing, extracellular matrix organization, positive regulation of cell migration and positive regulation of MAPK cascade, indicated by red squares) were involved in
cancer cell migration/invasion. (D) Bar chart showed the top 20 enriched cellular component items and cell migration/invasion-related items were indicated by red squares. (E) Bar chart
showed the top 20 enriched molecular function items and cell migration/invasion-related items were indicated by red squares.
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3.2. PD-L1 differentially alteres gene expression enriched mainly in cell
proliferation, migration and invasion pathways in GBM cells

To explore potential cellular functions and mechanisms of intrinsic
PD-L1 in GBM, we performed total mRNA-sequencing using PD-L1
overexpressing GBM cells (U251/PD-L1 and U251/Vec) and systemi-
cally analyzed their gene expression profiles. Differential expressed
genes (DEGs) between U251/PD-L1 and U251/Vec cells were selected
by three criteria (i.e., P < 0.005, Padj < 0.05 and absolute fold
change ≥1.2) and the selected DEGs were used for the following
pathway analyses (Fig. 2A and Fig. S4). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis (Padj < 0.05) (Table S1) re-
vealed that these DEGs were significantly enriched in the Focal adhesion
(gene count 63), ECM-receptor interaction (gene count 33), regulation of
actin cytoskeleton (gene count 46), Adherens junction (gene count 16) and
Gap junction (gene count 15) (Fig. 2B), which were heavily associated
with cell migration and invasion. In addition, these DEGs were also
highly enriched in Pathway in cancer (gene count 59), PI3K-Akt signaling
pathway (gene count 56), Proteoglycans in cancer (gene count 46),MAPK
signaling pathway (gene count 39) and Rap1 signaling pathway (gene
count 31) (Fig. 2B), both correlating with cancer malignancy.

Gene ontology enrichment analysis (Table S2) displays DEGs in the
biological process, cellular component and molecular function. Fig. 2C
showed the most enriched 21 items in the biological process converged
from DEGs. The most enriched items were blood vessel morphogenesis
(gene count 97), wound healing (gene count 89), extracellular matrix
organization (gene count 87), cell growth (gene count 80) and positive
regulation of cellular component movement (gene count 76), which are
highly associated with migration and invasion (Fig. 2C). The enrich-
ment of PD-L1-altered DEGs in positive regulation of MAPK cascade, Ras
protein signal transduction, and Erk1 and Erk2 cascade indicated a major
role of PD-L1 in regulating Ras-MAPK signaling (Fig. 2C).

Fig. 2D and E showed the top 20 enriched items of PD-L1-altered
DEGs in the cellular component and molecular function. The most en-
riched items in the cellular component were extracellular matrix (gene
count 108), cell-substrate junction (gene count 103), focal adhesion (gene
count 101) and cell-substrate adherens junction (gene count 101), which
are involved in the modulation of migration process (Fig. 2D). In the
molecular function, the most enriched item was cell adhesion molecule
binding (gene count 92) (Fig. 2E), which is also associated with cancer
cell migration and invasion. Taken together, our enrichment analyses
revealed that intrinsic PD-L1 was heavily involved in GBM cell pro-
liferation, migration and invasion.

3.3. Intrinsic PD-L1 promotes GBM cell proliferation

Both orthotopic GBM model experiments (Fig. 1) and transcriptomic
data indicated intrinsic PD-L1 was highly associated with tumor growth
or cell proliferation (Fig. 2), we then examined the effects of PD-L1 on
proliferation of various human GBM cells (LN229, U251, U87MG) using
PD-L1 overexpression and knockdown/knockout stable cell lines.
Western blotting analysis validated PD-L1 overexpression in stable
LN229/PD-L1, U251/PD-L1 and U87MG/PD-L1 cell lines compared to
corresponding LN229/Vec, U251/Vec or U87MG/Vec controls
(Fig. 3A). MTT assay demonstrated that PD-L1 overexpression sig-
nificantly increased cell viability in LN229/PD-L1 (Fig. 3B) and U251/
PD-L1 (Fig. 3C) after 3–5 d-incubation compared to corresponding
LN229/Vec or U251/Vec controls. Consistently, EdU-incorporation
assay demonstrated that PD-L1 overexpression significantly increased
the percentage of EdU-positive cells in LN229/PD-L1 (Fig. 3D) and
U87MG/PD-L1 (Fig. 3E) at 24 h of normal incubation compared to
corresponding LN229/Vec or U87MG/Vec controls.

We further studied the effects of endogenous PD-L1 on GBM cell
proliferation. Stable cell lines with PD-L1 knocking out and knocking
down was established using CRISPR/Cas9 or RNA-interfering technique
correspondingly. Western blotting analysis showed that endogenous

PD-L1 was prominently decreased in stable U251/sg-PD-L1 (i.e., PD-L1
knockout, single clone; Fig. 3F and Fig. S5A), U87MG/sg-PD-L1 (i.e.,
cell pool; Fig. 3F and Fig. S5A), U251/sh-PD-L1 (Fig. 3G and Fig. S5B),
U87MG/sh-PD-L1 (Fig. 3G and Fig. S5B) compared to corresponding sg-
GFP or sh-NC controls. MTT assay demonstrated that knocking out PD-
L1 in U87MG cells by either sg-PD-L1#2 or sg-PD-L1#3 significantly
decreased cell viability after 3 d of normal incubation compared to sg-
GFP control (Fig. 3H). We further examined the effect of PD-L1 on cell
division using EdU-incorporation assay and found that PD-L1 knockout
reduced EdU-positive U87MG cells (Fig. 3I–J) and knockdown reduced
EdU-positive U251 cells (Fig. 3I and Fig. 3H) compared to the corre-
sponding controls. These data together demonstrated that tumor cell-
intrinsic PD-L1 facilitated GBM cell proliferation in vitro.

3.4. Intrinsic PD-L1 promotes GBM cells migration

Gene enrichment analysis revealed that PD-L1-altered signaling
pathways were highly associated with cell migration and invasion
(Fig. 2). Therefore, we performed scratch-wound healing assay to ask
whether intrinsic PD-L1 affects GBM cell-migrating ability. After
scratching, cells along the wound-edge would migrate into the nude
space continuously so that the wound size, as indicated by the distance
between the opposite cell-edge lines, becomes shorter over time.
Compared to LN229/Vec, LN229/PD-L1 cells overexpressing PD-L1
showed apparent increasing migrating-speed at 8, 16 and 24 h after
scratching as indicated by the narrower distance of opposite cell-edge
lines (Fig. 4A, left panel). Statistical analysis demonstrated that the
wound sizes of LN229/PD-L1 cultures were significantly reduced at 8,
16 and 24 h after scratching compared to that of LN229/Vec (Fig. 4A,
right panel). In U251/PD-L1 cells, the wound sizes were also sig-
nificantly reduced at 4 and 8 h after scratching compared to its Vec
controls (Fig. 4B). On the contrary, U251/sg-PD-L1#2 and U251/sg-PD-
L1#3 (PD-L1 knockout) cultures exhibited prominently increased
wound size at 8 h after scratching compared to sg-GFP control (Fig. 4C).
Consistently, U251/sh-PD-L1 (PD-L1 knockdown) also exhibited sig-
nificant increased wound size at 8 and 16 h after scratching compared
to corresponding sh-NC controls (Fig. 4D). Moreover, transwell assays
demonstrated that PD-L1 overexpression in U251 cells (U251/PD-L1)
significantly increased migrated cells compared to U251/Vec control
(Fig. 4E). Taken together, we demonstrated that intrinsic PD-L1 posi-
tively regulated GBM cell migration ability.

3.5. PD-L1 activates epithelial mesenchymal transition (EMT) in GBM cells

The fact that PD-L1 knockout/knockdown largely deprived U251
cell-moving ability (Fig. 4E and G) strongly suggested a major function
of intrinsic PD-L1 on controlling GBM cell migration/invasion, so we
further explored the underlying mechanism. After scratching, U251/sh-
NC cell along the scratch-edge (indicated by the square boxes, Fig. 5A)
underwent prominent morphological alterations with prolonged pseu-
dopodia while U251/sh-PD-L1 cell morphology did not altered sig-
nificantly. Statistical analysis demonstrated that cellular longitude
(Fig. 5B) and pseudopodia length (Fig. 5C), but not cellular width
(Fig. 5D) of U251/sh-PD-L1 cells along scratch-edge, were significantly
decreased compared to that of the U251/sh-NC control. To elucidate
the underlying mechanism, we examined the effects of PD-L1 on the
expression levels of EMT markers, which are pivotal in controlling
cancer cell invasion/metastasis via cell transformation [37]. Western
blotting analysis clearly showed that PD-L1 overexpression in U251
cells (U251/PD-L1) prominently downregulated E-Cadherin (epithelial
marker), upregulated N-Cadherin, vimentin (mesenchymal markers)
and β-catenin and Slug (upstream transcriptional factors) compared to
the corresponding Vec controls (Fig. 5E). Statistical analysis demon-
strated that the relative expression level of E-Cadherin was significantly
decreased while that of N-Cadherin, vimentin, β-catenin and Slug was
significantly increased in U251/PD-L1 cells compared to U251/Vec
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cells (Fig. 5F). Consistently, immunofluorescent staining demonstrated
that PD-L1 knockdown (U251/sh-PD-L1, with EGFP tag) evidently re-
duced vimentin in U251 cells along the scratching edge compared to
U251/sh-NC (Fig. 5G).

3.6. PD-L1 activates epithelial mesenchymal transition (EMT) via MEK-
Erk-dependent signaling

It is known that MEK/Erk and PI3K/Akt cascade promotes EMT by
upregulating Slug and β-catenin through GSK-3β-dependent or GSK-3β-
independent pathways [38,39]. In addition, PD-L1 overexpression

Fig. 3. PD-L1 promotes GBM cell prolifera-
tion. (A) Validation of PD-L1 overexpression
of in LN229/U251/U87MG cells by Western
blot analysis. (B–C) MTT assays demon-
strated that PD-L1 overexpression promoted
LN229 and U251 cell proliferation.
*P < 0.05, **P < 0.01, ***P < 0.001
(n=6). (D–E) Representative micrographs
(left panel) and statistical analysis (right
panel) of EdU-incorporation assay demon-
strated that PD-L1 overexpression increased
cell proliferation in LN229 and U87MG
cells. *P < 0.05, ***P < 0.001 (n=3). (F)
Knockout of PD-L1 via CRISPR/Cas9 tech-
nique in U251 and U87MG cells was vali-
dated by Western blot analysis. (G)
Knockdown of PD-L1 via RNA interfering
technique in U251 and U87MG cells was
validated by Western blot analysis. (H) PD-
L1 knockout significantly reduced pro-
liferation of U87MG cells as monitored by
MTT assay. ***P < 0.001 (n= 6). (I–K)
Representative micrographs (I) and statis-
tical analysis (J–K) of EdU-incorporation
assay demonstrated that knockout and
knockdown of PD-L1 decreased cell pro-
liferation in U87MG/sg-PD-L1 and U251/sh-
PD-L1 cells respectively. *P < 0.05,
***P < 0.001 (n=3).
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notably altered MAPK and PI3K-Akt signaling pathways (Fig. 2B), and
Erk1/2-associated biological processes (Fig. 2C). Western blotting
analysis demonstrated that PD-L1 overexpression selectively increased
p-Erk1/2 but not p-Akt or p-GSK-3β (Fig. 6A). Statistical analysis de-
monstrated that p-Erk1/T-Erk1, p-Erk2/T-Erk2 and T-Akt/β-actin were
significant increased, p-Akt/T-Akt was significantly decreased, while p-
Akt/β-actin and p-GSK-3β/T-GSK-3β remained unaltered in U251/PD-
L1 cells compared to U251/Vec (Fig. 6B). These evidences demon-
strated that PD-L1 selectively activated Erk but not Akt or GSK-3β.

The selective involvement of MEK-Erk signaling in PD-L1-induced
EMT was further demonstrated using specific pharmacological in-
hibitors. Western blot and statistical analysis demonstrated that U0126
(20 μM, MEK1/2 inhibitor) treatment significantly reversed PD-L1-

altered expression of Slug, vimentin, N-Cadherin and E-Cadherin in
U251/PD-L1 cells (Fig. 6C–D). However, LY294002 (25 μM, PI3K in-
hibitor, Fig. 6E–F) and SB415286 (20 μM, GSK-3α/β inhibitor, Fig. S6)
had no obvious effects on reversing PD-L1-altered Slug, vimentin, E-
Cadherin or N-Cadherin in U251 cells. Taken together, our results
showed that PD-L1 upregulated EMT key molecules via MEK/Erk se-
lectively.

3.7. PD-L1 binds to and activates Ras

Since PD-L1 overexpression exhibited a striking effect on Erk acti-
vation (Fig. 6A), it was interesting to study through which mechanisms
PD-L1 activated Erk. As Ras-MEK-Erk is the canonical pathway for Erk

Fig. 4. PD-L1 promotes GBM cell migration.
Cell migration was monitored by scratch
wound-healing assay in GBM cells with FBS
withdrawal. (A) Representative micrographs
and statistical analysis demonstrated PD-L1
overexpression significantly reduced wound
size in LN229 cell cultures at 8, 16 and 24 h
after scratching. ***P < 0.001 (n=3). (B)
Representative micrographs and statistical
analysis demonstrated PD-L1 overexpression
significantly reduced wound size in U251
cell cultures at 4 and 8 h after scratching.
***P < 0.001 (n=3). (C) Representative
micrographs and statistical analysis demon-
strated that PD-L1 knockout (sg-PD-L1#2
and #3) significantly increased wound size
in U251 cell culture at 8 h after scratching.
***P < 0.001 (n= 3). (D) Representative
micrographs and statistical analysis demon-
strated that PD-L1 knockdown (sh-PD-L1)
significantly increased wound size in U251
cell cultures at 8 and 16 h after scratching.
***P < 0.001 (n= 3). (E) Representative
micrographs and statistical analysis demon-
strated that PD-L1 overexpression sig-
nificantly increased migrated U251 cells in
transwell assays. **P < 0.01 (n= 3).
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activation [40], we proposed that PD-L1 might activate Erk through
Ras-MEK-Erk signaling. GST-pull down assay clearly showed that H-Ras
bound to PD-L1 in both 293 T (Fig. 7A) and LN229 (Fig. 7B) cells that
were co-transfected with GST-H-Ras+PD-L1 or GST+PD-L1. Further,
we demonstrated that H-Ras bound to endogenous PD-L1 in LN229 cells
with GST-H-Ras/GST overexpression alone (Fig. 7C). We also detected
significant increase of active Ras (GTP-bound Ras) in U251/PD-L1 cells
compared to U251/Vec cells although less total Ras was presented
(Fig. 7D). These data demonstrated that PD-L1 directly bound Ras and
played a major role in Ras activation, subsequently led to Erk activa-
tion.

As the role of PD-L1-Ras-MEK/Erk-EMT signaling was revealed, we
then verified the functional role of MEK/Erk in GBM cell-migration
upon PD-L1 overexpression. Scratch-wound assay found that

pharmacological inhibition of MEK/Erk by U0126 completely abolished
PD-L1-promoted cell migration (Fig. 7E) or wound-healing (Fig. 7F) in
LN229/PD-L1 compared to LN229/Vec. Further, EdU-incorporation
assay demonstrated that pharmacological inhibition of Erk1/2 by
SCH772984 (a specific Erk1/2 inhibitor) completely blocked PD-L1-
enhanced cell proliferation in U251 cells (Fig. 7G). Thus, we confirmed
that PD-L1 activated EMT via Ras-MEK/Erk signaling.

3.8. PD-L1 activates EMT and promotes GBM development and invasion in
orthotopic GBM model of rats

Finally, to further verify our in vitro findings, we studied the roles of
PD-L1 in GBM development and invasion in in vivo models. Equal
amounts of rat glioma C6 cells stably overexpressing PD-L1 (C6/PD-L1)

Fig. 5. PD-L1 activates epithelial mesenchymal transition (EMT) process in GBM cells. (A–D) PD-L1 knockdown abolished scratching-stimulated cell transformation in U251 cells.
Representative micrographs showed that migrating U251/sh-NC (upper panels) but not U251/sh-PD-L1 (lower panels) cells extended evident pseudopodia after 16 h of scratching.
Related morphologic parameters of migrating cells were measured. Statistical analysis demonstrated that cell length (B) and pseudopodia length (C) but not cell width (D) were
significantly reduced in U251/sh-PD-L1 cells compared to U251/sh-NC control cells. ***P < 0.001 (n=3). ns, no significance. (E–F) Western blot detected the expression of EMT
marker proteins in PD-L1-overexpressed U251 cells. Confluent U251/Vec and U251/PD-L1 cells were treated with serum-free DMEM for various time and subjected to Western blot
analysis. Representative Western blot (E) and statistical analysis (F) demonstrated N-Cadherin, vimentin, β-catenin and Slug were significantly upregulated while E-Cadherin was
downregulated in U251/PD-L1 cells compared to U251/vec control cells. ***P < 0.001 (n=3). (G) Results of fluorescent immunostaining demonstrated that vimentin was significantly
downregulated in U251/sh-PD-L1 cells compared to U251/sh-NC cells. **P < 0.01 (n=3).
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Fig. 6. PD-L1 activates EMT via MEK-Erk-dependent signaling. (A–B) Western blot (A) statistical analysis (B) demonstrated that PD-L1 overexpression in U251 significantly upregulated
p-Erk1/2 but not p-Akt or p-GSK-3β compared to the corresponding Vec control. **P < 0.01, ***P < 0.001 (n=3). (C–D) Western blot (C) and statistical analysis (D) demonstrated that
pharmacological inhibition of MEK by U0126 (20 μM) suppressed Slug/vimentin or increased E-cadherin in U251 cells upon PD-L1 overexpression. Confluent U251/Vec and U251/PD-L1
cells were treated with serum-free DMEM containing 0 or 20 μMU0126 for 3 h and subjected to Western blot analysis. *P < 0.05, **P < 0.01, ***P < 0.001 (n= 3). (E-F) Western blot
(E) and statistical analysis (F) demonstrated that inhibition of PI3K/Akt by LY294002 (25 μM) had no effect on EMT-related proteins expression upon PD-L1 overexpression. *P < 0.05,
**P < 0.01 (n= 3).
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or the empty vector control (C6/Vec) were microinjected into right or
left striatum of rat brains for 14 d. Serial brain sections were cut to
cover the whole GBM tissues (Fig. 8A). H&E stained brain slices clearly
showed significant larger C6/PD-L1 glioma size compared to C6/Vec
(Fig. 8B–C). Notably, C6/PD-L1 glioma exhibited more invasive glioma
cell colonies compared to C6/Vec control (enclosed red dot lines, right
panels, Fig. 8D). Statistical analysis showed that invasive index (in-
vasive area/tumor rim length) in C6/PD-L1 glioma was significantly
increased compared to C6/Vec control (Fig. 8E). IHC of PD-L1 clearly
showed a PD-L1-ringe along tumor infiltrating frontier in C6/Vec
glioma (Fig. 8F). We also found that PD-L1 expression in tumor frontier
was significantly higher than that of inner area (square box, Fig. 8F,

right panel and Fig. 8G).
IHC analysis showed that vimentin and N-Cadherin were increased

in C6/PD-L1 glioma while the E-Cadherin was decreased in C6/PD-L1
glioma compared to C6/Vec glioma (Fig. 9A–D). These data confirmed
that PD-L1 enhanced GBM cell invasion via EMT in vivo. Double-
fluorescent immunostaining showed that increased vimentin signals
were strongly co-localized and correlated (r= 0.8585, P < 0.0001)
with PD-L1 signals in C6/PD-L1 glioma (Fig. 9E). We further confirmed
this result in human GBM tissues by demonstrating the positive corre-
lation between PD-L1 and vimentin in human GBM slices (r= 0.8537,
P < 0.0001, Fig. 9F). We thereby confirmed that PD-L1 enhanced GBM
cell invasion via EMT in vivo.

Fig. 7. PD-L1 binds to and activates Ras. (A) PD-L1 bound
to H-Ras in 293 T cells. PD-L1 was co-overexpressed with
GST or GST-H-Ras in 293 T cells for 24 h and 400 μg of total
soluble proteins was subjected to GST-pull down assay.
Results of Western blot showed that PD-L1 bound to H-Ras.
(B) GST-pull down assay showed that PD-L1 bound to H-
Ras in LN229 cells. (C) GST-H-Ras bound to endogenous
PD-L1 in LN229 cells. GST-H-Ras or GST was overexpressed
in LN229 cells and equal amount of total soluble proteins
were subjected to GST-pull down and Western blotting
analysis. (D) PD-L1 induced Ras activation in U251 cells.
PD-L1 was overexpressed in U251 cells for 24 h. GTP-bound
Ras (i.e., active Ras) was detected with corresponding an-
tibody by Western blotting analysis. (E–F) Scratch-wound
healing assay (E) and statistical analysis (F) demonstrated
that U0126 significantly reduced PD-L1-promoted cell mi-
gration in LN229 cells after scratching. U0126 at 0 or 20 μM
was added to cell culture immediately after scratch.
**P < 0.01 (n= 3). (G) EdU-incorporation assay and sta-
tistical analysis demonstrated that SCH772984 (specific
Erk1/2 inhibitor) significantly reduced PD-L1-enhanced
cell proliferation. SCH772984 was supplemented to cul-
tures at 6 h after initial cell seeding. ***P < 0.001 (n=3).
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4. Discussion

In the present study, we demonstrate a critical role of PD-L1 in
conferring GBM malignancy with a variety level of studies. First, we
observed that in vivo knockdown of PD-L1 in nude mice completely
abolished glioma xenografts formation. Further, our bioinformatics
analysis showed that PD-L1 overexpression mainly altered gene

expression converged in cell migration and invasion. To experimentally
demonstrate the role of intrinsic PD-L1 in GBM, we conducted a series
of in vitro studies using stable PD-L1 overexpression GBM cell lines, and
had identified a novel intrinsic interaction of PD-L1 with H-Ras, leading
to Ras-Erk-EMT activation. To verify these in vitro findings, we mi-
croinjected glioma C6 cells overexpressing PD-L1 into rat striatum and
confirmed that PD-L1 activates EMT and promotes GBM development

Fig. 8. PD-L1 overexpression promotes GBM development and invasion in orthotopic models of rats. Equal amounts of C6/Vec (negative control) or C6/PD-L1 GBM cells were mi-
croinjected to the left or right striatum of rats and brain tumors were analyzed after 14 d of initial implantation. (A) Schematic diagram showed the 7 representative brain slices cut from
the brain (indicated by black lines, covering the whole allograft). (B) H&E staining of brain slices from 5 glioma-loading brains (7 sections/brain). Lower panels showed IHC results of PD-
L1 expression of corresponding allograft in the brains. Bar, 50 μm. (C) Statistical analysis demonstrated that relative tumor area of C6/PD-L1 allografts was significantly increased
compared to C6/Vec group. **P < 0.01 (n=5). (D) Representative H&E staining result showed that glioma cell invasion was increased in C6/PD-L1 allograft compared to C6/Vec
control. Rectangle box in brain slice (left panel) and its enlarged micrograph (right panels) indicated the position of invasive glioma cell colonies. Tumor rim was indicated by black dash
lines and invading cells was circled with red dashed dot lines. (E) Statistical analysis demonstrated that the invasive index in C6/PD-L1 allografts was significantly increased compared to
C6/Vec control. The invasive index was calculated as the ratio of invading tumor area to tumor rim length. **P < 0.05 (n= 5 tumors). (F) IHC staining of PD-L1 of intracranial glioma
allografts. Left panel showed whole brain image of PD-L1 staining. Right panels showed PD-L1 staining of the inner (upper panels) and boundary of C6/Vec allograft (indicated by the
rectangle boxes in the whole brain slice). (G) Statistical analysis demonstrated that PD-L1 was significantly increased in boundary tumor cells compared to inner tumor cells in C6/Vec
glioma. ***P < 0.001 (n= 5).
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Fig. 9. PD-L1 overexpression activated EMT markers in vivo. (A) Representative micrographs of vimentin, N-Cadherin and E-Cadherin staining (IHC) of intracranial C6/Vec and C6/PD-
L1 allografts in SD rats. (B–D) Statistical analysis demonstrated that PD-L1 overexpression enhanced vimentin (B) and N-Cadherin (C), and decreased E-Cadherin (D) expression.
**P < 0.01 (n=5). (E) Double-fluorescent immunostaining of vimentin and PD-L1 of glioma allografts in SD rats (upper panel, C6/Vec; lower panel, C6/PD-L1). Statistical analysis
demonstrated the positive correlation between PD-L1 and vimentin (r= 0.8585, P < 0.0001). (F) Double-fluorescent immunostaining of vimentin and PD-L1 in GBM specimen from
patient. Statistical analysis demonstrated the positive correlation between PD-L1 and vimentin (r= 0.8537, P < 0.0001).
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and invasion. Lastly, we translated our animal studies in human GBM
tissues, further reinforcing that PD-L1 could enhance GBM cell invasion
via EMT.

We first explored the biological functions of intrinsic PD-L1 in
cancer cells via transcriptome-based bioinformatics. Immune therapy
targeting to PD-1/PD-L1 pairs has achieved revolutionary results in
many malignant tumors such as melanoma and non-small cell lung
cancer [5,41]. However, results of anti-PD-1/PD-L1 therapy in GBM
patients remain unreported, probably reflecting the difficulty in GBM
treatment. PD-L1 expression level is highly associated to poor overall
survival and becomes an important prognostic biomarker for PD-L1
antibody-based immune therapy in various cancers including mela-
noma [41].

In glioma, high PD-L1 expression was associated with worsening of
overall survival, as suggested by a meta-analysis [23] and a database-
based analysis from The Cancer Genome Atlas [25]. However, PD-L1 is
also reported to have no correlation with patient overall survival [42],
indicating complicated biological functions of PD-L1 in GBM. It is well-
known that PD-L1 mediates immune cell response via canonical PD-L1/
PD-1 interaction, while recent studies found that intrinsic PD-L1 also
plays an important role in tumorigenesis, suggesting that intracellular
PD-L1 is also a potential therapeutic target [17,18]. To search key
biological function of intrinsic PD-L1, we performed systemic mRNA-
sequencing in PD-L1-overexpressed GBM cells and found that PD-L1-
altered gene expression was largely enriched in cellular process of mi-
gration and invasion. The effects of PD-L1 on promoting GBM cell mi-
gration and invasion in vitro and in vivo were further demonstrated by
PD-L1 overexpression and knockdown/knockout techniques. Notably,
knocking down or out intrinsic PD-L1 nearly abolished GBM cell mi-
gration in cell-scratching model (Fig. 4C and D). Consistently, PD-L1
knockdown completely abolished orthotopic U87MG-xenografts in
nude mice (Fig. 1). These evidences strongly demonstrated a major
function of intrinsic PD-L1 in cancer cell proliferation, migration and
invasion.

We clarified that PD-L1 promoted GBM cell migration and invasion
by inducing EMT, a key step required for reshaping cell so as to move
[37]. The lack of typical pseudopodia in U251/sh-PD-L1 cells after
scratching-stimuli proved that PD-L1 controlled GBM cell-transforma-
tion (Fig. 5A). Database analysis demonstrated that PD-L1 expressed
more in mesenchymal subtype and may contribute to a mesenchymal
phenotype in glioblastoma [25,42]. Consistently, our study demon-
strated that PD-L1 showed prominent effects on downregulating E-
cadherin but upregulating N-cadherin, vimentin as well as their tran-
scriptional factors (Slug, β-catenin) in vitro (Fig. 5E) and in vivo
(Fig. 9A), which are the characteristic EMT events required for cell-
transformation [43,44]. It is conceivable that PD-L1-inducd EMT would
enhance GBM cell malignancy in vivo.

Further, we elucidated how PD-L1 promoted EMT in GBM cells.
Ras/Raf/MEK/Erk and PTEN/PI3K/Akt are two major aberrant onco-
genic signaling pathways in GBM [45], as well-known for regulating
EMT and cancer cell migration/invasion [39]. In ovarian cancer and
melanoma, PD-L1 induces PI3K/Akt activation [17], however, in U251
GBM cells, PD-L1 primarily induced a striking Erk activation (Fig. 6A).
Consistently, pharmacological inhibition of MEK/Erk, but not PI3K/
Akt/GSK3β signaling, abolished PD-L1-induced EMT alterations
(Fig. 6C and E). Therefore, PD-L1 activated EMT pathway in a MEK/Erk
dependent manner in GBM cells.

Importantly, we discovered that PD-L1 directly bound to H-Ras.
Further, PD-L1 overexpression strongly increased the level of active-
form Ras in GBM cells (Fig. 7). Since Ras is canonic activator for Erk
activation via Ras/Raf/MEK/Erk, the binding of PD-L1 and Ras pro-
vided a reliable molecular working model for the explanation of Erk
activation in GBM cells. Considering that primary oncogenic role of Ras
that over 80% of GBM patients have EGFR/Ras/Raf/MEK/Erk muta-
tion/activation [46], the binding of PD-L1 and Ras might greatly con-
tribute to GBM development.

In conclusion, we identified a novel binding partner of PD-L1, Ras,
and further demonstrated that PD-L1 promoted GBM development via
PD-L1/Ras/Erk/EMT. We proposed that the interaction of PD-L1 and
Ras induced the activation of Ras/Raf/MEK/Erk cascade, thus pro-
moting GBM cell migration/invasion via EMT (Fig. 10). Our findings
strongly suggest that targeting intrinsic PD-L1 has considerable ther-
apeutic effect in GBM.
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