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Glioblastoma multiforme (GBM) is the most aggressive form of brain tumor. In general, tumor growth requires disruption of the tissue
microenvironment, yet how this affects glioma progression is unknown. We studied program death-ligand (PD-L)1 in neurons and
gliomas in tumors from GBM patients and associated the findings with clinical outcome. Remarkably, we found that upregulation of
PD-L1 by neurons in tumor-adjacent brain tissue (TABT) associated positively with GBM patient survival, whereas lack of neuronal
PD-L1 expression was associated with high PD-L1 in tumors and unfavorable prognosis. To understand the molecular mechanism
of PD-L1 signaling in neurons, we investigated PD-L1 function in cerebellar and cortical neurons and its impact on gliomas. We discov-
ered that neuronal PD-L1-induced caspase-dependent apoptosis of glioma cells. Because interferon (IFN)-� induces PD-L1 expression,
we studied the functional consequences of neuronal Ifnb gene deletion on PD-L1 signaling and function. Ifnb �/� neurons lacked PD-L1
and were defective in inducing glioma cell death; this effect was reversed on PD-L1 gene transfection. Ifnb �/� mice with intracerebral
isografts survived poorly. Similar to the observations in GBM patients, better survival in wild-type mice was associated with high
neuronal PD-L1 in TABT and downregulation of PD-L1 in tumors, which was defective in Ifnb �/� mice. Our data indicated that neuronal
PD-L1 signaling in brain cells was important for GBM patient survival. Reciprocal PD-L1 regulation in TABT and tumor tissue could be a
prognostic biomarker for GBM. Understanding the complex interactions between tumor and adjacent stromal tissue is important in
designing targeted GBM therapies.

Introduction
Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the
most common and malignant human primary brain tumor. Even
with surgery, radiotherapy, and chemotherapy, most patients die
from this rapidly infiltrating tumor within a year of diagnosis
(Krex et al., 2007). Developing new therapies requires identifying
targets critical for GBM growth control and understanding the
interaction of glioblastomas with surrounding stromal cells. In
the tissue microenvironment, tumors and surrounding cells
communicate by signaling through transmembrane receptors,
ligands, and produced factors. This tissue microenvironment can
suppress cancer and disruption of the microenvironment is re-
quired for tumor progression (Barcellos-Hoff et al., 2009). In
glioma tissue, neurons are often closely apposed to tumor areas,
suggesting interaction between these two cell types. However, the

role of neurons in protecting native tissue from cancer and the
mechanisms of that protection are largely unexplored.

Neural progenitor cells can promote tumor regression and in
some cases prolong survival in glioma animal models (Benedetti
et al., 2000; Herrlinger et al., 2000; Ehtesham et al., 2002; Barresi
et al., 2003; Staflin et al., 2004; Walzlein et al., 2008). Endogenous
neural precursors exert an antitumor response by specifically tar-
geting stem cell-like tumor cells (Chirasani et al., 2010). How-
ever, whether these functions are exclusive to progenitor cells, or
whether a mechanism common to other predominant CNS res-
ident cells can limit tumor growth is unknown. Although GBM is
among the most common malignant CNS cancers, it is rela-
tively rare (Wrensch et al., 2002). This suggests that the CNS
microenvironment is naturally equipped to control prolifera-
tive glial and tumor cells and failure of this system can lead to
cancer progression.

Program death-ligand (PD-L)1/B7-H1/CD274, a transmem-
brane receptor ligand and negative regulator of T-cell signaling, is
upregulated in a number of tumors, including gliomas (Parsa et
al., 2007; Jacobs et al., 2009). PD-L1 might confer immuno-
modulatory properties that help tumors escape from immune
surveillance (Dong et al., 2002). Studies have suggested an asso-
ciation between the malignancy grade of astrocytic tumors and
tumor cell PD-L1 expression (Wilmotte et al., 2005; Yao et al.,
2009), including upregulation of PD-L1 at the growing edge of
tumors (Wilmotte et al., 2005; Yao et al., 2009). Constitutive
PD-L1 expression is reported to be important for maintaining
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tolerance against immune-cell attack in several different tissues
(Liang et al., 2003; Keir et al., 2006). Although PD-L1 is not
normally highly expressed in CNS residual cells except for blood–
brain barrier endothelial cells, it is upregulated in glial cells in
CNS inflammation (Liang et al., 2003; Rodig et al., 2003; Salama
et al., 2003), and in neurons in viral infection (Lafon et al., 2008).
To date, no studies have extensively addressed PD-L1 expression
in the brain microenvironment near tumors or investigated
whether PD-L1 regulation in brain resident cells is associated
with GBM patient outcomes. Given that PD-L1 is crucial for
homeostasis in other organs, we asked how PD-L1 expression in
brain cells is regulated, and whether regulation has functional
consequences for survival in GBM patients.

Materials and Methods
Ethics statement. All experiments were performed in accordance with and
approved by ethical committees in Denmark (Animal Ethics Council,
Act on the Use of Animals for Experimental Purposes, No. 2007/561-
1364). Experiments using patient tissues were approved by the Local
Ethical Board of the University of Lund, Sweden, serial no. LU307-98,
and conform to the relevant regulatory standards. Informed consent was
obtained. To protect patient anonymity, tumor samples were coded.

Tumor specimens from GBM patients and immunofluorescence histo-
chemistry. Tumor specimens were surgically removed from 17 patients (6
females and 11 males), which were then confirmed pathologically to be
GBM (World Health Organization [WHO] grade IV; WHO grade III) as
shown in Table 1. Tissues were stained with antibodies labeled for im-
munofluorescence (see below) and blindly scored by three independent
investigators. At least six cryosections were stained for each staining.
Negative controls used were including omitted primary antibody or
isotype-matched control antibodies and were included for each patient
sample. Some randomly selected patients were investigated at two inde-
pendent centers included in this study. Tissues were snap-frozen in liquid
nitrogen-cooled isopentane (2-metylbutane) and cryosectioned in 7 �m
slices and kept at �80°C until staining.

Mice and glioma cell lines. Ifnb �/� mice were backcrossed to JAX
C57BL/6 strains for at least 20 generations. JAX C57BL/6 mice were bred
and housed at conventional animal facilities at the University of Copen-
hagen and the University of Lund. Ten females and five males were
included in the survival studies.

GL261 mouse glioma cells of C57BL/6 origin were a kind gift from Dr
Geza Safrany (Department of Molecular and Tumor Radiobiology, Fré-
déric Joliot-Curie National Research Institute for Radiobiology and Ra-
diohygiene, Budapest, Hungary). The GL261 cell line was induced by
intracerebral implantation of methylcholanthrene pellets and established
as a permanent cell line (Lumniczky et al., 2002). It was selected for this
study because of its isogenity to the mouse strain C57BL/6. U87 cells were
from a glioblastoma cell line derived from a human glioblastoma (ATCC
no. HTB-14). Cells were maintained at 37°C in a humidified and 5%
CO2-conditioned atmosphere. Medium was RPMI 1640 supplemented
with 1% PS (Invitrogen) and 10% fetal bovine serum (FBS; Biochrome).

Neuronal cultures. Cerebellar tissue was dissected from 7-d-old mice
and cortical tissue was dissected from 1-d-old mice. In vitro culture was as
described previously (Liu et al., 2006). Recombinant interferon (IFN)-�
(R&D Systems) at 20 U/ml (for 3 d) or 100 U/ml (for 3 or 24 h) was added
to neuronal cultures as indicated.

Coculture of neurons with gliomas. Neurons were seeded at 4 � 10 5

cells/ml in 96- or 24-well plates with neuronal media for at least 3 d.
GL261 or U87 cells were trypsinized and cocultured at 1:5 (GL261 or
U87:neuron) for 24 h, unless otherwise stated. For coculturing, neuron
and glioma media were used at 1:1. After coculture, glioma cells and
neurons were collected by scraping with a pipette tip. When indicated, a
pan-caspase inhibitor (Z-VAD-FMK; Sigma-Aldrich), or different
blocking antibodies and fusion proteins; fab antibodies for B7.1 or B7.2
or CTLA-4Ig/blocks both B7.1 and B7.2, anti-PD-1, anti-PD-L1, or their
fusion proteins were used.

Fluorescence-activated cell sorting. Fluorescence-activated cell sorting
(FACS) was performed as described previously (Liu et al., 2006) using the
following reagents: PE-anti-PD-L1 (MIH5), Bio-rat IgG2a (R35–95),
IgG1 (MPC-11), FITC-anti-active caspase-3 (C92– 605), PE-anti-Ki-67
(B56), and FITC-anti-PD-1 (J43) all from eBioscience; anti-cleaved
caspase 3 and nuclear dye 7AAD (both from Cell Signaling Technology).
Cells were analyzed using a four-color Becton Dickinson FACSCalibur.
Positive staining was evaluated by comparison to samples processed with
isotype-matched control antibodies. FlowJo 8.8.6 was used for data anal-
ysis (Tree Star). Experiments were repeated three times with similar
results.

Propidium iodide cell cycle staining. Single-cell suspensions were pre-
pared in buffer (PBS � 2% FBS; PBS � 0.1% bovine serum albumin),
washed twice, and resuspended at 1 � 10 6 cells/ml. One milliliter ali-
quots were distributed in 15 ml polypropylene, V-bottomed tubes and 3

Table 1. PD-L1 expression in tumor cells and TABT areas in patients with GBM

Patient no. Patient ID Sex Agea OSb Pathology Treatment c

Tumor adjacent brain tissue Tumor mass

PD-L1�NF200� PD-L1�GFAP� PD-L1 PDL1�GFAP�

1 LU-38 M 68 534 GBM CTMZ � ATMZ ��� — � �
2 LU-50 F 55 390 GBM CTMZ � ATMZ �� � � —
3 LU-55 M 54 692d GBM CTMZ � ATMZ � SLCT ��� � � �
4 LU-58 M 61 �1898 GBM CTMZ � ATMZ � SLCT ��� — — —
5 LU-60 F 62 338 GBM CTMZ � ATMZ �� � � —
6 LU-61 M 60 611 GBM CTMZ � ATMZ � SLCT ��� — � —
7 LU-63 F 59 1427 GBM CTMZ � ATMZ �� � � �
8 LU-65 M 48 442 GBM CTMZ � ATMZ � — — —
9 LU-66 F 51 640 GBM CTMZ � ATMZ � SLCT �� — � �

10 LU-87 M 55 101 GBM RT — — �� ��
11 LU-91 M 49 173 GBM CTMZ — — �� ��
12 LU-130 F 78 299 GBM CTMZ � ATMZ �� — — —
13 LU-139 F 43 452 GBM CTMZ � ATMZ � SLCT � — ��� ��
14 LU-142 M 65 170 GBM CTMZ � ATMZ — — ��� ���
15 LU-143 M 65 �790 GBM CTMZ � ATMZ �� — — —
16 LU-145 M 45 392e GBM CTMZ � ATMZ � SLCT � — ��� —
17 LU-172 M 77 274 GBM RT — — ��� �
aAge (years) by the onset of surgery.
bOverall survival (days) by the onset of surgery; �patient alive 20130506.
cAdditional therapy CTMZ, concomitant temozolamide; ATMZ, adjuvant temozolamide, 6 cycles; RT, radiotherapy only; SLCT, second line chemotherapy (e.g., NOC).
dLU-55 tissue is from 3 rd operation; OS from 1 st operation.
eLU-145 results are from 1 st operation. Patient was re-operated at 111229 for new PAD gliosarcoma.

—, Not found; �, �10 positive cells; ��, 10 –100 positive cells; ���, many positive cells.
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ml cold absolute ethanol was added. Cells were fixed for at least 1 h on ice
and 1 ml of propidium iodide (PI)/RNase Staining Buffer (BD Biosci-
ences) was added to the cell pellet and thoroughly mixed before FACS
analysis.

Carboxyfluorescein diacetate succinimidyl ester labeling. GL261 cells
were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE;
Invitrogen) as previously described (Liu et al., 2006).

For GL261 Western blots, CFSE � GL261 cells were purified with FAC-
Saria before and after 24 h of coculture with 3 d in vitro (DIV) with
cerebellar granular neurons (CGNs).

Western blot. Proteins were extracted in 40 �l SDS loading buffer
(Invitrogen) from GL261 cells and 15 �l of protein lysate was separated
by 4 –12% SDS-PAGE and blotted onto Hybond-C extra nitrocellulose
membranes (GE Healthcare). Membranes were blocked in 5% milk in
PBS-Tween-20 (0.05%) for 1 h at room temperature and incubated with
primary antibodies: rabbit-anti-HSP90 (BioVision), goat-anti-PD-L1
(B7-H1, AF1019; R&D Systems), mouse anti-caspase 8 1:1000 (Cell Sig-
naling Technology; CST 1C-12), rabbit anti-BAX (Cell Signaling Tech-
nology; CST 2774), or rabbit anti-GAPDH 1:20,000 (Abcam; EPR1977Y)
overnight at 4°C with rocking. Membranes were washed three times in
PBS-Tween-20, and incubated with anti-rabbit, anti-mouse, or anti-goat
antibodies labeled with horseradish peroxidase for 1 h at room temper-
ature and developed using an ECL technique (Millipore).

Thymidine incorporation. Neurons were cultured as described above.
After 72 h, neuron media was replaced with 100 �l neurobasal media and
100 �l R10 containing 2 � 10 5 GL261 cells/ml. Coculturing was for
18 –20 h before a 4 h, 1 �Ci [ 3H]thymidine pulse. Pulsed cells were
measured on a � scintillation counter to determine incorporated radio-
active thymidine. A proliferation index was calculated for each experi-
ment by dividing incorporated thymidine by average GL261 thymidine
incorporation. Results were multiplied by 100 for percentage thymidine
incorporation compared with GL261.

BrdU cell proliferation assay. BrdU incorporation and europium signal
were measured with a DELFIA Cell Proliferation Kit (PerkinElmer), ac-
cording to the manufacturer’s instructions. After coculture with neu-
rons, GL261 cells were pulsed with BrdU for 1 h with 100 nM BrdU and
incorporation was measured on a FLUOstar OPTIMA plate reader with
europium filters (BMG Labtech).

PD-L1 plasmid construction. The PD-L1 open reading frame was am-
plified by PCR from a mouse PD-L1 cDNA clone (Clontech) using a
forward primer flanked by an NheI site (5�-atatatgctagctcgccaccatgccagg
ctgcacttgcac-3�) and reverse primer flanked by a Cfr9 I site (5�-atatatcccg
ggttacgtctcctcgaattgtg-3�). PCR was 95°C 2 min and 30 cycles of 95°C
30 s, 58°C 30 s, and 70°C 1 min. The PCR product was subcloned in-
frame into pIRES2-EGFP (Clontech), and PD-L1 was verified by se-
quencing (Eurofins MWG).

Transfection of cerebellar granular neurons. Ifnb �/� mouse neurons
(5 � 10 6) were transfected with 10 �g pIRES2-EGFP-PD-L1 or pIRES2-
EGFP control using the Amaxa nucleofector technique (program G13)
according to the manufacturer’s instructions (Clontech). Western blot
and FACS were used to evaluate transfection efficiency.

Transduction of GL261 cells with short hairpin RNA. GL261 cells were
transduced with lentiviral short hairpin RNAs to knock down PD-L1
expression (shPD-L1). Nonsilencing shpLKO (shCtrl) was used as the
negative control. At 72 h post-transduction, transduced cells were se-
lected with 1 �g/ml puromycin, cryopreserved at passages 5– 6, and used
for experiments at passages 8 –15. Transduction efficiency was confirmed
by Western blot.

CGN pdl1 silencing with siRNA. Accell SMART pool small-interfering
RNA (siRNA), which combines four different siRNAs, was from Dhar-
macon (Thermo Scientific). Predesigned pdl1 SMART pool siRNA was
introduced to CGNs in Accell delivery medium according to the manu-
facturer’s protocol and incubated for 72 h before coculturing. Delivery
efficiency and siRNA specificity were examined by FACS for PD-L1. The
control was Accell nontargeting control siRNA.

Experimental murine glioma model. Ifnb �/� and Ifnb�/� mouse gli-
oma models were induced by anesthetizing mice with isoflurane (Forene;
3.0%, airflow 250) before inoculation into the right frontal lobe with
1000 GL261 cells in 5 �l culture medium on day 0. For intracerebral

injections, the head of the mouse was fixed in a stereotactic frame, a small
hole was drilled into the skull, and a Hamilton syringe needle was in-
serted. Coordinates for intracerebral injections were 1.5 mm to the right
and 1.0 mm in front of the bregma, 2.75 mm deep. The needle was left in
the brain for 5 min and slowly withdrawn to diminish backflow through
the insertion canal. The hole was sealed with bone wax.

For intracerebellar injections, 3000 GL261 cells were injected into the
cerebellum of mice anesthetized as above. The reason for the increased
number of GL261 cells in this model was that the death rate for wild-type
mice was much lower for injection in the cerebellum than for intracere-
bral injection if 1000 GL261 was injected.

Tumor-bearing intracerebrally injected mice were killed when neuro-
logical symptoms were detected and brains were examined for remnant
tumors with immunofluorescence staining on coronal sections as
indicated.

Immunofluorescence staining. GL261 cells were cultured alone or in
coculture with 3 d in vitro (DIV) neurons from Ifnb�/� or Ifnb �/� mice
at 1:5 (tumor:neuron) for 24 h on 8-well LabTek chamber slides (Nunc).
Cells were fixed in 4% paraformaldehyde, permeabilized with 0.2% Tri-
ton X-100 and stained with Ki-67-Alexa 555 antibody (BD Biosciences).
Hoechst 33342 (Invitrogen) was used to stain nuclei. To quantify Ki-67 �

cells, 24 fields (63� objective) per well were counted systematically for a
total of �500 Ki-67 � cells. For each experimental condition, triplicates
were counted.

Immunofluorescence histochemistry on glioma mouse model brains.
Brains were dissected, immediately embedded in OTC Compound
(Sakura Finetek), and snap-frozen in isopentane on dry ice. Tissues were
cryosectioned in 10 �m slices and kept at �80°C until hematoxylin
staining or immunostaining. For immunostaining, sections were incu-
bated with rabbit anti-NF200 (Sigma-Aldrich), anti-GFAP (Millipore),
and biotinylated anti-PD-L1 (MIH5, eBioscience), followed by
fluorescent-conjugated secondary antibodies. Hoechst 33342 was used
for nuclear staining. Negative controls were omission of primary anti-
body or isotype-matched control antibodies. Slides were mounted in
DAPI-Pro-Long Gold anti-fade mounting medium (Invitrogen) and vi-
sualized with a Zeiss fluorescent microscope.

Immunofluorescence histochemistry on GBM patient tumor specimens.
Antibodies used were as follows: rabbit anti-NF200 (Sigma-Aldrich),
mouse anti-human PD-L1 (AbD; Serotec), purified mouse anti-human
PD-L1 (Biolegend), FITC mouse anti-human PD-L1 (558065; BD
PharMingen), mouse anti-human GFAP (Cy3, catalog #ab49874;
Abcam). Isotype controls were mouse lgG1 (catalog #557351; BD
PharMingen), mouse lgG2b (catalog #13-4714-85, eBioscience), and
rabbit lgG (eBioscience). Secondary antibodies were Alexa Fluor 488
donkey anti-rabbit, Alexa Fluor 568 goat anti-mouse (Invitrogen),
goat-anti rabbit Alexa Fluor 594, or goat-anti-mouse Alexa Fluor 488
(Invitrogen).

Affymetrix data Analysis. RNA was prepared in biological triplicates
from 3-d-old cultures of Ifnb�/�, Ifnb �/�, IFN-�-treated Ifnb �/�, or
IFN-�-treated Ifnb�/� postnatal day 6 –7 CGNs using TRIzol (Sigma-
Aldrich), followed by DNAseI (Invitrogen) digestion, and TRIzol RNA
purification. Spectrophotometry was used to determine RNA purity.
Gene expression analysis used Affymetrix 430 2.0 microarray chips
(SCIBLU; Affymetrix Core Laboratory, Lund University) with data ana-
lyzed with Arraystar 3 software (DNASTAR). Data were quantile nor-
malized and processed by the RMA (Affymetrix) algorithm. Intensity
values were log2-transformed and normally distributed data were tested
in unpaired, two-tailed Student’s t tests assuming equal variance, set to
filter for differential regulation confidence 95% ( p � 0.05).

Statistical analysis. Statistical evaluation was performed using Graph-
Pad Prism software. Comparison of PD-L1 expression with survival in
GBM patients was performed using a log-rank correlation test. Student’s
unpaired t test (with Welch’s correction) or ANOVA with post hoc Bon-
ferroni’s multiple-comparison test (when more than two groups were
compared) was used for in vitro studies. Survival curves for experimental
glioma models were compared using a log-rank test. p � 0.05 was con-
sidered significant.
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Results
Neuronal PD-L1 expression in tumor-adjacent brain tissue is
associated with GBM prognosis
PD-L1 expression by gliomas limits T-cell activation, helps cells
escape immune surveillance, and correlates with high-grade tu-
mors (Wilmotte et al., 2005; Parsa et al., 2007; Yao et al., 2009).
However, whether PD-L1 expression by stromal cells in the tu-
mor microenvironment affects GBM outcome is unknown. We
investigated PD-L1 regulation in CNS resident cells using surgi-
cally removed tumor tissue samples encompassing tumor-
adjacent brain tissue (TABT). TABT is a relative term because
gliomas from tumor masses often diffusely infiltrate the brain
with individual glioma cells intermingling with surrounding
brain tissue. As a result, the infiltrating regions of gliomas are not
characterized by an abrupt border but by a gradual decrease in the
relative abundance of infiltrating tumor cells in the immediately
adjacent area.

This study included 17 GBM patients whose characteristics
are summarized in Table 1 with clinical survival in Figure 1. We
microscopically examined TABT in all samples from patients.
GFAP is expressed by reactive glial cells and a subpopulation of
high-grade gliomas. Therefore, to identify tumor cells and reac-
tive glial cells, antibodies against GFAP were used and to identify
neuronal cells, NF-200 was used. We found GFAP� tumor cells
with high PD-L1 expression in the tumor mass (TM) in some of
the investigated GBM patients (Table 1; Fig. 1A–F, two GBM
patients), consistent with earlier reports (Wilmotte et al., 2005;
Yao et al., 2009). A generally high degree of PD-L1 expression
(�10 PD-L1� cells; Table 1) in the TM significantly correlated
with poor prognosis compared with GBM patients with no or
lower PD-L1 expression (1–9 PD-L1� cells) in the TM, shown in
Kaplan–Meier survival curves (Fig. 1O). In a group of GBM pa-
tients with high numbers of PD-L1� tumor cells (Fig. 1G,H),
PD-L1-expressing brain cells, such as neurons (defined as posi-
tive for the neuronal marker NF200), were rare in TABT. PD-
L1� astrocytes were also rare in the TABT even if signs of
astrogliosis were detected in some cases (Fig. 1I–J; Table 1). In
contrast in another group of GBM patients, we found NF200�

neurons that broadly expressed PD-L1 (�10 NF200�PD-L1�

cells) in vicinity of the TM (Table 1; Fig. 1K–N). We also detected
that highly upregulated PD-L1 in neurons and their processes in
TABTs to be associated with longer survival times after operation in
this group. As shown in Kaplan–Meier survival curves, the number
of PD-L1�NF200� neurons (PD-L1highNF200�, N � 10) in
TABTs was significantly associated with prolonged postoperative
survival days. Conversely, a low number of PD-L1� neurons (�10
PD-L1� neurons/PD-L1lowNF200�, N � 7) negatively correlated
with patient survival (Fig. 1P). No significant association was found
between survival and degree of PD-L1 positivity in resident glial cells
(data not shown).

These data indicated that resident CNS cells, in particular
TABT neurons close to the TM, had upregulated PD-L1 expres-
sion. TABT neuronal PD-L1 expression was inversely related to
PD-L1 expression in tumor cells, and strongly associated with
favorable prognosis of GBM patients compared to GBM patients
with high PD-L1 expression in tumor cells. This suggested that
upregulation of PD-L1 in native brain neurons was a negative
feedback signal for downregulation of PD-L1 expression by tu-
mor cells. A defect in such a regulatory pathway might underlie
the sustained or upregulated PD-L1 expression in tumor cells
that allows tumor cells to evade immune surveillance and corre-

lates with GBM aggressiveness (Wintterle et al., 2003; Wilmotte
et al., 2005; Yao et al., 2009).

Neurons induce cell death of murine and human gliomas
We investigated the function of neurons in limiting glioma pro-
gression compared with CNS glial cells. We used in vitro cultures
of CGNs, cortical neurons, and mixed primary glial cells, evalu-
ating their regulation of GL261, a murine glioma cell line capable
of inducing experimental glioma in mice after isograft. Gliomas
were labeled and gated with CFSE and also detected by their large
size in FACS analysis (Fig. 2A). NF200 was used as a marker of
neurons. The culture media was controlled during cocultures
using the same for only GL261 and coculture with neurons.

As shown in Figure 2B, both CGNs and cortical neurons sig-
nificantly inhibited glioma cell proliferation measured by BrdU
incorporation, but glial cells did not limit GL261 cell prolifera-
tion. Of note, both types of neurons also induced cell death in
GL261 cells, detected by PI FACS analysis of sub-G1 phase (Fig.
2C). However, cortical neurons had significantly lower effects on
GL261 cell proliferation and induction of cell death than CGNs.
Therefore, we focused on CGNs to determine the mechanism of
GL261 inhibition.

To study the killing function of CGNs on human glioblastoma
cells, we used the U87 human glioblastoma cell line, which is
tumorigenic in vivo and highly expresses PD-L1 because of a
phosphatase and tensin homolog (PTEN) mutation (Parsa et al.,
2007). U87 cells were cocultured with CGNs and U87 prolifera-
tion and cell death were measured. Neurons significantly reduced
U87 cell proliferation and increased cell death (Fig. 2D,E), indi-
cating that adult postmitotic neurons induced glioma cell death.

Ifnb �/� cerebellar granule neurons lack PD-L1 expression
and the capacity to kill gliomas
Neurons that have reduced IFN-� production also have lower
PD-L1 expression upon viral infection, and recombinant IFN-�
induces PD-L1 expression (Lafon et al., 2008). We studied
whether Ifnb gene defects in neurons affected PD-L1 regulation
and the capacity of neurons to regulate gliomas. We obtained
CGNs from IFN-� knock-out (Ifnb�/�) mice and wild-type lit-
termates (Ifnb�/�) and analyzed their PD-L1 expression using
immunocytochemistry and FACS. Figure 3A,B shows that
Ifnb�/� CGNs lacked PD-L1 expression in contrast to Ifnb�/�

CGNs. However, stimulation of Ifnb�/� CGNs with recombi-
nant IFN-� restored PD-L1 expression. Microarray analysis of
Ifnb�/� CGNs and Ifnb�/� CGNs revealed no significant differ-
ences in mRNA levels for PD-L1 (Table 2) indicating that PD-L1
production was post-translationally regulated and required in-
tact endogenous IFN-� signaling. Although stimulation of
Ifnb�/� CGNs with recombinant IFN-� significantly induced
PD-L1 mRNA, similar treatment of Ifnb�/� CGNs resulted in
significantly higher induction of PD-L1, demonstrating that a
functional Ifnb gene was required for proper regulation of PD-L1
in neurons.

We then studied the functionality of CGNs in regard to limit-
ing gliomas. We cultured Ifnb�/� CGNs and Ifnb�/� CGNs with
GL261 murine glioma cells. We observed that wild-type CGNs
not only have capacity to inhibit glioma proliferation, they in-
duce glioma death. In contrast to Ifnb�/� CGNs, Ifnb�/�, CGNs
did not inhibit glioma cell proliferation as assessed by Ki-67
staining and verified with a thymidine incorporation assay (Fig.
3C,D). Unlike wild-type CGNs, Ifnb�/� CGNs were defective in
triggering cell death of GL261 cells at all investigated ratios, with
dead cells measured by 7AAD (Fig. 3E,F) and PI staining gated
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Figure 1. Neuronal expression of PD-L1 in tumor adjacent brain tissue confers better prognosis; PD-L1 expression in tumors negatively associates with GBM patient survival. Immunofluorescence
staining of GBM patient brain tissue. TABT areas are designated based on findings of relative intact NF200 � neuronal staining with normal or high degree of GFAP �/astrogliosis. A, B, GFAP (Alexa
Fluor 488/green), PD-L1 (Alex Fluor 568/red), and DAPI (blue) staining of PD-L1 expression in gliomas on the edge of tumors. C–F, Isotype-matched controls or omitted primary antibodies (Ctrl)
combined with DAPI (blue) on the adjacent tissues of patients shown in A, B, respectively. G–N, Isotype-matched controls, NF200 (Alexa Fluor 488/green), or GFAP (Figure legend continues.)
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on sub-G1 population of GL261 (Fig. 3G,H). Of note, treating
Ifnb�/� CGNs with recombinant IFN-� rescued their ability to
kill GL261 cells (Fig. 3H). Ifnb�/� CGNs were pretreated with
recombinant IFN-� and washed before coculturing with GL261.
Figure 3H shows percentage of PI staining in sub-G1 population;
GL261 alone 7.6 	 2.5%; Group 2, CGN Ifnb�/� � GL261 12%
	 3.3%; Group 3, recombinant IFN-�-treated CGNs Ifnb�/� �
GL261 36.5 	 6.9%; p � 0.223 Group 1 versus 2; 0.0053 Group 1

versus 3; 0.0107 Group 2 versus 3. These data indicated that neu-
ronal IFN-� had a central role in regulating cell proliferation and
cell death of gliomas.

Pdl1 gene silencing in CGNs leads to defective glioma-killing
whereas ectopic expression of pdl1 in Ifnb �/� CGNs conveys
glioma-killing capacity
We investigated whether PD-L1 expression by neurons is respon-
sible for the observed glioma-killing capacity. We blocked neu-
ronal PD-L1 with antibody before coculturing with glioma cells.
As shown in Figure 4A, blocking neuronal PD-L1 abrogated the
capacity of neurons to kill gliomas. To verify the neuronal PD-L1
requirement, we silenced pdl1 in Ifnb�/� CGNs using siRNA (Fig.
4B). Loss of neuronal pdl1 resulted in loss of capacity to kill
gliomas (Fig. 4C).

These data indicated that neuronal induction of GL261 cell
death required IFN-�-mediated upregulation of cell-surface PD-

4

(Figure legend continued.) (Alexa Fluor 488/green), PD-L1 (Alex Fluor 568/red), and DAPI
(blue). Scale bars: A–F, I, 31 �m; G, H, J–L, 62 �m; M, N, 10 �m. Open white arrows, soma of
neurons; filled white arrows, neuronal processes. O, Kaplan–Meier survival curve showing sig-
nificant negative association between high PD-L1 expression by gliomas and GMB patient sur-
vival. P, Kaplan–Meier survival curve showing significant positive association between high
PD-L1 expression by NF200 � neurons in TABT and survival of GMB patients. N � 17. Log-rank
test was used for statistic analysis. p � 0.05 was considered significant.

Figure 2. Neurons induce proliferative arrest and cell death of GL261 and U87 glioma cells. A, FACS dot plot gating on CFSE-labeled GL261 cells after coculture with cerebellar granule neurons.
B, DNA synthesis assessed by BrdU incorporation in GL261 cells in coculture with neurons from 3 DIV culture of CGNs, or cortex, cultured primary glial cells compared with GL261 cells alone. Neurons
and glial cells were cocultured with GL261 cells at 5 to 1. Data are mean 	 SD from three separate experiments; ***p � 0.001. C, Representative FACS histogram with PI staining (gated on sub-G1

phase) of GL261 cells alone and after coculturing with neurons. D, DNA synthesis by BrdU incorporation of U87 cells in coculture with neurons compared with U87 cells alone. Three DIV CGNs
cocultured with U87 cells at 10 to 1. Data are mean 	 SD; **p � 0.01. E, Representative FACS histogram of PI staining (gated on sub-G1 phase) of U87 cells alone and after coculturing with 3 DIV
CGNs at 10:1 (CGN to U87).
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Figure 3. Ifnb �/� CGNs lack PD-L1 expression and capacity to kill gliomas. A, Micrographs of PD-L1 (red) and � III tubulin (green) immunofluorescent cytochemistry staining of CGNs. Scale bar,
31 �m. B, FACS histograms of PD-L1 staining versus isotype-matched controls for Ifnb�/� CGNs, Ifnb �/� CGNs, and Ifnb �/� CGNs treated with recombinant IFN-� (100 U/ml) for 24 h. C,
Immunostaining of Ki-67 (Alexa Fluor 555/red) in GL261 cells alone and in coculture with Ifnb�/� or Ifnb �/� 3 DIV CGNs. Blue, Hoechst nuclei. Scale bars, 25 �m. Left, Cell counting of Ki-67 in
GL261 after coculture with Ifnb�/� CGNs or Ifnb �/� CGNs compared with GL261 cells alone (right). One representative experiment is shown from two to three individual experiments. Data are
mean 	 SD from triplicates; ***p � 0.001. D, Thymidine incorporation assay on GL261 cells with cocultured with 3 DIV Ifnb�/� CGNs or Ifnb �/� CGNs compared with GL261 cells alone. Data are
mean 	 SEM from five replicates from one representative of three experiments; ***p � 0.001. E, Representative FACS histograms of 7AAD-stained gated CFSE-labeled GL261 cells, before and after
coculture with Ifnb�/� CGNs. F, 7AAD in GL261 cells at different ratios in coculture with 3 DIV Ifnb�/� CGNs or Ifnb �/� CGNs compared with GL261 cells alone; control, GL261 cultured with
fibroblasts. Data are mean 	 SD from three individual experiments. p � 0.05 for GL261 cells after coculture with Ifnb�/� CGNs compared with GL261 cells only. G, PI staining (gated on sub-G1) of
GL261 cells alone or after coculturing with 3 DIV Ifnb�/� CGNs or Ifnb �/� CGNs. Data are mean 	 SD from two to three individual experiments. **p � 0.01. H, Representative histograms of PI
staining (gated on sub-G1) of cultured GL261 cells alone and after coculturing with Ifnb�/� CGNs or Ifnb �/� CGNs (with or without treatment with recombinant IFN-� 100 U/ml for 3 h).
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L1. To directly investigate whether the lack of PD-L1 was solely
responsible for the inability of Ifnb�/� CGNs to regulate GL261
cells, Ifnb�/� CGNs lacking PD-L1 expression were transfected
with a PD-L1 expression plasmid with expression confirmed by
Western blot (Fig. 4D). FACS analysis of CGNs (Fig. 4E) gated for
living cells showed a similar trend for PD-L1 expression as de-
tected by WB. However, FACS sensitivity was different because
only a small population of CGNs was included (gated on live cells
and NF200-positive cells). For FACS analysis, CGNs were trypsin
treated before staining. As CGNs are highly sensitive to an intact
neuronal network, trypsin treatment often leads to death for a
large proportion of neurons. Therefore, gating only for live cells
showed successful transfection of the CGNs. However, the sensi-
tivity of FACS detection was not directly comparable to PD-L1
expression by Western blot, which detected total protein produc-
tion by untrypsinized CGNs. Microscopic examination of CGNs
for coexpression of a fluorescent protein from the PD-L1 expres-
sion plasmid showed a 35% transfection rate.

Ifnb�/� CGNs ectopically expressing PD-L1 had glioma-
killing function (Fig. 4F,G). Coculture of Ifnb�/� CGNs ectopi-
cally expressing PD-L1 with GL261 cells inhibited glioma cell
proliferation as assessed by BrdU incorporation (Fig. 4F). As
shown in Figure 4G, ectopic expression of PD-L1 was sufficient
for Ifnb�/� CGNs to induce GL261 cell death as measured by
percentage of cells in sub-G1 phase. These results indicated that
ectopic expression of PD-L1 in Ifnb�/� CGNs conveyed the ca-
pacity to inhibit glioma proliferation and that neuronal PD-L1
was essential for CGN killing of glioma cells.

Neuronal PD-L1 induces caspase-dependent apoptosis of
glioma cells
We next investigated the molecular signals by which neuronal
PD-L1 induced glioma cell death. Wild-type CGNs were cocul-
tured with GL261 cells, and CFSE-labeled GL261 cells before and
after coculturing were purified using FACSaria and analyzed by
Western blot and FACS for Bax and active caspase 8 and 3. Bax is
a proapoptotic Bcl-2-family protein that activates caspase 8 and
downstream caspases including caspase 3 in response to apopto-
tic signals. CGNs activated Bax and the downstream caspases in
GL261 gliomas, as determined by increases in Bax p25 and p18
fragments, cleaved caspase 8 fragments; p41/43 and p18, and
cleaved caspase 3 (Fig. 5A,B). Next, we studied whether neuronal
PD-L1 was responsible for induction of caspase-dependent gli-
oma apoptosis. Preventing direct CGN-GL261 cell interaction
prevented neuron induction of activated caspase 3 in GL261 cells.
In addition, blocking PD-L1 on neurons with antibody before
coculturing with GL261 cells prevented activation of caspase 3
(Fig. 5C,D). To verify these results, pdl1 was silenced in CGNs
using siRNA before coculturing with GL261 cells. In agreement
with the previous results, lack of neuronal PD-L1 abrogated in-
duction of cleaved caspase 3 (Fig. 5E). We also investigated

whether induction of active cleaved caspase 3 via PD-L1 led to
GL261 cell death. The results confirmed that neuronal PD-L1
signaling was essential for caspase-dependent killing of gliomas
(Fig. 5F,G). Using a pan-caspase inhibitor (Z-VAD-FMK), to
block caspase activity of GL261 cells abrogated activation of
caspases (measured by cleaved caspase 3) and blocked the CGN
capacity to kill gliomas. These data collectively indicated that
neuronal PD-L1 was required to trigger a caspase-dependent ap-
optotic signal and cell death of gliomas.

Of note, glioma cell proliferation measured by Ki-67 positivity
was stable when CGNs and glioma cells were separated by inser-
tion of a membrane (Fig. 5C), indicating that PD-L1 signaling
mainly induced caspase-mediated cell death in gliomas and lack
of glioma proliferation was at least in part the consequence of
cell-death induction by PD-L1. The results also suggested that
soluble factors, most likely IFN-�, triggered some degree of pro-
liferation arrest in gliomas but not cell death at physiological
levels.

Neuronal PD-L1 binds an unknown glioma receptor to exert
its killing function
PD-L1 negatively regulates proliferation and induces apoptosis of
T-lymphocytes via the B7.1 and PD-1 receptors (Dong et al.,
1999; Butte et al., 2007). We investigated whether GL261 cells
expressed any known lymphocyte receptors and whether engage-
ment of these receptors was involved in GL261 cell death. Addi-
tionally, we investigated effects of PD-L1 and B7.2 on GL261
cells, because the receptors on GL261 cells responsible for medi-
ating cell-death effects of neuronal PD-L1 might be different
from other cells. We detected no expression of PD-1 when PD-L1
and B7.1 were expressed in GL261 cells (Fig. 6A–C). To deter-
mine whether any receptors on GL261 cells bound neuronal
PD-L1 and led to neuronal-mediated killing, we used antibodies
and fusion proteins to block B7.1, B7.2, PD-L1, and PD-1 on
GL261 cells before or during coculturing with neurons. Cell
death percentages were unchanged by receptor blocking, except if
neuronal PD-L1 was blocked (Fig. 6D). These results suggested
that B7.1, B7.2, PD-L1, and PD-1 were not the GL261 receptors
for cell death mediated by neuronal PD-L1. Our results therefore
point to existence of an unknown GL261 receptor that bound
neuronal PD-L1 to trigger caspase-dependent apoptosis.

Silencing glioma-PD-L1 does not affect neuronal capacity to
limit gliomas
GL261 cells, similar to many other aggressive and tumorigenic
gliomas, expressed PD-L1. We investigated the function of
PD-L1 in GL261 cells by silencing PD-L1 using lentiviral shRNAs,
rather than using antibodies that might induce a signal. Inhibi-
tion of PD-L1 synthesis was confirmed by Western blot (Fig. 7A).
Even when pdl1 was silenced, CGNs prevented GL261 prolifera-
tion. Hence, lack of PD-L1 in GL261 cells did not influence the
capacity of neurons to prevent GL261 growth (Fig. 7B) indicating
that glioma PD-L1 was not required for neuron-mediated inhi-
bition of glioma cells.

Unexpectedly, although GL261 cells expressed PD-L1 consti-
tutively in vitro (Fig. 6A,B, 7A), when cocultured with Ifnb�/�

CGNs, GL261 cells significantly downregulated PD-L1 expres-
sion (Fig. 7C). In contrast, PD-L1 expression was significantly
upregulated in Ifnb�/� CGNs in vitro (Fig. 7C). PD-L1 expression
was substantially reduced in Ifnb�/� CGNs (Fig. 3A,B, 7D) with
no increase in expression upon coculturing with glioma cells.
Glioma PD-L1 expression also did not change after coculturing

Table 2. PD-L1 mRNA in CGNs after treatment with recombinant (rec) IFN-�

Groups Fold expression of PD-L1 p value

Ifnb�/� � rec IFN-�/Ifnb�/� 5.773 0.001
Ifnb�/�/Ifnb�/� 1.193 0.162
Ifnb�/� � rec IFN-�/Ifnb�/� 15.45 0.001
Ifnb�/�/Ifnb�/� � rec IFN-� 0.2067 0.002
Ifnb�/� � rec IFN-�/Ifnb�/� � rec IFN-� 2.677 0.072
Ifnb�/� � rec IFN-�/Ifnb�/� 12.95 0.001

Affymetrix gene expression analysis of PD-L1 on 3 DIV CGNs from Ifnb�/� or Ifnb�/� mice, nontreated or treated
with IFN-� (100 U/ml) for 3 h. RNA from triplicate CGN cultures analyzed on affymetrix mouse 430 2.0 arrays.
Student’s t test was used to calculate p values.
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Figure 4. Cerebellar granule neuronal PD-L1 is required for glioma-killing capacity. A, Analysis of FACS staining with 7AAD-stained (dead) GL261 cells after coculture with 3 DIV CGNs (untreated
or pretreated with anti-PD-L1 antibody) compared with GL261 cells alone. Ratios are GL261:CGNs. Data are mean 	 SD from three individual experiments; *p � 0.05, **p � 0.01, ***p � 0.001.
B, Transfection efficiency of siRNA into CGNs by FACS staining for PD-L1. C, PI staining of GL261 cells after coculture with pdl1 siRNA-transfected CGNs and control siRNA-transfected CGNs.
Representative data are from two independent experiments. D, Western blot and FACS (E) of 3 DIV Ifnb �/� CGNs either mock transfected (no plasmid) or transfected with pIRES2-EGFP or
pIRES2-EGFP-PD-L1. F, DNA synthesis by BrdU incorporation of GL261 cells alone or in coculture with 3 DIV Ifnb �/� CGNs transfected with pIRES2-EGFP or pIRES2-EGFP-PD-L1. Data are mean 	
SD from three individual experiments; ***p � 0.001. G, PI staining (gated on sub-G1, dead cells) of GL261 cells alone or after coculture with 3 DIV mock-transfected Ifnb �/� CGNs, or Ifnb �/� CGN
transfected with pIRES2-EGFP or pIRES2-EGFP-PD-L1. Representative data are from two independent experiments.
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Figure 5. Neuronal PD-L1 kills glioma cells via caspase-dependent apoptosis. A, GL261 cells (CFSE labeled) purified with FACS after coculture with CGNs. Western blot of BAX, caspase 8, and
GAPDH in GL261 cells before and after coculture with CGNs. GAPDH was the loading control. B, FACS histogram of cleaved caspase 3 in GL261 cells before and after coculture with CGNs (gated on
CFSE). C, FACS staining for Ki-67 and caspase-3 in GL261 cells without and after coculture with 3 DIV CGNs (or blocking with anti-PD-L1 antibody). GL261 cells and CGNs were separated with a
transwell membrane. One representative of three experiments is shown. D, Cleaved caspase 3 in gated GL261 cells before and after coculture with CGNs; anti-PD-L1 (20 �g/ml) was applied to CGNs
for 30 min before coculturing. E, Cleaved caspase 3 in gated GL261 cells before and after coculture with control-transfected CGNs (ctrl siRNA) or pdl1-silenced CGNs ( pdl1 siRNA). F, Caspase inhibitor
(Z-VAD-FMK, 20 �M) was added to GL261 cells 2 h before coculturing. G, PI staining of GL261 cells before and after coculture with CGNs, with anti-PD-L1 added to CGNS or Z-VAD-FMK to GL261 cells.
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Figure 6. Neuronal PD-L1 binds an unknown receptor on gliomas for apoptotic function. A, Immunostaining of in vitro cultured GL261 cells with isotype control, PD-L1 (Cy3-red), or B7.1 (FITC)
and Hoechst. Scale bar, 25 �m. B, FACS for PD-1, PD-L1, and B7.1 in cultured GL261 cells. Red line, isotype controls. Data are representative of three independent experiments. C, Western blot of PD-1
and B7.1 proteins in GL261 cells. D, Analysis of percentage of dead GL261 cells using FACS for 7AAD of GL261 cells alone or after coculture with 3 DIV CGNs. Blocking antibodies or fusion protein (20
�g/ml) were used before coculturing unless indicated. Data are mean 	 SD from three individual experiments; ***p � 0.001.
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with Ifnb�/� CGNs (Fig. 7D). These findings were consistent
with the findings on prognosis in GBM patients reported above.

Survival is poor for Ifnb �/� mice isografted with GL261 cells
and associated with lack of PD-L1 downregulation in tumor
cells
The findings that IFN-�-mediated neuronal PD-L1 was essential
for regulation of glioma progression prompted us to examine the
glioma-limiting capacity of the tumor microenvironment in

mouse brains. Mice were injected intracranially with GL261 cells,
inducing a murine glioma model highly similar to human GBM,
including infiltrative and angiogenic capacity (Szatmári et al.,
2006). Understanding the molecular basis for stromal cell inter-
action with tumors is possible only with syngenic tumors, so we
injected GL261 cells into the cerebellum or cerebrum of Ifnb�/�

and Ifnb�/� C57BL/6 mice to investigate the effect of different
microenvironments in different areas of the brain on outcomes.
Due to different take frequency in preliminary experiments 3000
GL261 cells were injected in the cerebellum (Fig. 8A) and 1000
GL261 cells in the cerebrum (Fig. 8B).

Survival was reduced for Ifnb�/� mice compared with age-
and gender-matched Ifnb�/� mice. The lack of the Ifnb gene in
the tumor microenvironment led to similar results regardless of
the GL261 injection location (Fig. 8A,B), indicating the essential
regulatory function of IFN-� in limiting cancer progression in
the brain environment.

In vivo engrafted GL261 tumors form a solid mass from which
neoplastic cells disseminate into adjacent brain tissue. Coronal
sections of tumor-bearing brains from intracerebrally injected
mice depicted the histologically investigated area/black frame
(Fig. 8C). The edges of the tumor areas were often surrounded by
NF200� neurons (Fig. 8D,E). Although a majority of GL261 cells
expressed PD-L1 in culture (Fig. 6A,B), when injected in the
brains of Ifnb�/� mice, GL261 cells downregulated PD-L1 ex-
pression. Intracranially injected GL261 cells showed particularly
downregulated PD-L1 expression on the TM edge in the vicinity
of TABT (Fig. 8F–J). PD-L1 expression in naive mouse brains
with no challenge was very low (data not shown); however, when
GL261 cells were injected into Ifnb�/� mice to establish experi-
mental glioma, PD-L1 expression was strongly induced in the
brain in neurons (Fig. 8I), and to a lesser degree in morphologi-
cally detected GFAP� reactive astrocytes in TABT areas (Fig. 8J).
Whereas PD-L1 expression was highly induced in brain cells ad-
jacent to tumors in Ifnb�/� mice (Fig. 8F, I), PD-L1 expression in
the TM was markedly reduced (Fig. 8F–J). Moreover, although
some GFAP� astrocytes expressed PD-L1 (Fig. 8J), NF200� neu-
rons in healthy tissue on the TM edge were the predominant
PD-L1-expressing cells in Ifnb�/� mouse brains (Fig. 8E,F, se-
quential sections, I). PD-L1 was highly expressed in the TM in
Ifnb�/� mice, with almost no PD-L1 positivity in less-affected
brain tissue (Fig. 8K–N). These findings were similar to our find-
ings on GBM patients. Collectively, our data showed that endog-
enous IFN-�-mediated PD-L1 could be important for the
capacity of brain stromal cells, in particular neurons, to inhibit
tumor growth in their microenvironment. This activity could
play a key role in prolonged survival with GBM.

Discussion
Treatment of CNS tumors is exceptionally complex. This situa-
tion is underscored by GBM, a highly invasive tumor character-
ized by rapid growth, dismal prognoses, and resistance to
standard treatments. New targets for successful GBM treatment
are urgently needed. PD-L1 is expressed by many cancer cell types
(Dong et al., 2002) including glioblastomas (Wilmotte et al.,
2005), and could be involved in the induction of apoptosis, re-
sulting in immunosuppression of cancer-antigen specific T cells.
Therefore, targeting PD-1 on T cells is a potential therapy for
many cancers. The discovery of altered regulation of PD-L1 in
GBM patients with a PTEN mutation (Parsa et al., 2007) identi-
fied this patient group as suboptimal candidates for PD-L1 di-
rected immunotherapy (Waldron et al., 2010).

Figure 7. GL261 PD-L1 is not involved in neuron-mediated glioma killing. A, Western blot of
PD-L1. PD-L1 was knocked down in GL261 cells using lentiviral shRNA to PD-L1 (shPD-L1) or
nonsilencing shRNA control (shCtrl). B, DNA synthesis by BrdU incorporation of shPD-L1 GL261
cells or control cells (shCtrl), and native GL261 cells after coculture with 3 DIV Ifnb�/� CGNs at
1:2 (GL261:CGN). Shown is a representative of two independent experiments. Data are mean	
SEM of five replicates, ***p � 0.001. C, FACS of percentage of PD-L1 � cells in 3 DIV Ifnb�/�

CGNs before and after coculture with GL261 cells, and percentage of PD-L1 � in GL261 cells
before and after coculture with 3 DIV Ifnb�/� CGNs. Data are mean 	 SD from three individual
experiments; **p � 0.01. D, FACS of percentage of PD-L1 � cells in 3 DIV Ifnb �/� CGNs before
and after coculture with GL261 cells, and percentage of PD-L1 � in GL261 cells before and after
coculture with 3 DIV Ifnb �/� CGNs.
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Few reports address the role of tissue-specific PD-L1 expres-
sion in the tumor microenvironment and its plausible role in
cancer suppression. The possibility that CNS resident cells might
upregulate PD-L1 expression (Liang et al., 2003; Lafon et al.,
2008) prompted us to investigate PD-L1 expression in CNS stro-
mal cells adjacent to tumors in GBM patients. PD-L1 expression
might affect the tumor microenvironment and thereby tumor
growth. We found that PD-L1 expression in surgically resected
tumors from GBM patients showed a remarkable pattern. In a

subgroup of GBM patients, neurons and some activated astro-
cytes highly expressed PD-L1 cells in TABT. Another group of
GBM patients highly expressed PD-L1 in tumor cells. Notably,
we found that neuronal PD-L1 was significantly associated with a
favorable prognosis in that GBM patient subgroup, whereas
PD-L1 expression in tumor cells was associated with poor prog-
nosis. These findings have strong implications for future immu-
notherapies and might be developed into biomarkers for
therapeutic selection.

Figure 8. Ifnb�/� Mice injected with GL261 cells have significantly better survival than Ifnb �/� mice with associated neuronal PD-L1 expression. After inoculation, mice were checked daily for
survival and induction of neurological deficits. Ifnb �/� and Ifnb�/� mice were inoculated (A) in the cerebellum with 3000 GL261 cells, N � 4 –5 mice per group; or (B) intracerebrally with 1000
GL261 cells, N � 10 mice per group. **p � 0.01. C, Hematoxylin staining of a mouse brain section injected intracerebrally with GL261 glioma cells. Black square indicates the area included in further
immunostaining analysis. Immunostaining of brain tissue sections of a glioma-bearing Ifnb�/� mouse (E–J) and Ifnb �/� mouse (K–N). D, Isotype control and Hoechst. Scale bar, 62 �m. E, NF200
(Alexa Fluor 488/green), GFAP (Cy3/red), and Hoechst, showing tumor edge and brain. Scale bar, 62 �m. F, PD-L1 (Cy3/red) and Hoechst. Scale bar, 62 �m. G, PD-L1 (Cy3/red) of GL261 cells after
establishment of solid tumor in Ifnb�/� mouse brain. Scale bar, 10 �m. H, Isotype controls and Hoechst. Scale bar, 62 �m. I, PD-L1 (Cy3), GFAP (Alexa Fluor 488/green), and Hoechst. Scale bar, 31
�m. J, PD-L1 (Cy3/red), NF200 (Alexa Fluor 488/green), and Hoechst. Scale bar, 31 �m. K–M, Ifnb �/� tumor-bearing brain sections stained for PD-L1 (Cy3/red), NF200 (Alexa Fluor 488/green),
and Hoechst shows PD-L1 staining in glioma but no NF200 � neurons by the tumor edge, and infiltrating gliomas. Scale bars: K, 31 �m; L, 62 �m; M, 31 �m; N, 10 �m.
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Because neuronal PD-L1 was associated with better outcomes
in GBM patients and the tissue microenvironment can suppress
tumor growth (Barcellos-Hoff et al., 2009), we investigated the
ability of neurons to limit glioma progression and the related
functionality of neuronal PD-L1. For the first time, we report
here that adult postmitotic neurons are capable of killing murine
and human gliomas. Understanding this phenomenon could
help explain why GBMs, which are among the most lethal pri-
mary cancers, are relatively rare among newly diagnosed adult
cancers (Wrensch et al., 2002). In addition, cerebellar GBM is
rare in humans (Weber et al., 2006). We found that CGNs had
more potent killing function than cortical neurons and induction
of experimental gliomas in the cerebellum required higher num-
bers of cancer cells. The finding that neurons in general and
cerebellar granular neurons in particular exert strict protective
effects that prevent the growth of gliomas could explain the rela-
tive rarity of GBM primary cancers in humans.

Understanding and identifying targets for effective therapeu-
tics requires dissecting the basic molecular mechanisms central to
the intrinsic regulatory functions of neurons. Our discovery that
neurons are capable of killing gliomas led us to identify the fac-
tors important for this regulation. Little information is available
about genomic polymorphisms related to susceptibility to glio-
mas. Nonetheless, defects in the Ifnb gene and interferon regula-
tory genes in gliomas have received attention. Early reports
identified absence of the Ifnb gene in a large proportion of human
malignant glioma cell lines (Miyakoshi et al., 1990). A pharma-
cological role for IFN-� in the suppression of human gliomas is
reported (James et al., 1991). Previous studies on different can-
cers support Ifnb as a cancer suppressor (Diaz et al., 1988; Mizuno
et al., 1990; Sugawa et al., 1993). We reported that neurons pro-
duce IFN-� (Teige et al., 2003). Defects in the Ifnb gene might
underlie tissue-specific failure to regulate cancer progression. Re-
combinant IFN-� induces PD-L1 expression in neurons (Lafon
et al., 2008). Hence, we examined whether neuronal capacity to
inhibit glioma progression was mediated by endogenous IFN-�-
mediated PD-L1 regulation. We found that endogenous produc-
tion of IFN-� was critical for post-transcriptional regulation of
PD-L1 production and expression by neurons. In addition, Ifnb
deletion in CGNs abrogated their capacity to induce cell death in
glioma cells and addition of IFN-� to Ifnb�/� CGNs rescued this
defect. In agreement, the general antitumor effects of pharmaco-
logical levels of IFN-� include a direct tumor-suppressor func-
tion via inhibition of cell proliferation (Kaynor et al., 2002;
Chawla-Sarkar et al., 2003). However, in our study, blocking cell–
cell interaction while allowing transport of soluble factors, such
as IFN-�, produced by neurons resulted in inhibition of neuronal
caspase-dependent killing of gliomas. This finding indicated that
physiological levels of IFN-� produced by neurons are not suffi-
cient for glioma-killing function. We instead found that direct
neuronal-killing function is mediated by neuronal expression of
PD-L1. Treatment of IFN-�-deficient cells with IFN-� or pdl1
gene transfection of Ifnb�/� CGNs rescued neuronal capacity to
kill gliomas, whereas pdl1 knockdown of wild-type neurons led to
loss of killing function. Addressing direct in vivo effects of neu-
ronal PD-L1 on the regulation of glioma by using neuron-specific
deletion of PD-L1, to exclude impact of massive immunological
defects, would prove valuable.

Given the importance of the Ifnb gene to glioma etiology, and
in light of our findings, we propose that IFN-� functions in the
native tissue environment of the CNS to protect against tumor
development by regulating neuronal PD-L1. We investigated
whether a lack of IFN-� in the CNS microenvironment influ-

enced the outcome of glioma progression and PD-L1 expression.
We found that mice lacking the Ifnb gene had poor survival after
glioma induction. Similarly, a recent study showed that the type I
IFN signaling pathway is important in the pathogenesis and clin-
ical course of experimental gliomas, as Ifnar1-deficient mice ex-
perienced accelerated gliomagenesis (Fujita et al., 2010). This
suggests that the environment of IFN-deficient hosts allows the
growth of gliomas that would not survive in an immunologically
competent CNS microenvironment. We found upregulation of
PD-L1 in neurons in the vicinity of established tumors. In agree-
ment, we found pathological findings in Ifnb�/� and Ifnb�/� mice
to resemble the subgroups of GBM patients that we investigated.
Ifnb�/� mice particularly upregulated PD-L1 in healthy neurons
adjacent to tumor cells, whereas Ifnb�/� neurons showed a lack
of neuronal PD-L1 expression. PD-L1 expression by IFN-�-
competent hosts was associated with reciprocal downregulation of
PD-L1 by tumor cells, which was also defective in the Ifnb�/� brain.

The poor efficacy and many side effects of IFN-� treatment
could be due to the wide expression of its receptor, and systemic
versus site-specific effects. Our data support the importance of
site- and cell-specific effects of IFN-�. Additionally, past prob-
lems in using IFN-� for cancer treatment could result from the
inclusion of wide and heterogeneous patient groups. A vast frac-
tion of patients with GBM or other types of cancer might have
defects in type I interferon signaling, making treatment with type
I interferons nonproductive. In addition, certain therapies, if
given to GBM patients with PTEN mutations, might induce un-
wanted PD-L1 upregulation in tumor cells. Thus, understanding
the mode of action of endogenous IFN-� in the tissue microen-
vironment and the cell-specific post-transcriptional regulation of
PD-L1 is important. We found that neuronal PD-L1 is required
for tumor killing but PD-L1 expression by tumors was not. Also
relevant is that not all tissue-specific PD-L1 is involved in limiting
glioma growth, as coculture of glial cells capable of expressing
PD-L1 with GL261 cells did not result in tumor killing. This
indicated additional glial factors that prevent tumor growth in-
hibition, or complementary factors of neurons that contribute to
tumor prevention.

Our findings shed light on plausible drawbacks in past trials
with type I interferons, and highlight the potential side effects of
anti-PD-L1 therapy that could result from disrupting the host
environment or factors normally important for limiting tumor
progression. Optimism over therapeutics based on PD-L1 block-
ade should be tempered by the caveat that upsetting the delicate
balance of immune stimulation and inhibition could result in
adverse outcomes. Our current findings also indicate that biolog-
ical markers that detect alterations in the IFNB and PDL1 genes
might be useful for characterizing patients as suitable candidates
for specific therapies.
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