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Abstract
Background. Glioblastoma is the most common brain tumor in adults and virtually incurable. Therefore, new ther-
apeutic strategies are urgently needed. Immune checkpoint inhibition has not shown activity in various phase III 
trials and intra- as well as intertumoral expression of programmed death ligand 1 (PD-L1) varies in glioblastoma.
Methods. We abrogated constitutive PD-L1 gene expression by CRISPR/Cas9 in murine glioma models and char-
acterized the consequences of gene deletion in vitro and in vivo.
Results. A heterogeneous expression of Pdl1 mRNA and PD-L1 protein was detected in the glioma cell panel in 
vitro and in vivo. PD-L1, but not PD-L2, was inducible by interferon β and γ. Co-culture with splenocytes induced 
PD-L1 expression in GL-261 and SMA-560, but not in CT-2A cells, in an interferon γ-dependent manner. Conversely, 
Pdl1 gene silencing conferred a survival benefit in CT-2A, but not in the other 2 models. Accordingly, PD-L1 anti-
body prolonged survival in CT-2A glioma-bearing mice. This activity required PD-L1 expression on tumor rather 
than host cells, and the survival gain mediated by PD-L1 loss was reproduced in immune-deficient RAG−/− mice.
Conclusions. PD-L1 is expressed and interferon-inducible in murine glioma cell lines. PD-L1 has model-specific 
roles for tumor growth. Future studies need to determine which subset of glioblastoma patients may benefit from 
PD-L1 antagonism as part of a multimodality therapeutic approach to glioblastoma.

Key Points

 • Mouse glioma cells express PD-L1 in vitro and in vivo.

 • Pdl1 gene silencing affects tumor growth in vivo in a cell line-specific manner.

 • The efficacy of PD-L1 antagonism in the CT-2A model requires PD-L1 expression on 
tumor cells.

There is an urgent need for novel therapies for glioblastoma. 
Much effort has been invested into trying to develop more active 
treatments, but so far, first-line treatment remains to consist of 
surgery, radiotherapy, and concomitant and maintenance che-
motherapy with temozolomide (TMZ).1 Overall survival remains 
in the range of 1 year on a population level.1–3 Immunotherapy 
has emerged as a promising new therapeutic area to explore 
within the field of oncology, including malignant brain tumors.4

Immune checkpoints are endogenous negative immune reg-
ulatory pathways that function to limit immune responses, to 
maintain self-tolerance, and to thereby prevent autoimmunity. 
T cells express a set of inhibitory receptors: when the corre-
sponding ligand bind to these receptors, a negative signaling 
cascade is triggered.5,6

Tumors may hijack this function by upregulating immune 
checkpoint ligands on their cell surface. When activated T cells 

Programmed death ligand 1 gene silencing in murine 
glioma models reveals cell line-specific modulation of 
tumor growth in vivo
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bind immune checkpoint ligands expressed on tumor 
cells, their function is impaired and tumor cells evade im-
mune surveillance.7,8 Pharmacological intervention using 
blocking antibodies to the immune checkpoint molecules 
cytotoxic T-lymphocyte-associated protein 4(CTLA-4) or 
programmed cell death protein 1 (PD-1), or to the ligand of 
PD-1 (PD-L1), have transformed the therapeutic options for 
several solid cancers, notably those characterized by high 
tumor mutational burden.9–11

Expression of PD-L1 is not restricted to tumor cells. 
Multiple cell types of the tumor microenvironment may ex-
press PD-L1, most notably tumor-associated macrophages 
(TAM). Since these cells make up a substantial amount 
of the tumor core in glioblastoma, they may provide a 
major contribution to immunosuppression in glioblas-
toma.12 Immunohistochemistry indicated that PD-L1 pro-
tein is present to a higher extent in glioma tissue than in 
normal brain.13 PD-L1 quantification remains challenging 
since high variation among different antibody clones has 
been observed.14 Data on the prognostic value of PD-L1 
mRNA or protein levels therefore remain inconclusive, al-
though several studies have suggested that elevated PD-L1 
mRNA15 or protein levels16–18 are associated with shorter 
overall survival in glioma patients. In contrast, TCGA-based 
analyses and other studies did not find such a relation-
ship between PD-L1 expression and overall survival in 
glioblastoma.19–21

In addition to the immune modulatory activity, back-
ward signaling of PD-L1 independent of PD-1, mediating 
increase in proliferation in vitro and in vivo as well as 
promoting epithelial mesenchymal transition has been 
reported in ovarian and esophageal cancer cells, respec-
tively.22,23 Accordingly, in the present study, we explored 
the consequences of PD-L1 gene disruption in murine 
glioma models in vitro and in vivo.

Material and Methods

Cell Lines

SMA-497, SMA-540, and SMA-560 cells were obtained 
from Dr. D. Bigner (Duke, NC). GL-261 cells were obtained 
from the National Cancer Institute (Frederick, MD). The 
CT-2A cell line was purchased from Merck/Sigma-Aldrich 
(SCC194, Darmstadt, Germany). All cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and 2 mM 
l-glutamine (Gibco Life Technologies, Zug, Switzerland).

Reagents

Murine interferon (IFN)-β1a was kindly provided by Biogen 
(Cambridge, MA). Recombinant murine IFN-γ was obtained 
from PeproTech (Rocky Hill, NJ). Anti-PD-L1 (clone 6E11) 
was kindly provided by Genentech (South San Francisco, 
CA).

CRISPR Genome Editing

Two single guide RNA (sgRNA) sequences targeting 
Pd-l1 were generated by using the MIT Optimized 
CRISPR Design Tool (http://crispr.mit.edu/). All sgRNA 
sequences had high scores (>88) to minimize off-
target effects. The following sgRNA sequences 
were used: 5′-GTATGGCAGCAACGTCACGA-3′ and 
5′-GCTTGCGTTAGTGGTGTACT-3′, synthesized by 
Microsynth (Balgach, Switzerland). The sgRNA sequences 
were cloned into vectors.24 The pSpCas9 (BB)-2A-GFP 
(PX458) plasmid, containing Cas9 endonuclease and green 
fluorescent protein (GFP), was a gift from Dr. F.  Zhang 
(Addgene plasmid # 48138, Teddington, UK). The final con-
structs were transfected into CT-2A, SMA-560, and GL-261 
cells with TransIT-X2 (Mirus Bio, Madison, WI). At 24 h after 
transfection, single GFP-positive cells were sorted into 
96-well plates by the use of BD FACSARIA III cell sorter (BD 
Biosciences, Allschwil, Switzerland). Clones were screened 
for the absence of protein by flow cytometry and at ge-
nomic level by lack of amplification of mRNA of the pre-
dicted knockout site by reverse transcriptase quantitative 
polymerase chain reaction (RT-qPCR) with primers aligning 
to predicted sgRNA break sites.

Cell Growth and Clonogenicity

Clonogenic survival was measured by limiting dilution 
assays. For each cell line, sextuplicates were prepared in 
serial dilutions ranging from 500 cells/well to 1 cell/well. 
At day 10 or later depending on the cell line, the wells 
were stained for 10 min with crystal violet (C2886, Sigma), 
and absorbance was measured and quantified by Infinite 
M200 Pro plate-reader (Tecan Life Sciences, Männedorf, 
Switzerland).

Importance of the Study

Immune checkpoint inhibition has dramatically 
changed the therapeutic armamentarium for 
patients with many solid cancers, but not yet 
primary brain tumors, including glioblastoma. 
To what extent programmed death ligand 1 (PD-
L1) mediates the immunosuppression in glio-
blastoma remains controversial. The present 
study illustrates that PD-L1 gene disruption 

affects the tumor growth of commonly used 
mouse glioma models in a cell line-specific 
manner. Specifically, in the CT-2A model, the 
therapeutic activity of PD-L1 antagonism acted 
on PD-L1 expressed on the tumor rather than 
host cells. Altogether, these studies further re-
fine the current knowledge on the PD-1/PD-L1 
system in glioblastoma.

http://crispr.mit.edu/
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Reverse Transcription qPCR

Total RNA was isolated with the NucleoSpin column 
system (Macherey-Nagel AG, Oensingen, Switzerland) 
and transcribed into cDNA by using a High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems by Thermo 
Fisher Scientific, Waltham, MA). Gene expression was 
quantified by PowerUp SYBR Green master mix (Applied 
Biosystems by Thermo Fisher Scientific) in a QuantStudio 
6 Flex Real-Time PCR system (Applied Biosystems). The 
following primers (Microsynt AG) were used: mouse 
Hprt1: forward 5′-TTGCTGACCTGCTGGATTAC-3′, re-
verse 5′-TTTATGTCCCCCGTTGACTG-3′, mouse 
Pd-l1: forward 5′-TGCGGACTACAAGCGAATCA-3′, re-
verse 5′-GATCCACGGAAATTCTCTGGTT-3′, Pd-l2: for-
ward 5′-GTGCTGGGTGCTGATATTGAC-3′, reverse 
5′-AAAATCGCACTCCAGGCTCA-3′, mouse Pd-l1 for CRISPR 
validation: forward 5′-AGCAACGTCACGATGGAGTG-3′, 
reverse 5′-TCCCAGTACACCACTAACGC-3′. The PCR con-
ditions were as follows: 40 cycles, 95°C 15 s, 60°C 1 min. 
Relative gene expression was calculated using the 2(−delta 

CT) method using Hprt1 expression for normalization.25

Flow Cytometry

Cells were detached and dissociated with accutase 
(Thermo Fisher Scientific) and subsequently incubated 
with fluorescently labeled primary antibodies and viability 
dye for 30 min at 4°C. Fluorescence was detected with a 
BD FACSVerse flow cytometer (BD Biosciences). Data anal-
ysis was made with FlowJo (TreeStar, Ashland, OR). Dead 
cells were gated out by positivity for staining with Zombie 
viability dye (Aqua, Violet or NIR depending on the fluor-
ochrome combination, 1:1000 BioLegend, San Diego, 
CA). Specific fluorescence indices (SFI) were calculated 
as the ratio between median fluorescence of specific and 
isotype antibodies. Conjugated antibodies were used as 
follows: BV421 rat anti-mouse PD-L1 (clone MIH5, 1:50, BD 
Biosciences) and APC rat anti-mouse PD-L2 (clone TY25, 
1:50, BD Biosciences). Isotype controls were used at the 
same concentrations as the corresponding specific anti-
bodies: BV421 rat IgG2a, λ isotype control (clone B39-4, BD 
Biosciences), APC rat IgG2a κ isotype control (clone R35-
95m, BD Biosciences).

Co-culture Experiments

A detailed description of co-culture methodology and con-
ditions can be found in Supplementary Note 1.

Animal Experiments

Wild-type C57BL/6 mice were purchased from Janvier 
Labs (Le Genest-Saint-Isle, France). RAG−/− mice were bred 
at the University of Zurich in pathogen-free facilities. The 
mice underwent surgery at age 6-12 weeks. Stereotactic in-
tracranial tumor cell implantation was made into the right 
striatum; 80,000 cells were implanted for CT-2A, 100,000 
cells were implanted for GL-261, and 20,000 cells were im-
planted for SMA-560. Mice were regularly monitored and 

euthanized as indicated or when developing neurological 
symptoms grade 2; weight loss above 15% compared with 
weight at day of tumor cell implantation, moderate signs 
of pain, slight paralysis of left leg or no/decreased activity. 
Where indicated, mice received anti-PD-L1 (Genentech 
Clone 6E11) twice weekly, 5  mg/kg intra-peritoneally. 
Treatments were started 5  days after tumor cell implan-
tation. Anti-PD-L1 treatment was given for 3 consecutive 
weeks. All animal study procedures were approved by 
Swiss Cantonal Veterinary office under animal licenses 
ZH098/2018 and ZH109/2020.

Histology

Immunohistochemistry was performed as previously de-
scribed.26 Primary antibodies used for stainings were 
as follows: anti-PD-1 (135203, clone 29F.1A12, 1:200, 
BioLegend), anti-PD-L1 (153602, clone MIH6, 1:200, 
BioLegend), anti-Ki67 (DRM004, 1:100, Origene, Rockville, 
MD), anti-CD3 (555273, clone 17A2, 1:100, BD Pharmingen), 
anti-CD11b (550282, 1:500, BD Pharmingen), and anti-CD45 
(103102, clone 30-F11, 1:500, BioLegend). DAB staining in-
tensity quantification was made with ImageJ.27

Statistical Analysis

Data are represented as mean and standard deviation (SD). 
Graphs show representative experiments. GraphPad Prism 
8 (GraphPad Software, San Diego, CA) was used for sta-
tistical analysis. To test for differences between 2 groups, 
unpaired t-test assuming equal SD was used. For experi-
ments with more than 2 groups and paired samples, 1- or 
2-way ANOVA was used with Tukey’s post hoc test to ad-
just for multiple testing. Survival data were analyzed by 
Kaplan–Meier survival curves, significance was tested 
using the log-rank test. Significance is denoted as *p < .05; 
**p < .01; ***p < .001.

Results

PD Ligand Expression in Murine Glioma Cells In 
Vitro and In Vivo

Relative to splenocytes, constitutive levels of Pdl1 mRNA 
were low in the mouse glioma cell lines, with highest ex-
pression in CT-2A and GL-261 cells, which also showed 
PD-L1 protein at the cell surface by flow cytometry (Figure 
1A and B). Pdl2 mRNA was detected only in SMA-497 cells, 
albeit at expression values close to the reliability threshold 
defined by a CT value above 32. Cell surface protein levels 
of PD-L2 were below detection limit by flow cytometry 
(Figure 1C and D). None of the 5 cell lines expressed mRNA 
for the receptor Pdcd1, using splenocytes as a positive 
control (data not shown). PD-L1 protein was detected by 
immunohistochemistry in the tumors of 4 of the 5 syn-
geneic mouse glioma models examined, namely CT-2A, 
SMA-497, SMA-540, and GL-261. Despite low-level protein 
detected in vitro, SMA-560 tumor cells showed no staining 
for PD-L1 protein in vivo (Figure 1E). The frequency of 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
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Figure 1. PD-L1 and PD-L2 expression in murine glioma models in vitro and in vivo. (A–D) Relative Pdl1 and Pdl2 mRNA expression were deter-
mined by RT-qPCR using Hprt1 as a reference gene (A, C). PD-L1 and PD-L2 surface protein levels were determined by flow cytometry. Black histo-
grams represent isotype control antibody staining whereas gray represents experimental antibody staining. (B,D). E,F. PD-L1 (E) and PD-1 (F) protein 
was assessed by immunohistochemistry in brains of tumor-bearing mice. 10× magnification was used for an overview, stained cells are exemplified 
by arrows and a scale bar of 100 µm is included in the bottom right corner of the figure panel. 40× magnification was used for the inserts with a scale 
bar of 50 µm in the bottom right corner of the figure panel.
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PD-1-positive host cells followed a similar pattern as for 
the PD-L1 staining, with SMA-497, SMA-540, and CT-2A 
having more stained cells, whereas GL-261 had only few 
stained cells and no stained cells were detected in SMA-
560 (Figure 1F).

PD Ligand Induction by IFN and Co-culture With 
Splenocytes

PD-L1 expression was highly inducible by IFN-γ and to a 
lesser extent by IFN-β in all glioma cell lines except CT-2A, 
which was relatively more responsive to IFN-β (Figure 2A 
and C). Pdl2 mRNA was not increased or induced upon IFN 
stimulation (Figure 2B, and PD-L2 protein was still not de-
tected in any cell line even after IFN stimulation (data not 
shown). Since the protein levels of PD-L1 in glioma cells 
in vivo did not correspond well with the RT-qPCR and flow 
cytometry data in vitro, we reasoned that the upregulation 
of PD-L1 in vivo could be induced by factors or cells 
present in the tumor microenvironment. To first test this 
notion in vitro, co-culture experiments were performed. 
Glioma cells were stained with a membrane dye to be able 
to specifically monitor their PD-L1 protein levels. Labeled 
glioma cells were incubated together with splenocytes for 
24 h. Thereafter, PD-L1 protein levels were determined after 
first gating on single live glioma cells (Figure 3A). Indeed, a 
strong upregulation of PD-L1 surface protein was detected 
on 2 of 3 glioma cell lines upon co-culture with splenocytes 
(Figure 3B). Because of the strong induction of PD-L1 pro-
tein in GL-261 and SMA-560 cells, we hypothesized that 
the induction was due to release of IFN-γ by activated 
splenocytes in the co-culture. This phenomenon could 
also be occurring in the microenvironment of the mice and 
explain immune cell mediated increase of PD-L1 in vivo. 
Indeed, exposure to a neutralizing IFN-γ-R1 antibody ab-
rogated the effector:target ratio-dependent induction of 
PD-L1 on the glioma cells (Figure 3C).

Generation and Characterization of PD-L1-
Deficient Glioma Cell Lines

To study the role of PD-L1 expression by mouse glioma 
cells further, PD-L1-deficient cell lines were generated using 
CRISPR/Cas9 technology (Supplementary Figure S1A). 
Primers that align to the predicted cut sites were used to 
asses Pdl1 gene disruption and absence of surface protein 
levels was confirmed by flow cytometry (Supplementary 
Figure S1B and C). Furthermore, only CRISPR control cells 
upregulated PD-L1 protein in response to IFN-γ, whereas 
the knockout sublines remained negative for PD-L1 protein 
(Figure 4A). This finding was confirmed by immunocyto-
chemistry using an antibody recognizing another epitope 
of PD-L1. PD-L1 induction upon IFN-γ stimulation was again 
only seen in CRISPR control cells (Figure 4B). No change 
of growth under standard culture conditions assessed by 
doubling times (data not shown) or in serial dilution assays 
(Figure 4C) was observed upon PD-L1 gene disruption in 
either of the cell lines. Co-culture assays of CRISPR con-
trol or PD-L1 knockout cells with syngeneic splenocytes re-
vealed overall minor changes with clonal variation, but no 

clear-cut increase in sensitivity to lysis mediated by PD-L1 
loss (Supplementary Figure S1D).

Characterization of PD-L1 Knockout Glioma Cell 
Models In Vivo

To further elucidate the role of PD-L1 expression in mu-
rine glioma models, CRISPR control or PD-L1 knockout 
glioma cells were implanted into the brains of syngeneic 
recipient mice. PD-L1-deficient GL-261 and SMA-560 cells 
showed no difference in survival compared with wild-type 
or control cells (Supplementary Figure S2). In contrast, 
mice inoculated with CT-2A cells deficient for PD-L1 expe-
rienced a survival benefit compared with controls (Figure 
5A). Histological studies at early tumor stages showed no 
significant differences in tumor size (Figure 5B) and no dif-
ference in Ki67 labeling (Figure 5C). PD-L1 was detected 
at similar levels in all tumors, however, PD-L1-positive 
staining in PD-L1 knockout tumors co-localized with CD45 
staining, suggesting a PD-L1-positive immune cell pres-
ence. Conversely, in control tumors, PD-L1 staining was 
also seen in areas lacking CD45 expression. There was a 
trend for higher frequency of CD45-positive cells in PD-L1 
knockout tumors; however, the number of CD3-positive 
cells remained low. CD11b staining largely coincided with 
CD45 staining, indicating a substantial innate immune 
presence (Figure 5C).

To confirm the importance of glioma-expressed PD-L1 
protein in vivo, an anti-PD-L1 antibody was used to treat 
mice bearing either CRISPR control or PD-L1 knockout 
CT-2A tumors. Anti-PD-L1 treatment conferred a survival 
benefit only in mice bearing PD-L1-proficient tumors, in 
contrast, mice bearing PD-L1 knockout tumors did not 
benefit from this treatment (Figure 6A). Next, the role of B 
and T cells in glioma growth were assessed using RAG−/− 
mice which lack these 2 cell types. CRISPR control or PD-L1 
knockout cells were implanted in RAG−/− mice. The PD-L1 
knockout in the CT-2A model conferred a significant sur-
vival benefit also in the immunodeficient mice (Figure 
6B). To evaluate whether the conferred survival benefit 
seen with anti-PD-L1 treatment was T cell dependent, wild-
type CT-2A cells were implanted in RAG−/− mice and sub-
sequently treated with anti-PD-L1 antibody. No survival 
benefit was observed upon administration of anti-PD-L1 
treatment (Figure 6C).

Discussion

Since the introduction of temozolomide to the standard 
of care in 2005,28 no major advancements in the sys-
temic treatment of glioblastoma have been made.1 The 
disease remains uniformly lethal despite substantial re-
search efforts and numerous completed clinical trials from 
various areas, notably angiogenesis inhibition and immu-
notherapy. The immune cell compartment of glioblastoma 
constitutes a major part of the tumor microenvironment, 
albeit mostly of myeloid lineage.29–31 Thus, although nu-
merous immune cells are present, glioma cells have found 
a way to escape immune surveillance.32 Because of its 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac148#supplementary-data
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success in other malignancies with poor prognosis, im-
munotherapy has also been extensively investigated in 
glioblastoma, including vaccines,33 antibody drug conju-
gates,34 and immune checkpoint inhibition.35–37 So far, the 
efficacy of immunotherapy remains poor in glioblastoma.

Here we explored the consequences of Pdl1 gene disrup-
tion in commonly used murine glioma models. We found 
that all mouse glioma cell lines expressed PD-L1, but not 
PD-L2. The current study suggests that, in the CT-2A model, 
elimination of PD-L1 on the tumor cells conferred a survival 
benefit that was comparable to the survival benefit seen by 
pharmacological intervention. Since the survival gain af-
forded by PD-L1 loss persisted when tumor cells were im-
planted into immune deficient RAG−/− mice, we concluded 
that infiltrating B and T cells cannot be the effector cells 
mediating the survival benefit seen in WT mice inoculated 
with PD-L1 knockout tumor cells. One another possible ex-
planation for this is the notion that ablating PD-L1 has an 
intrinsic effect on glioma cells that does not become ap-
parent in vitro. Limited data have been published since 
the initial finding that PD-L1 could have intrinsic backward 
signaling effects on cancer cells in 2016.22 However, this 
would explain why no further effect was seen when anti-
PD-L1 treatment was given to mice bearing PD-L1 knockout 
tumors. Although little is known about intrinsic cancer cell 
signaling upon binding an anti-PD-L1 antibody, one study 
has demonstrated sensitization to interferon beta in 4 dif-
ferent cancer cell lines when co-treated with anti-PD-L1 an-
tibody.38 Although we did not observe IFN sensitization in 
our system upon Pdl1 knockout in vitro (data not shown), 
this does not rule out modulation of other intrisic path-
ways upon PD-L1 antibody binding.

Systemic anti-PD-L1 monotherapy has been tested in var-
ious preclinical glioma models previously. It significantly 

prolonged survival in GL-261,39–41 a stem cell-derived 
glioma model (005 GSC)42 and in CT-2A.41 The CT-2A model 
was, in accordance to the previous literature, also re-
sponsive to the specific anti-PD-L1 clone used in our ex-
periments. We confirmed that PD-L1 knockout tumors still 
harbor PD-L1-positive immune cells; however, when these 
cells are pharmacologically blocked by anti-PD-L1 treat-
ment, there appears to be no additional survival benefit.

This contrasts with other tumor models, for example, 
ovarian cancer, melanoma, and colon cancer, where mice 
still benefited from anti-PD-L1 treatment in the absence of 
PD-L1 expression in the tumor.43,44 Interestingly, however, 
the effect of anti-PD-L1 treatment was abolished when the 
host was PD-L1 deficient,44 reinvigorating the potential 
immune sanctuary of the brain as a cause of these con-
trasting observations.

We confirmed that the anti-PD-L1 treatment effect is in-
deed T or B cell dependent since it was abrogated in RAG−/− 
mice; however, CT-2A PD-L1 KO cells still demonstrated 
significant survival benefit in RAG−/− mice. We therefore 
conclude that PD-L1 knockout in CT-2A confers a decrease 
in tumor growth, which is T and B cell independent, and 
cannot be augmented with anti-PD-L1 treatment. Further 
studies including ex vivo omics approaches, not only 
limited to one time point, will be required to understand 
the intrinsic or microenvironment dependent factors that 
cause this immune independent change in tumor growth. 
For example, IL-6 is a known inducer of PD-L1 on myeloid 
cells in preclinical glioma models and its expression could 
potentially be altered in the PD-L1 deficient tumors.45

Although multiple preclinical models have demon-
strated significant survival benefit of anti-PD-L1 treat-
ment,39,40,42 this has not been substantiated in clinical trials. 
Two phase II anti-PD-L1 clinical trials have been performed 
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in glioblastoma. No clinical efficacy, in either primary or re-
current glioblastoma patients cohorts, was observed; how-
ever, PD-L1 levels were not investigated in these patients 
and its relevance for clinical outcome could therefore not 
be determined.46,47

Trials in other cancer entities have investigated PD-L1 
on tumor and immune cells separately to understand their 
contribution to the response to anti-PD-L1 treatment. In 
a meta-analysis of multiple clinical trials in patients with 

non-small cell lung cancer, there were tumors with PD-L1 
expressed on tumor cells or immune cells only, but PD-L1 
protein expressed in either compartment was associated 
with response to anti-PD-L1 treatment. However, response 
to anti-PD-L1 treatment was higher with PD-L1 expressed 
on tumor cells than on immune cells.48

The main general limitation of our study include the in-
complete reproduction of human glioblastoma by our 
standard murine glioma models. Furthermore, clonal 
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artifacts are an inherent risk using CRISPR Cas9 tech-
nology, but these were minimized by generating several 
subclones for each model. The divergent observations in 
various models are not a limitation, but merely illustrate 
that the relevance of PD-L1 for tumor immunobiology 
is model-specific. Finally, it remains unclear whether the 
protumorigenic role of PD-L1 in the CT-2A model depends 
on interactions of PD-L1 with non-lymphocyte PD-1 ex-
pressing target cells or on backward signaling (Figure 6).

Our findings may be considered compatible with the 
failure of 3 phase III clinical trials testing the efficacy 
of anti-PD-1 treatment in recurrent (CheckMate 143)35 
and newly diagnosed (CheckMate 498),37 (CheckMate 
548)36 glioblastoma as well as 2 phase II trials testing the 

efficacy of anti-PD-L1 treatment in newly diagnosed glio-
blastoma.46,47 Further studies may need to explore com-
binatorial approaches of immunotherapy,49 potentially 
exploiting the “priming” for surgery advocated by the 
“neoadjuvant” presurgical approach,50 and novel strat-
egies to allow peripheral PD-L1 blockade to be translated 
into improved immune responsiveness in the brain tumor 
microenvironment.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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