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Challenges and potential of PD-1/PD-L1
checkpoint blockade immunotherapy for
glioblastoma
Xin Wang1,2, Gaochao Guo3,4,5, Hui Guan6, Yang Yu2, Jie Lu7* and Jinming Yu2*

Abstract

PD-1/PD-L1 checkpoint blockades have achieved significant progress in several kinds of tumours. Pembrolizumab,
which targets PD-1, has been approved as a first-line treatment for advanced non-small cell lung cancer (NSCLC)
patients with positive PD-L1 expression. However, PD-1/PD-L1 checkpoint blockades have not achieved breakthroughs in
treating glioblastoma because glioblastoma has a low immunogenic response and an immunosuppressive microenvironment
caused by the precise crosstalk between cytokines and immune cells. A phase III clinical trial, Checkmate 143, reported that
nivolumab, which targets PD-1, did not demonstrate survival benefits compared with bavacizumab in recurrent glioblastoma
patients. Thus, the combination of a PD-1/PD-L1 checkpoint blockade with RT, TMZ, antibodies targeting other inhibitory or
stimulatory molecules, targeted therapy, and vaccines may be an appealing solution aimed at achieving optimal clinical
benefit. There are many ongoing clinical trials exploring the efficacy of various approaches based on PD-1/PD-L1 checkpoint
blockades in primary or recurrent glioblastoma patients. Many challenges need to be overcome, including the identification of
discrepancies between different genomic subtypes in their response to PD-1/PD-L1 checkpoint blockades, the selection of
PD-1/PD-L1 checkpoint blockades for primary versus recurrent glioblastoma, and the identification of the optimal combination
and sequence of combination therapy. In this review, we describe the immunosuppressive molecular characteristics of the
tumour microenvironment (TME), candidate biomarkers of PD-1/PD-L1 checkpoint blockades, ongoing clinical trials and
challenges of PD-1/PD-L1 checkpoint blockades in glioblastoma.
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Introduction
Glioblastoma is the most common and malignant brain
tumour due to its aggressive biological behaviour and re-
sistance to treatment. Glioblastoma has a morbidity rate
of 0.59–3.69/100000 people worldwide, with a median
onset of 63.0 years. The age-adjusted morbidity is 3.97/
100000 for males and 2.53/100000 for females [1–3].
The standard therapies according to NCCN Guidelines
include tumour resection, radiotherapy with concomi-
tant temozolomide (TMZ) and adjuvant TMZ chemo-
therapy, with the combination of radiotherapy and other
therapies, the 5-year overall survival was 9.8% versus

1.9% with radiotherapy alone. Although with standard
therapy, the median survival time of GBM patients is
only 12–15 months after diagnosis [4, 5].
With growing evidence supporting the dynamic inter-

action between the central nervous system (CNS) and the
systemic immune system, the conventional doctrine pro-
claiming immunoprivilege of the CNS has been abandoned
[6, 7]. Considering that PD-1/PD-L1 checkpoint blockades
have dramatically changed the treatment patterns for ad-
vanced non-small cell lung cancer (NSCLC), renal cancer,
chronic Hodgkin’s lymphoma, gastric cancer, urothelial
cancer, cervical cancer, head and neck squamous cell carcin-
oma, hepatocellular carcinoma, and melanoma [8–12], more
explorations of immune checkpoint inhibitors in glioblas-
toma have been conducted. Several studies have shown that
PD-L1 is highly expressed on glioblastoma cells [13, 14],
and combinational checkpoint blockade immunotherapy
has demonstrated promising efficacy in preclinical
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glioblastoma mouse models [15–17]. However, the clinical
efficacy of the PD-1/PD-L1 checkpoint blockade in glioblas-
toma is controversial. All of these studies demonstrated that
the PD-1/PD-L1 pathway plays only a role in the malignant
biological behaviour of glioblastoma but that other molecu-
lar signalling networks may also play indispensable roles.
Thus, exploring effective targets in the TME and combi-
nation therapies to improve the clinical response of PD-1/
PD-L1 checkpoint blockades is urgently needed.

PD-L1 expression and clinical efficacy of PD-1/PD-L1
checkpoint blockades in glioblastoma
The PD-1/PD-L1 pathway plays an important role in sup-
pressing the function of T cells in eradicating tumour cells
[18–20]. PD-L1 is upregulated in several types of solid tu-
mours, and high expression levels of PD-L1 often indicate
better clinical efficacy of PD-1/PD-L1 checkpoint blockades
[21–24]. Although this phenomenon is not ubiquitous, it
still drives us to explore the connection between PD-L1 ex-
pression and the clinical efficacy of PD-1/PD-L1 checkpoint
blockades in glioblastoma patients.
Berghoff et al. observed PD-L1 expression in 88% of newly

diagnosed and 72.2% of recurrent glioblastoma specimens
[13]. Similarly, Nduom et al. measured PD-L1 expression in
94 glioblastoma patients and found that 61% of patients had
tumours with PD-L1 positive cells [14]. A phase I cohort of
Checkmate 143 evaluated the safety, tolerability and clinical
effects of nivolumab with or without ipilimumab (which
targets CTLA-4) in recurrent glioblastoma patients. Among
all 40 patients, 10 patients were randomized to receive nivo-
lumab 3mg/kg every 2weeks, 10 patients received nivolu-
mab 1mg/kg + ipilimumab 3mg/kg every 3weeks for 4
doses, and the other 20 patients received nivolumab 3mg/
kg + ipilimumab 1mg/kg every 3weeks for 4 doses. Omuro
et al. demonstrated that the subgroup receiving nivolumab 3
mg/kg tolerated the treatment better than other subgroups
that received the other combinations of nivolumab 1mg/kg
+ ipilimumab 3mg/kg and nivolumab 3mg/kg + ipilimumab
1mg/kg (90% vs 70% vs 80%). Other than fatigue and
diarrhoea, which were the most common treatment-related
adverse events (AEs) (30% vs 80% vs 55%; and 10% vs 70%
vs 30%, respectively), no other side effects were observed.
Nivolumab monotherapy was better tolerated than combin-
ation therapy. Simultaneously, we found that the dose of the
ipilimumab monoclonal antibody was negatively correlated
with patient tolerance, which may be explained by the critical
role of the ipilimumab antibody in the earlier phase of T cell
activation that can cause an extensive impact in the immune
network [25]. The phase III clinical trial Checkmate 143
reported that PD-1 monoclonal antibody (nivolumab) mono-
therapy does not improve overall survival (OS) time com-
pared with bavacizumab therapy in recurrent glioblastoma
patients who were previously treated with chemotherapy and
radiotherapy. The median PFS was 1.5months for nivolumab

vs 3.5months for bavacizumab, the median OS was 9.8
months for nivolumab vs 10.0months for bavacizumab, and
the objective response rate (ORR) was 8% months for nivolu-
mab vs 23% months for bavacizumab [26]. One possible rea-
son for the failure of nivolumab monotherapy may be
lymphopenia caused by radiotherapy. Yovino et al. found that
after RT with 30 conventional fractions of 2Gy, the circulat-
ing lymphocytes received a 2.2Gy mean dose, and 99% of
the circulating lymphocytes received mean doses ≥0.5Gy
[27]. However, nivolumab monotherapy exerts an immune
activation effect through competitive binding with the PD-1
receptor on lymphocytes. Another possible reason may be
the anergic nature of effector T cells to tumour-specific anti-
gens in the TME. Furthermore, Wherry et al. examined the
phenotypes of tumour infiltrating lymphocytes (TILs) in gli-
oma specimens and found phenotypes rich in CD95, PD-1,
PD-L1, CTLA-4, LAG3, and TIM-3, which obviously indi-
cated the immune exhaustion of T cells [28]. In addition,
Reardon et al. [17] also found that TILs express immunoin-
hibitory molecules, including CTLA-4 and PD-1, or coex-
press PD-1 and TIM-3. However, the PD-1+/TIM-3+
phenotype represents an exhausted CD8+ T cell population
in tumours [29]. Considering the low immunogenic charac-
teristics and complicated immunosuppressive networks in
glioblastoma, PD-1 checkpoint blockades are unlikely to
overcome the factors leading to Tcell anergy.
Based on the phase III clinical trial results, Checkmate

143 reported that nivolumab did not exhibit increased sur-
vival benefits over bavacizumab, researchers then explored
the clinical efficacy of nivolumab + RT ± TMZ in newly
diagnosed glioblastoma patients in ongoing phase III clin-
ical trials, including Checkmate 498 (NCT02617589) and
Checkmate 548 (NCT02667587). Checkmate 498 is com-
paring the efficacy of nivolumab + RT versus the standard
treatment of TMZ+ RT in newly diagnosed glioblastoma
patients with unmethylated MGMT. Checkmate 548 is
comparing the efficacy of nivolumab + RT + TMZ versus
RT + TMZ in newly diagnosed glioblastoma patients with
methylated MGMT. The clinical trials on glioblastoma are
summarized in Table 1.

Cellular and molecular characteristics of the
microenvironment in glioblastoma
Glioblastoma is highly heterogeneous with intratumoural
heterogeneity and intertumoural heterogeneity. According
to the 2016 CNS WHO classification, glioblastomas are
divided into glioblastoma, IDH-wild type and glioblas-
toma, IDH-mutant type based on molecular pathology
[30]. Approximately 90% of glioblastomas are IDH-wild
type, which indicates a worse prognosis, and approxi-
mately 10% of glioblastomas are IDH-mutant type, which
indicates a better prognosis [31]. In addition, glioblastoma
has been divided into four major subtypes based on gen-
omic discrepancies: (1) neural, (2) pro-neural (PN), (3)
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classical (CL), and (4) mesenchymal (MES) [32]. These
four subtypes have distinct cellular and molecular charac-
teristics in their respective microenvironments. For
example, NF1 and TP53 deletions and mutations were
found in classical type, PDGFRA amplification and IDH1
point mutation were found in pro-neuronal type and
EGFR overexpression was found in neuronal type [32].
Thus, finding therapeutically targetable genes that are
expressed by all four subtypes is challenging. For example,
Wang et al. analysed immune cell types in human PN, CL,
and MES samples and found that CD4+ memory T cells,
type-2 polarized macrophages (M2), and neutrophils were
commonly increased in the MES subtype but not in the
other subtypes [33]. Furthermore, Berghoff et al. demon-
strated that the MES subtype of glioblastoma has higher
PD-L1 expression [13]. Despite the genomic discrepancies
and distinct cellular and molecular characteristics in the
four subtypes, glioblastoma ubiquitously exhibited an
immunosuppressive microenvironment that involves a
number of tumour-cell-intrinsic and tumour-cell-extrinsic
factors [34]. In contrast to NSCLC and melanoma, which
have higher levels of tumour mutational load (TML) [35,
36], glioblastoma exhibits a lower TML in most instances
and infrequently shows a high TML when it is deficient in
MMR protein and there is an exonuclease proof-reading
domain of the DNA polymerase epsilon gene (POLE)
mutation. Thus, varying sensitivities to PD-1/PD-L1
checkpoint blockades may also be observed in glioblas-
toma. Furthermore, neoantigens represent tumour-spe-
cific mutant antigens encoded by somatic mutations in
the cancer genome. The low neoantigen burden in glio-
blastoma reduced the chances of the immune system
overcoming central tolerance to recognize tumour cells
[37]. In addition, some specific gene mutations in glio-
blastoma induced an immunosuppressive microenviron-
ment through regulating the crosstalk between cytokines
and immune cells [14, 33, 38–46]. The immunosuppres-
sive microenvironment of glioblastoma is composed of a
variety of immunosuppressive cells and cytokines. The ef-
fective immune cells mainly include CD4+ T cells, CD8+
T cells, NK cells, and tumour-inhibiting M1-TAMs, which
are in a state of exhaustion or suppression in the micro-
environment. The immunosuppressive cells mainly in-
clude Tregs, tumourigenic M2-TAMs, myeloid cells, and
MDSCs. Tumour cells express high levels of PD-L1 and
IDO, downregulate MHC and costimulatory molecules,
express/activate STAT3, cause PTEN loss, then reduce the
immunogenicity and induce recruitment of Tregs.
Tumour cells secrete MICA/B, IL-10, TGF-β, and HLA-E
to recruit Tregs and inhibit both T cell and NK cell acti-
vity. Through the secretion of diverse chemokines and
other factors, such as CCL2, CSF1, MCP-3, CXCL12,
CX3CL1, GDNF, ATP, and GM-CSF, the paracrine
network signalling between glioblastoma and the TAMs

attracts myeloid cells and infiltrates Tregs. Furthermore,
tumour cells secrete immunomodulatory cytokines that
polarize TAMs to the immunosuppressive M2 phenotype.
Immunosuppressive cells, including M2-TAMs, myeloid
cells, and MDSCs, secrete a variety of cytokines (IL-6,
IL-10, IL-4Ra, FasL, CCL2, PGE2, EGF, VEGF, and
MMP9) to suppress the function of cytotoxic T lympho-
cytes (CTLs) and promote the progression of tumour
cells. In addition, Tregs downregulate IL-2 production,
inhibit IFN-γ production, and upregulate TH2 cytokine se-
cretion to inhibit T cell function [34, 47–51]. The molecu-
lar characteristics of the TME in glioblastoma patients are
depicted in Fig. 1. Thus, the exploration of combination
therapy based on PD-1/PD-L1 checkpoint blockades is
important to the study of glioblastoma.

Candidate choice for combination therapy
T cells in the TME normally exhibit an exhausted pheno-
type with reduced effector function. Negative regulatory
signals resulting from the activation of multiple inhibitory
checkpoints that block T cells are the primary mechanism
leading to effector T cell dysfunction [52]. Studies have
shown that inhibitory checkpoints could reverse the
exhausted phenotype of effector T cells [53, 54]. Although
PD-1 receptor expression is an important factor for the
degree of T cell exhaustion, many patients with tumours
are still unable to benefit from PD-1/PD-L1 checkpoint
blockades. Exhausted T cells in the TME typically express
multiple checkpoints, and blockade of a single checkpoint
is not sufficient to activate the suppressed immune re-
sponse [55], this is especially true in glioblastoma, which
has a higher degree of immunosuppression in the TME.
Therefore, it is urgent to explore a combination treatment
regimen of checkpoint blockades and other regimens with
a higher response rate. Since PD-1 checkpoint blockades
do not significantly benefit patients with relapsed glio-
blastoma in OS compared with bevacizumab, exploring
candidate targets related to the immune response may
provide new strategies associated with promoting the
clinical efficacy of PD-1/PD-L1 checkpoint blockades.

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
The expression of CTLA-4 increased significantly after T
cell activation, and CTLA-4 reduced the early stages of T
cell expansion by competing to bind to B7 ligands in sys-
temic lymph nodes [56, 57]. Reardon et al. demonstrated
that combinatorial therapy targeting CTLA-4 and PD-1
could cure 75% of mice, including those with
advanced-stage tumours, and induce tumour-specific
memory effects to overcome tumour recurrences. The
cure rates of blockades against PD-1, PD-L1, or CTLA-4
alone were 50, 20, and 15%, respectively. This combin-
ation strategy significantly increased activated CD8+ T
cells and NK cells and decreased suppressive CD4 +
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FoxP3 + Treg cells both in the TME and in draining lymph
nodes [17]. This result suggests that the combined PD-1
and CTLA-4 checkpoint blockades could relieve the in-
hibition of T cell function during the activation phase and
effect phase. However, Checkmate 143 reported that PD-1
checkpoint blockade (nivolumab) in combination with
CTLA-4 checkpoint blockade (ipilimumab) resulted in
40% of relapsed glioblastoma patients having intolerable
treatment-related severe side effects. The toxic side effects
limit the widespread use of nivolumab therapy in combin-
ation with ipilimumab therapy. Thus, a phase I study
(NCT03527251) aimed to evaluate the safety and efficacy
of the CTLA-4 antibody followed by the PD-1 antibody in
patients with recurrent or metastatic non-small cell lung
cancer. The same treatment strategy is also worth explor-
ing in GBM.

TIM-3 (T cell immunoglobulin domain and mucin domain-3)
TIM-3 is an inhibitory receptor and a surface protein
that is selectively expressed on CD4 + T-helper 1 and
CD8+ T cytotoxic cells that causes T cell failure in
tumour progression and chronic virus infection [58–60].
In immunocompetent mouse models, Reardon et al. [17]
found that TILs express immunoinhibitory phenotypes,
including CTLA-4, PD-1 or the coexpression of PD-1
and TIM-3. However, the PD-1+/TIM3+ phenotype rep-
resents an exhausted CD8+ T cell population in tumours
[29]. Exhausted CD8+ T cells exhibit poor effector func-
tion and became anergic to specific tumour antigen stimu-
lation. Simultaneously, the resistance to PD-1 checkpoint
blockades was prevented when an anti-TIM-3 antibody
was added to the treatment. A multicentre phase I study
(NCT02817633) evaluating the anti-TIM-3 antibody

Fig. 1 The immunosuppressive mechanism of glioblastoma microenvironment. The immunosuppressive microenvironment of glioblastoma is
composed of a variety of immunosuppressive cells and cytokines. The effective immune cells mainly include CD4+ T cells, CD8+ T cells, NK cells,
and tumour-inhibiting M1-TAMs, which are in a state of exhaustion or suppression in the microenvironment. The immunosuppressive cells mainly
include Tregs, tumourigenic M2-TAMs, myeloid cells, and MDSCs. Tumour cells express high levels of PD-L1 and IDO, downregulate MHC and
costimulatory molecules, express/activate STAT3, cause PTEN loss, then reduce the immunogenicity and induce recruitment of Tregs. Tumour cells
secrete MICA/B, IL-10, TGF-β, and HLA-E to recruit Tregs and inhibit both T cell and NK cell activity. Through the secretion of diverse chemokines
and other factors, such as CCL2, CSF1, MCP-3, CXCL12, CX3CL1, GDNF, ATP, and GM-CSF, the paracrine network signalling between glioblastoma
and the TAMs attracts myeloid cells and infiltrates Tregs. Furthermore, tumour cells secrete immunomodulatory cytokines that polarize TAMs to
the immunosuppressive M2 phenotype. Immunosuppressive cells, including M2-TAMs, myeloid cells, and MDSCs, secrete a variety of cytokines
(IL-6, IL-10, IL-4Ra, FasL, CCL2, PGE2, EGF, VEGF, and MMP9) to suppress the function of cytotoxic T lymphocytes (CTLs) and promote the progression of
tumour cells. In addition, Tregs downregulate IL-2 production, inhibit IFN-γ production, and upregulate TH2 cytokine secretion to inhibit T cell function.
TAM: tumor-associated macrophage; MDSC: myeloid-derived suppressor cell; CCL2: chemokine ligand 2; CSF1: colony-stimulating factor 1; MCP-3:
monocyte-chemotactic protein-3; GDNF: glial cell-derived neurotrophic factor; GM-CSF: granulocyte-macrophage colony-stumulating factor; KIR: killer
cell Ig-like receptor; GITR: glucocorticoid-induced TNFR-related protein; STAT3: signal transducers and activators of transcription; PGE2: prostaglandin E2;
EGF: epidermal growth factor; VEGF: vascular endothelial growth factor; MMP9: matrix metalloproteinase-9
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TSR-022 combined with an anti-PD-1 antibody is recruit-
ing patients with advanced solid tumours who have
limited available treatment options. Furthermore, a phase
II study (NCT03680508) is studying how well TSR-022
(anti-TIM-3 antibody) and TSR-042 (anti-PD-1 antibody)
work in combination in treating patients with locally
advanced or metastatic liver cancer. Thus, combination
therapy targeting PD-1 and TIM-3 may be a potential
strategy to overcome T cell anergy.

LAG-3 (lymphocyte activation gene-3)
Similar to PD-1, LAG-3 is also an inhibitory receptor
that is expressed on the surface of T cells, B cells, nature
killer (NK) cells, and dendritic cells (DC). LAG-3 down-
regulates T cell activity by binding to the main histocom-
patibility complex class II (MHC class II) [61]. In
addition, LAG-3 also enhances the intrinsic inhibitory
activity of Tregs. LAG-3 is another important tumour
immune checkpoint that may have synergistic effects
with the PD-1/PD-L1 pathway [62]. A phase I study
(NCT03250832) evaluated the anti-LAG-3 antibody
TSR-033 alone and in combination with an anti-PD-1
antibody.

IDO (Indoleamine 2,3 dioxygenase)
IDO is an intracellular enzyme that plays an immunosup-
pressive role, inhibits T cell proliferation and causes T cell
apoptosis and Treg accumulation by reducing tryptophan
levels [63, 64]. Sordillo et al. demonstrated IDO overexpres-
sion in glioblastoma specimens, and IDO upregulation was
significantly associated with a poor prognosis [65]. Further-
more, Wang et al. observed IFN-γ-induced IDO upregula-
tion [66]. IDO was responsible for mediating the adaptive
resistance of tumours to PD-1/PD-L1 or CTLA-4 check-
point blockades [67]. Thus, targeting IDO may be a poten-
tial strategy to augment the clinical efficacy of PD-1/PD-L1
checkpoint blockades. A phase I study (NCT03491631) was
designed to characterize the effect of PD-1 checkpoint
blockades in combination with IDO inhibitors in patients
with advanced solid tumours. Another phase I study
(NCT03343613) evaluated the safety of IDO inhibitors alone
or in combination with PD-L1 checkpoint blockades in
patients with solid tumours.

4-1BB (CD137)
4-1BB, a co-stimulatory receptor expressed on both T
cells and antigen presenting cells, could augment cyto-
toxic CD8 T cells and modulate the activity of CD4 T
cells, B cells, NK cells, monocytes, and antigen presen-
ting cells to potentiate the antitumour immunity of T
cells [68]. Shindo et al. explored the efficacy of a 4-1BB
agonist antibody in combination with PD-1 checkpoint
blockade compared with a single agent in mouse models
with CT26 tumour cells and found that the combination

therapy had the best antitumour response that resulted
in complete tumour rejection [69]. A phase Ib study
(NCT02179918) evaluated the efficacy of the 4-1BB
agonist utomilumab in combination with the PD-1
checkpoint blockade pembrolizumab in patients with ad-
vanced solid tumours. Among all 23 patients, six (26.1%)
patients were responders, and none of the patients who
received combination treatment showed dose-limiting
toxicities [70]. This study demonstrated that this com-
bination strategy may be a potential choice for further
investigation.

OX40
OX40 is a TNF family costimulatory that is expressed on
activated memory CD4+ T cells and CD4 + FoxP3+
regulatory T cells [71–73] and less expressed on acti-
vated CD8+ cells [74]. T cell receptor (TCR) recognition
of tumour-specific antigens could induce the upregula-
tion of OX40 expression, and reactivation of primed ef-
fector T cells could briefly upregulate OX40 expression
again [75, 76]. The stimulation of the OX40/OX40L
pathway enhanced the function of effector T cells to kill
tumours [77]. Two basic studies explored the import-
ance of timing for optimizing the antitumour effect of
PD-1 blockades combined with an agonist anti-OX40
antibody [78, 79]. Shrimali et al. demonstrated that the
concurrent addition of a PD-1 checkpoint blockade to
an anti-OX40 antibody offset the antitumour effect of
only the anti-OX40 antibody because of the reduction in
antigen-specific CD8+ T cell infiltration into the tumour
and apoptosis of CD8+ T cells in both the periphery and
tumour [78]. Messenheimer et al. found that a sequential
combination of an anti-OX40 antibody followed by a
PD-1 checkpoint blockade, instead of concurrent treat-
ment, significantly augmented the therapeutic efficacy,
which depended on both CD4+ and CD8+ T cells [79].
Both studies provided important suggestions for the se-
quence of combination immunotherapy in clinical trials.

Radiotherapy (RT)
Concurrent chemoradiotherapy is the standard treatment
for GBM patients. In recent years, an in-depth study on
the interaction between RT and the tumour immune
microenvironment revealed that RT could induce the im-
munogenic death of tumour cells and reprogram the TME
through recruiting and activating effector T cells [80].
Klug et al. demonstrated that low doses of RT (≤ 2 Gy) re-
programmed TAMs to an M1 phenotype and normalized
the tumour blood vessels [81]. Some experiments found
that RT could attenuate the suppressive phenotype of
Tregs. Cao et al. demonstrated that RT could suppress
Treg cell proliferation, especially at a dose of 0.94 Gy [82].
Several studies have demonstrated that different RT doses
and fractions can be combined with costimulatory or
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coinhibitory T cell receptors to increase the homing cap-
acity and activity of T cells. Zeng et al. tested the efficacy
of the combination treatment of a PD-1 blockade with
stereotactic radiosurgery (SRS) in glioblastoma mouse
models and found that combination therapy was superior
to either of the single treatments in terms of survival
improvement through increasing tumour infiltration by
cytotoxic T cells and decreasing Treg activity [83]. The
antitumour effects of the triple therapy of a TIM-3 block-
ade with SRS and a PD-1 checkpoint blockade were also
explored in glioblastoma mouse models. Kim et al. dem-
onstrated that triple therapy resulted in 100% OS, which
was significantly superior to that of dual therapy [84].
Similarly, the process of glioblastoma-infiltrating T
cells increasing IDO1 expression may be a potential
mechanism that contributed to the PD-1 blockade
failure. Ladomersky et al. tested a novel IDO1 enzyme
inhibitor with a PD-1 checkpoint blockade and RT
and demonstrated that triple therapy cured most glioblast-
oma in mouse models compared with dual therapy [85].
Therefore, RT-based immunotherapy for glioblastoma
patients is worthy of further exploration, especially for pa-
tients with recurrent glioblastoma who have limited clin-
ical response to bevacizumab. Nevertheless, RT-based
immunotherapy still requires numerous translational re-
search studies before benefitting the survival of glioblas-
toma patients.

Other targets
Type-2 polarized macrophages (M2) are an important
pro-tumourigenic phenotype in the TME. Colony-stimu-
lating factor-1 (CSF-1) is responsible for TAM
polarization towards the M2 phenotype. Thus, combi-
ning inhibitors of CSF-1R with PD-1 blockades may be a
potential strategy to overcome the immunosuppressive
context [47]. In addition, dendritic cell (DC) vaccines
combined with PD-1 checkpoint blockades also achieved
OS benefits in glioblastoma mouse models via directly
altering tumour-infiltrating myeloid cell (TIM) expres-
sion of key chemotactic factors associated with promo-
ting increased TIL infiltration after vaccination [86]. In
addition, neoantigens derived from tumour-specific
protein-encoding mutations can induce a strong im-
mune response and are unaffected by central tolerance.
Keskin et al. demonstrated that a strategy that uses
multi-epitope, personalized neoantigen vaccinations is
feasible for glioblastoma due to neoantigen-specific CD4
+ and CD8+ T cell responses and the increase of TILs
[87]. Aurisicchio et al. found that immune checkpoint
inhibitors (ICIs) also act by inducing de novo responses
against tumour neoantigens [88]. Keskin et al. Thus, the
combination of cancer vaccines targeting neoantigens
with ICIs is also a worthwhile treatment regimen. In
addition, studies have shown that Tregs could inhibit T

cell activation and proliferation through downregulating
IL-2 production [48]. Furthermore, Tregs also inhibit
IFN-γ production and promote TH2 cytokine secretion
to further maintain the anergic status of T cells and
propagate the regulatory phenotype of Tregs [49, 89,
90]. The secretion of CCL2 and CCL22 in glioblastoma
tumour cells could facilitate infiltration and recruitment
in the TME [34, 91]. Thus, targeting Tregs may be a po-
tential strategy to enhance the efficacy of PD-1/PD-L1
checkpoint blockades in glioblastoma. Similarly, Wang
et al. synthesized microenvironment-responsive nano-
particles (P) with IL-12 payload (IL-12 ⊂P1) to release
IL-12 and convert the pro-tumourigenic M2 phenotype
to the anti-tumourigenic M1 phenotype in the TME
[92]. Saha et al. further studied the intratumoural deliv-
ery of oncolytic virus expressing IL-12 combined with
CTLA-4 and PD-1 dual checkpoint blockades and found
that triple therapy cured most gliomas in mouse models
[93]. In addition, TGF-β is closely related to malignant
biological behaviour and the immunosuppressive micro-
environment of glioblastoma [94]. A phase Ib study of
an anti-TGF-β antibody in combination with a PD-1
checkpoint blockade in advanced solid tumours includ-
ing GBM is in progress (NCT02423343).

Biomarkers
Several clinical studies have confirmed the predictive ef-
fect of PD-L1 expression on the response rate of ICIs in
patients with NSCLC, melanoma, colorectal cancer,
renal-cell carcinoma, and prostate cancer [95]. Although
PD-L1 is highly expressed on GBM [13, 14], the predict-
ive effect of PD-L1 expression on the efficacy of ICIs in
glioblastoma remains unclear. Furthermore, the prog-
nostic value of PD-L1 expression in glioblastoma on sur-
vival outcomes also demonstrated contradictory results
[13, 14, 96, 97]. It can be inferred that the PD-1/PD-L1
signalling pathway does not play a critical role in the
development and progression of glioblastoma and may
be affected by other factors. Therefore, it is difficult to
obtain satisfactory results by simply blocking the PD-1/
PD-L1 pathway.
The correlation between MMR protein deficiency or

POLE mutations and ideal therapeutic efficacy to PD-1
checkpoint blockades in patients with glioblastoma was first
reported in two case reports [98, 99]. The ideal therapeutic
effect of PD-1 checkpoint blockades benefits from the
patients’ high mutation load. Furthermore, as a
tumour-specific neoantigen, the EGFRvIII mutation occurs
in 31–50% of patients with glioblastoma, and 37–86% of
tumour cells express the mutated protein [100–102].
EGFRvIII promotes tumour cell growth and invasion and
plays a negative prognostic role in glioblastoma patient sur-
vival [103–106]. Considering the high expression rate and
oncogenic characteristics of EGFRvIII, it may be an ideal
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target and biomarker for glioblastoma immunotherapy. In
addition to EGFRvIII, IDH1/2 mutations also play an im-
portant role in glioblastoma. The incidence of IDH1/2 mu-
tations in primary glioblastoma is approximately 5%, but in
recurrent glioblastoma, the incidence is approximately
84.6%. The efficacy of PD-1/PD-L1 checkpoint blockades
depends on the effective infiltration of the activated T lym-
phocytes in tumours. Kohanbash et al. confirmed that the
activation mutation of IDH1/2 inhibited the accumulation
of effector T cells in glioma tumours and that treatment
with IDH1 inhibitors significantly enhanced the infiltration
of effector T cells [107]. Thus, the activation mutation of
IDH1/2 in glioma provides a new angle to promote the
clinical efficacy of PD-1/PD-L1 checkpoint blockades.
In addition to these molecular features, TILs and NK

cells are also considered predictors of PD-1/PD-L1
checkpoint blockade immunotherapy efficacy. Although
TILs usually represent an exhausted status and show
sparse-to-moderate density infiltration in glioblastoma, a
certain amount of TILs in the TME is still the basis for
the efficacy of checkpoint blockade immunotherapy.
Thus, the prognostic and predictive role of TILs requires
further exploration. In addition to TILs, NK cells have
been shown to play an indispensable role in PD-1/
PD-L1 checkpoint blockades. Hsu et al. demonstrated
that NK cells were inhibited by PD-1/PD-L1 interactions
and recovered with PD-1/PD-L1 checkpoint blockades.
This result indicated that NK cells could directly re-
spond to PD-1/PD-L1 checkpoint blockades [108]. In
addition to a single molecular marker, Cheng et al. also
analysed genetic data from 297 glioblastoma samples
from a bioinformatic perspective. They identified 8 genes
(FOXO3, IL6, IL10, ZBTB16, CCL18, AIMP1, FCGR2B,
and MMP9) with significant prognostic value in
glioblastoma. A local immune-related risk signature was
adopted to divide patients into two groups: low-risk

patients with high expression levels of protective genes
(FOXO3, AIMP1, and ZBTB16) and high-risk patients
with high expression levels of risky genes (IL6, IL10,
CCL18, FCGR2B, and MMP9) [109]. Thus, it is worth ex-
ploring which group of patients is more likely to benefit
from PD-1/PD-L1 checkpoint blockades. The available
studies presenting candidate biomarkers are summarized
in Table 2.

Challenges of PD-1/PD-L1 checkpoint blockades in
glioblastoma
PD-1/PD-L1 checkpoint blockades are gradually beco-
ming an effective therapeutic strategy for several types of
tumours. Whereas its therapeutic efficacy in glioblastoma
remains to be elucidated, several preclinical studies have
demonstrated optimal outcomes. The main challenges are
as follows: First, there are discrepancies between different
genomic subtypes or molecular profiles in the response to
PD-1/PD-L1 checkpoint blockades. An analysis of PD-L1
expression in glioblastoma samples has revealed that the
MES subtype of glioblastoma has higher PD-L1 expression
[13]. In addition to PD-L1, the MES subtype displayed an
immunogenic status with gene mutations along with a
high neoantigen burden, which increased the response to
PD-1/PD-L1 checkpoint blockades. Thus, a computational
characterization of the ability of each subtype to respond
to PD-1/PD-L1 checkpoint blockades is urgently needed.
Second, there is a challenge in the selection of PD-1/

PD-L1 checkpoint blockades for primary versus recurrent
glioblastoma. The phase III clinical trial Checkmate 143
reported that PD-1 monoclonal antibody (nivolumab)
monotherapy does not significantly improve overall
survival time compared with bavacizumab in recurrent
glioblastoma patients who were previously treated with
chemotherapy and radiotherapy [26]. A study including
22 patients with recurrent glioblastoma also demonstrated

Table 2 Candidate biomarkers for checkpoint blockade immunotherapy in glioblastoma

Biomarkers N Population Express positivity on tumor
cells

Results Ref

PD-L1 135 Newly diagnosed glioblastoma
(N = 117)

88.0% No association between PD-L1 positivity and OS [5]

Recurrent glioblastoma (N = 18) 72.2%

PD-L1 94 glioblastoma 61.0% PD-L1 positivity associated with poor OS [6]

PD-L1 54 glioblastoma 31.5% PD-L1 positivity associated with worse OS [77]

TILs 135 glioblastoma Sparse-to-moderate
in 72.6%

No association between TILs and OS [5]

MMR
deficiency

2 Recurrent glioblastoma high neoantigen loads
(> 20,000 mutations)

Nivolumab monoclonal antibody has significant clinical
response

[78]

POLE
deficiency

1 glioblastoma high neoantigen loads Pembrolizumab monoclonal antibody has objective
radiographic response and lymphocyte infiltration

[79]

EGFRvIII 196 glioblastoma 31% In subset of OS≥1 year, EGFRvIII positivity associated with
poor OS

[86]
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no clinical response to pembrolizumab, which targets
PD-1 [110]. Then, the efficacy of nivolumab, which targets
PD-1, was explored in newly diagnosed glioblastoma pa-
tients. Lim et al. [111] assessed the safety and tolerability
of nivolumab in combination with RT ± temozolomide
(TMZ) in two cohorts. The cohort with TMZ (1c) enrolled
55 patients, including 12 patients with methylated MGMT
and 43 patients with unmethylated MGMT. The cohort
without TMZ (1d) enrolled 58 patients with unmethylated
MGMT. The discontinuation of treatment in the 1c and
1d groups was mostly due to radiographic progression (1c:
50% in the methylated subgroup, 37% in the unmethylated
subgroup; 1d: 64%), study drug toxicity (8, 9%; 10%), or
patient decision (8, 14%; 0%). The most common (≥30% of
patients) AEs were headaches (42, 47%; 41%) and seizures
(25, 16%; 31%), which demonstrated that nivolumab was
well-tolerated in newly diagnosed glioblastoma patients,
and the rate of AEs were consistent with the neurological
AE frequency in other reports. Additionally, no drug
toxicity-induced deaths were reported. However, the sur-
vival data need to be followed up further. All of these data
support the continued exploration of nivolumab + RT ±
TMZ in newly diagnosed glioblastoma patients in ongoing
clinical trials, including Checkmate 498 (NCT02617589)
and Checkmate 548 (NCT02667587). From Checkmate
143, we found discrepancies in tolerability and drug tox-
icity between newly diagnosed glioblastoma patients and
recurrent glioblastoma patients. Thus, the clinical out-
comes are also worth looking into.
Third, the identification of the optimal combi-

nation and sequence for combination therapy is
challenging work. Although several preclinical stu-
dies have achieved optimal ORR in glioblastoma
mouse models with antibodies targeting PD-1/PD-L1,
CTLA-4, TIM-3 LAG-3, IDO, or OX-40 [20, 34, 74,
77], there is still a long time period before these
strategies are approved for clinical use. In addition,
the optimal combination strategy and the sequence
of combination therapy for primary glioblastoma
versus recurrent glioblastoma also needs to be iden-
tified. Considering that different antibodies, which
targeted PD-1, CTLA-4, LAG3, etc., and different
vaccines triggered different alterations in immune
cells and the secretion of key chemotactic factors in
the TME, the optimal combination strategy should
be able to synergize with PD-1/PD-L1 checkpoint
blockades to induce tumour cell immunogenicity and
stimulate effective antitumour responses. Further-
more, if clinical trials confirm discrepancies in re-
sponse rates for PD-1/PD-L1 checkpoint blockades
between primary and recurrent glioblastoma tu-
mours, a panel describing the landscape of molecular
characteristics of the TME in both types of glioblas-
toma patients is worth investigating.

Conclusion
PD-1/PD-L1 checkpoint blockades have exhibited sig-
nificant efficacy in several types of tumours [112–116].
Nevertheless, current clinical data demonstrated that the
clinical efficacy of PD-1/PD-L1 checkpoint blockades in
glioblastoma is not significant. Many clinical trials are
ongoing to evaluate the safety, tolerability and efficacy of
PD-1/PD-L1 checkpoint blockades combined with anti-
bodies targeting CTLA-4, TIM-3 LAG-3, IDO, or
OX-40, vaccines, and RT. However, many factors need to
be taken into consideration. First, due to the negative regu-
lation of immunosuppressive factors, glioblastoma tumours
are called cold tumours and have a low immunogenic na-
ture. Thus, the combination of nivolumab with bevacizu-
mab did not show better efficacy over bevacizumab alone
in recurrent glioblastoma patients. Second, the optimal
combination strategy and the sequence of combination
therapy for primary glioblastoma versus recurrent glioblast-
oma also needs to be identified. Third, treatment-related
AEs cannot be ignored. From Checkmate 143, we found
that nivolumab in combination with CTLA-4 monoclonal
antibody (ipilimumab) resulted in 40% of recurrent glio-
blastoma patients having intolerable treatment-related se-
vere side effects. However, nivolumab in combination with
RT ±TMZ was well-tolerated in newly diagnosed glioblast-
oma patients. Thus, the checkpoint blockade-related ad-
verse effects, including inflammatory and autoimmune
events, were major obstacles to achieving optimal efficacy.
Overall, the establishment of a panel describing the

landscape of the molecular characteristics of the glioblas-
toma TME for PD-1/PD-L1 checkpoint blockade-based
combination therapies is of the most importance to
maximize the survival benefits and move treatment
towards precision medicine.

Abbreviations
CNS: Central nervous system; CTLA-4: Cytotoxic T lymphocyte-associated
antigen-4; DC: Dendritic cell; IDO: Indoleamine 2,3 dioxygenase; IL-
10: Interleukin-10; LAG-3: Lymphocyte activation gene-3; M2: Type-2
polarized macrophages; MDSC: Myeloid-derived suppressor cell; PD-
1: Programmed death-1; PD-L1: Programmed death-ligand 1;
POLE: Polymerase epsilon; TAM: Tumor-associated macrophage; TGF-
β: Transforming growth factor-β; TILs: Tumor infiltrating lymphocytes;
TIM: Tumor-infiltrating myeloid cell; TIM-3: T cell immunoglobulin domain
and mucin domain-3; TML: Tumor mutational load; TMZ: Temozolomide;
VEGF: Vascular endothelial growth factor

Acknowledgments
Not applicable.

Funding
None.

Availability of data and materials
Not applicable.

Authors’ contributions
All the authors contributed in the preparation of this work. XW was
responsible for collecting the data, analysis and drafting the first copy. GCG,
HG and YY were responsible for searching the literature and editing the

Wang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:87 Page 10 of 13



manuscript. JL and JMY were responsible for the theme, final editing, and
preparation of the manuscript for submission. All authors read and approved
the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Oncology, Renmin Hospital of Wuhan University, Wuhan
430060, Hubei Province, China. 2Department of Radiation Oncology,
Shandong Cancer Hospital Affiliated to Shandong University, Shandong
Academy of Medical Sciences, Jinan 250117, Shandong Province, China.
3Department of Neurosurgery, Tianjin Medical University General Hospital,
Tianjin, China. 4Key Laboratory of Post-Trauma Neuro-Repair and
Regeneration in Central Nervous System, Ministry of Education, Tianjin, China.
5Tianjin Key Laboratory of Injuries, Variations and Regeneration of Nervous
System, Tianjin, China. 6Department of Radiation Oncology, The Fourth
People’s Hospital of Jinan, Jinan, Shandong Province, China. 7Department of
Neurosurgery, Shandong Province Qianfoshan Hospital of Shandong
University, Shandong Province, Jinan 250014, China.

Received: 7 December 2018 Accepted: 6 February 2019

References
1. Darlix A, Zouaoui S, Rigau V, Bessaoud F, Figarella Branger D, Mathieu-

Daudé H, et al. Epidemiology for primary brain tumors: a nationwide
population-based study. J Neurooncol. 2017;131:525–46.

2. Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, et al. CBTRUS
statistical report: primary brain and central nervous system tumors diagnosed
in the United States in 2008–2012. Neuro Oncol. 2015;17:iv1–iv62.

3. Koshy M, Villano JL, Dolecek TA, Howard A, Mahmood U, Chmura SJ, et al.
Improved survival time trends for glioblastoma using the SEER 17
population-based registries. J Neuro-Oncol. 2012;107(1):207–12.

4. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJB, Janzer RC,
et al. Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised
phase III study: 5-year analysis of the EORTC- NCIC trial. Lancet Oncol. 2009;
10:459–66.

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, et
al. Radiotherapy plus concomitant and adjuvant Temozolomide for
glioblastoma. Clin Med Insights Oncol. 2005;9(3):196–7.

6. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al.
Structural and functional features of central nervous system lymphatic
vessels. Nature. 2015;523:337–41.

7. Fecci PE, Heimberger AB, Sampson JH. Immunotherapy for primary brain
tumors: no longer a matter of privilege. Clin Cancer Res. 2014;20:5620–9.

8. Ledford H, Else H, Warren M. Cancer immunologists scoop medicine Nobel
prize. Nature. 2018;562(7725):20–1.

9. Rotte A, D’Orazi G, Bhandaru M. Nobel committee honors tumor
immunologists. J Exp Clin Cancer Res. 2018;37(1):262.

10. Shen CR, Chen YS. Immune checkpoint blockade therapy: the 2014 tang
prize in biopharmaceutical science. Biom J. 2015;38(1):5.

11. Xu F, Jin T, Zhu Y, Dai C. Immune checkpoint therapy in liver cancer. J Exp
Clin Cancer Res. 2018;37(1):110.

12. Faghfuri E, Faramarzi MA, Nikfar S, Abdollahi M. Nivolumab and
pembrolizumab as immune-modulating monoclonal antibodies targeting
the PD-1 receptor to treat melanoma. Expert Rev Anticancer Ther. 2015;
15(9):981–93.

13. Berghoff AS, Kiesel B, Widhalm G, Rajky O, Ricken G, Wohrer A, et al.
Programmed death ligand 1 expression and tumor-infiltrating lymphocytes
in glioblastoma. Neuro-Oncology. 2015;17:1064–75.

14. Nduom EK, Wei J, Yaghi NK, Huang N, Kong LY, Gabrusiewicz K, et al. PD-L1
expression and prognostic impact in glioblastoma. Neuro-Oncology. 2016;
18(2):195–205.

15. Liu J, Zhang S, Hu Y, Yang Z, Li J, Liu X, et al. Targeting PD-1 and TIM-3
pathways to reverse CD8 T-cell exhaustion and enhance ex vivo T-cell
responses to autologous dendritic/tumor vaccines. J Immunother. 2016;
39(4):171–80.

16. Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO,
CTLA-4, and PD-L1 in mice with brain tumors. Clin Cancer Res. 2014;20:
5290–301.

17. Reardon DA, Gokhale PC, Klein SR, Ligon KL, Rodig SJ, Ramkissoon SH, et al.
Glioblastoma eradication following immune checkpoint blockade in an
Orthotopic, Immunocompetent Model. Cancer Immunol Res. 2016;4:124–35.

18. Dai S, Jia R, Zhang X, Fang Q, Huang L. The PD-1/PD-ls pathway and
autoimmune diseases. Cell Immunol. 2014;290(1):72–9.

19. Victor TS, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati E, et al. Radiation
and Dual Checkpoint Blockade Activates Non-Redundant Immune
Mechanisms in Cancer[J]. Nature. 2015;520(7547):373–7.

20. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed
cell death 1 and its ligands in regulating autoimmunity and infection. Nat
Immunol. 2007;8:239–45.

21. Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al.
Nivolumab versus chemotherapy in patients with advanced melanoma who
progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised,
controlled, open-label, phase 3 trial. Lancet Oncol. 2015;16:375–84.

22. Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH, et al. Association of PD-1,
PD-1 ligands, and other features of the tumor immune microenvironment
with response to anti-PD-1 therapy. Clin Cancer Res. 2014;20:5064–74.

23. Nghiem PT, Bhatia S, Lipson EJ, Kudchadkar RR, Miller NJ, Annamalai L, et al.
PD-1 blockade with pembrolizumab in advanced merkel-cell carcinoma. N
Engl J Med. 2016;374(26):2542–52.

24. Gettinger S, Herbst RS. B7-h1/pd-1 blockade therapy in non-small cell lung
cancer: current status and future direction. Cancer J. 2014;20(4):281–9.

25. Omuro A, Vlahovic G, Lim M, Sahebjam S, Baehring J, Cloughesy T, et al.
Nivolumab with or without ipilimumab in patients with recurrent
glioblastoma: results from exploratory phase 1 cohorts of checkmate 143.
Neuro-Oncology. 2018;20(5):674–86.

26. Filley AC, Henriquez M, Dey M. Recurrent glioma clinical trial, checkmate-
143: the game is not over yet. Oncotarget. 2017;8(53):91779–94.

27. Yovino S, Kleinberg L, Grossman SA, Narayanan M, Ford E. The etiology of
treatment-related lymphopenia in patients with malignant gliomas:
modeling radiation dose to circulating lymphocytes explains clinical
observations and suggests methods of modifying the impact of radiation
on immune cells. Cancer Investig. 2013;31:140–4.

28. Wherry EJ, Kurachi M. Molecular and cellular insights into t cell exhaustion.
Nat Rev Immunol. 2015;15(8):486–99.

29. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC.
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore
anti-tumor immunity. J Exp Med. 2010;207:2187–94.

30. Louis DN, Perry A, Reifenberger G, Deimling AV, Figarella-Branger D,
Cavenee WK, et al. The 2016 world health organization classification of
tumors of the central nervous system: a summary. Acta Neuropathol. 2016;
131(6):803–20.

31. Ghosh D, Nandi S, Bhattacharjee S. Combination therapy to checkmate
glioblastoma: clinical challenges and advances. Clin Trans Med. 2018;7(1):33.

32. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al.
Integrated genomic analysis identifies clinically relevant subtypes of
glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and
NF1. Cancer Cell. 2010;17:98–110.

33. Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, et al. Tumor evolution
of glioma-intrinsic gene expression subtypes associates with immunological
changes in the microenvironment. Cancer Cell. 2017;32(1):42–56.

34. Buerki RA, Chheda ZS, Okada H. Immunotherapy of primary brain tumors:
facts and hopes. Clin Cancer Res. 2018;24(21):5198–205.

35. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Science. 2015;348:124–8.

Wang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:87 Page 11 of 13



36. Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, et al. Targeted
next generation sequencing identifies markers of response to PD-1
blockade. Cancer Immunol Res. 2016;4(11):959–967.

37. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy.
Science. 2015;348(6230):69–74.

38. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV,
et al. Signatures of mutational processes in human cancer. Nature. 2013;
500(7463):415–21.

39. Kuratsu J, Yoshizato K, Yoshimura T, Leonard EJ, Takeshima H, Ushio Y.
Quantitative study of monocyte chemoattractant protein-1 (MCP-1) in
cerebrospinal fluid and cyst fluid from patients with malignant glioma. J
Natl Cancer Inst. 1993;85(22):1836–9.

40. Wei J, Barr J, Kong LY, Wang Y, Wu A, Sharma AK, et al. Glioblastoma cancer-initiating
cells inhibit T-cell proliferation and effector responses by the signal transducers and
activators of transcription 3 pathway. Mol Cancer Ther. 2010;9(1):67–78.

41. Ahn BJ, Pollack IF, Okada H. Immune-checkpoint blockade and active
immunotherapy for glioma. Cancers. 2013;5(4):1379–412.

42. Kohanbash G, Carrera DA, Shrivastav S, Ahn BJ, Jahan N, Mazor T, et al.
Isocitrate dehydrogenase mutations suppress STAT1 and CD8+ T cell
accumulation in gliomas. J Clin Invest. 2017;127(4):1425–37.

43. Layer JP, Kronmüller MT, Quast T, van den Boorn-Konijnenberg D, Effern M,
Hinze D, et al. Amplification of N-Myc is associated with a T-cell-poor
microenvironment in metastatic neuroblastoma restraining interferon pathway
activity and chemokine expression. Oncoimmunology. 2017;6(6):e1320626.

44. Perng P, Lim M. Immunosuppressive mechanisms of malignant gliomas:
parallels at non-CNS sites. Front Oncol. 2015;5:153.

45. Zhang J, Sarkar S, Cua R, Zhou Y, Hader W, Yong VW. A dialog between
glioma and microglia that promotes tumor invasiveness through the CCL2/
CCR2/interleukin-6 axis. Carcinogenesis. 2012;33(2):312–9.

46. Yang I, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central
nervous system immunity and glioma immunology. J Clin Neurosci. 2010;
17(1):6–10.

47. Simonelli M, Persico P, Perrino M, Zucali PA, Navarria P, Pessina F, et al.
Checkpoint inhibitors as treatment for malignant gliomas: “a long way to
the top”. Cancer Treat Rev. 2018;69:121–31.

48. Thornton AM, Shevach EM. CD4+CD25+ immunoreg- ulatory T cells
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2
production. J Exp Med. 1998;188:287–96.

49. Dieckmann D, Bruett CH, Ploettner H, Lutz MB, Schuler G. Human CD4(+
)CD25(+) regulatory, contact- dependent T cells induce interleukin 10-
producing, contact-independent type 1-like regulatory T cells. J Exp Med.
2002;196:247–53.

50. Nduom EK, Weller M, Heimberger AB. Immunosuppressive mechanisms in
glioblastoma. Neuro-Oncology. 2015;17:vii9–vii14.

51. Camara NO, Sebille F, Lechler RI. Human CD4+CD25+ regulatory cells have
marked and sustained effects on CD8+ T cell activation. Eur J Immunol.
2003;33:3473–83.

52. Rotte A, Jin JY, Lemaire V. Mechanistic overview of immune checkpoints to
support the rational design of their combinations in cancer
immunotherapy. Ann Oncol. 2017;29(1):71–83.

53. Huang AC, Postow MA, Orlowski RJ, Mick R, Bengsch B, Manne S, et al. T-cell
invigoration to tumour burden ratio associated with anti-PD-1 response.
Nature. 2017;545:60–5.

54. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, et al. Rescue
of exhausted CD8 T cells by PD-1-targeted therapies is CD28-dependent.
Science. 2017;355:1423–7.

55. Webb JR, Milne K, Nelson BH. PD-1 and CD103 are widely Coexpressed on
Prognostically favorable intraepithelial CD8 T cells in human ovarian Cancer.
Cancer Immunol Res. 2015;3:926–35.

56. Akbari O, Stock P, Singh AK, Lombardi V, Lee WL, Freeman GJ, et al. PD-L1
and PD-L2 modulate airway inflammation and iNKT-cell-dependent airway
hyperreactivity in opposing directions. Mucosal Immunol. 2010;3:81–91.

57. Maes W, Van Gool SW. Experimental immunotherapy for malignant glioma:
lessons from two decades of research in the GL261 model. Cancer Immunol
Immunother. 2011;60:153–60.

58. Han S, Feng S, Xu L, Shi W, Wang X, Wang H, et al. Tim-3 on peripheral CD4
+ and CD8+ T cells is involved in the development of glioma. DNA Cell
Biol. 2014;33(4):245–50.

59. Liu Z, Han H, He X, Li S, Wu C, Yu C, et al. Expression of the galectin-9-Tim-3
pathway in glioma tissues is associated with the clinical manifestations of
glioma. Oncol Lett. 2016;11(3):1829–34.

60. Li G, Wang Z, Zhang C, Liu X, Cai J, Wang Z, et al. Molecular and clinical
characterization of TIM- 3 in glioma through 1,024 samples.
Oncoimmunology. 2017;6(8):e1328339.

61. Granier C, De Guillebon ED, Blanc C, Roussel H, Badoual C, Colin E, et al.
Mechanisms of action and rationale for the use of checkpoint inhibitors in
cancer. ESMO Open. 2017;2(2):e000213.

62. He Y, Rivard CJ, Rozeboom L, Yu H, Ellison K, Kowalewski A, et al.
Lymphocyte-activation gene-3, an important immune checkpoint in cancer.
Cancer Sci. 2016;107(9):1193–7.

63. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, et al. GCN2
kinase in T cells mediates prolifera- tive arrest and anergy induction in
response to indoleamine 2,3-dioxygenase. Immunity. 2005;22:633–42.

64. Prendergast GC, Malachowski WP, DuHadaway JB, Muller AJ. Discovery of
IDO1 inhibitors: from bench to bedside. Cancer Res. 2017;77:6795–811.

65. Sordillo P, Sordillo L, Helson L. The kynurenine pathway: a primary
resistance mechanism in patients with glioblastoma. Anticancer Res. 2017;
37(5):2159–71.

66. Wang Y, Liu H, McKenzie G, Witting PK, Stasch JP, Hahn M, et al. Kynurenine
is an endothelium-derived relaxing factor produced during inflammation.
Nat Med. 2010;16:279–85.

67. Holmgaard RB, Zamarin D, Munn DH, Wolchok JD, Allison JP. Indoleamine
2,3- dioxygenase is a critical resistance mechanism in antitumor T cell
immunotherapy targeting CTLA-4. J Exp Med. 2013;210:1389–402.

68. Shindo Y, Yoshimura K, Kuramasu A, Watanabe Y, Ito H, Kondo T, et al.
Combination immunotherapy with 4-1BB activation and PD-1 blockade
enhances antitumor efficacy in a mouse model of subcutaneous tumor.
Anticancer Res. 2015;35(1):129–36.

69. Bartkowiak T, Curran MA. 4-1BB agonists: multi-potent Potentiators of tumor
immunity. Front Oncol. 2015;5:117.

70. Tolcher AW, Sznol M, Hu-Lieskovan S, Papadopoulos KP, Patnaik A, Rasco
DW, et al. Phase Ib study of Utomilumab (PF-05082566), a 4-1BB/CD137
agonist, in combination with Pembrolizumab (MK-3475) in patients with
advanced solid tumors. Clin Cancer Res. 2017;23(18):5349–57.

71. Croft M, So T, Duan W, Soroosh P. The significance of OX40 and OX40L to
T-cell biology and immune disease. Immunol Rev. 2009;229(1):173–91.

72. So T, Lee SW, Croft M. Immune regulation and control of regulatory T cells
by OX40 and 4-1BB. Cytokine Growth Factor Rev. 2008;19(3–4):253–62.

73. Calderhead DM, Buhlmann JE, van den Eertwegh AJ, Claassen E, Noelle RJ,
Fell HP. Cloning of mouse Ox40: a T cell activation marker that may
mediate T-B cell interactions. J Immunol. 1993;151(10):5261–71.

74. Munks MW, Mourich DV, Mittler RS, Weinberg AD, Hill AB. 4-1BB and OX40
stimulation enhance CD8 and CD4 T- cell responses to a DNA prime,
poxvirus boost vaccine. Immunology. 2004;112(4):559–66.

75. Paterson DJ, Jefferies WA, Green JR, Brandon MR, Corthesy P, Puklavec M, et
al. Antigens of activated rat T lymphocytes including a molecule of
50,000 Mr detected only on CD4 positive T blasts. Mol Immunol. 1987;
24:1281–90.

76. Gramaglia I, Weinberg AD, Lemon M, Croft M. Ox-40 ligand: a potent
costimulatory molecule for sustaining primary CD4 T cell responses. J
Immunol. 1998;161:6510–7.

77. Huddleston CA, Weinberg AD, Parker DC. OX40 (CD134) engagement drives
differentiation of CD4þ T cells to effector cells. Eur J Immunol. 2006;36:
1093–103.

78. Messenheimer DJ, Jensen SM, Afentoulis ME, Wegmann KW, Feng Z,
Friedman DJ, et al. Timing of PD-1 blockade is critical to effective
combination immunotherapy with anti-OX40. Clin Cancer Res. 2017;
23(20):6165–77.

79. Shrimali RK, Ahmad S, Verma V, Zeng P, Ananth S, Gaur P, et al. Concurrent
PD-1 blockade negates the effects of OX40 agonist antibody in
combination immunotherapy through inducing T-cell apoptosis. Cancer
Immunol Res. 2017;5(9):755–66.

80. Herrera FG, Bourhis J, Coukos G. Radiotherapy combination opportunities
leveraging immunity for the next oncology practice. CA Cancer J Clin. 2016;
67(1):65.

81. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low- dose
irradiation programs macrophage differentiation to an iNOS(1)/M1
phenotype that orchestrates effective T cell immunotherapy. Cancer Cell.
2013;24:589–602.

82. Cao M, Cabrera R, Xu Y, Liu C, Nelson D. Different radiosensitivity of
CD4(1)CD25(1) regulatory T cells and effector T cells to low dose gamma
irradiation in vitro. Int J Radiat Biol. 2011;87:71–80.

Wang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:87 Page 12 of 13



83. Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J, et al. Anti-PD-1
blockade and stereotactic radiation produce long-term survival in mice with
intracranial gliomas. Int J Radiat Oncol Biol Phys. 2013;86(2):343–9.

84. Kim JE, Patel MA, Mangraviti A, Kim ES, Theodros D, Velarde E, et al.
Combination therapy with anti-PD-1, anti-TIM-3, and focal radiation results
in regression of murine gliomas. Clin Cancer Res. 2015;23(1):124–36.

85. Ladomersky E, Zhai L, Lenzen A, Lauing KL, Qian J, Scholtens DM, et al.
IDO1 inhibition synergizes with radiation and PD-1 blockade to durably
increase survival against advanced glioblastoma. Clin Cancer Res. 2018;
24(11):2559–73.

86. Antonios JP, Soto H, Everson RG, Moughon D, Orpilla JR, Shin NP, et al.
Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive
immune resistance via a PD-1/PD-L1 mechanism in glioblastoma. Neuro-
Oncology. 2017;19(6):796–807.

87. Keskin DB, Anandappa AJ, Sun J, Tirosh I, Mathewson ND, Li S, et al.
Neoantigen vaccine generates intratumoral T cell responses in phase Ib
glioblastoma trial. Nature. 2019;565(7738):234–9.

88. Aurisicchio L, Pallocca M, Ciliberto G, Palombo F. The perfect personalized
cancer therapy: cancer vaccines against neoantigens. J Exp Clin Cancer Res.
2018;37(1):86.

89. Piccirillo CA, Shevach EM. Cutting edge: control of CD8+ T cell activation by
CD4+CD25+ immunoregulatory cells. J Immunol. 2001;167:1137–40.

90. Zheng SG, Wang JH, Gray JD, Soucier H, Horwitz DA. Natural and induced
CD4+CD25+ cells educate CD4+CD25- cells to develop suppressive activity:
the role of IL-2, TGF-h, and IL-10. J Immunol. 2004;172:5213–21.

91. Crane CA, Ahn BJ, Han SJ, Parsa AT. Soluble factors secreted by
glioblastoma cell lines facilitate recruitment, survival, and expansion of
regulatory T cells: implications for immunotherapy. Neuro-Oncology. 2012;
14(5):584–95.

92. Wang Y, Lin YX, Qiao SL, An HW, Ma Y, Qiao ZY, et al. Polymeric
nanoparticles enable reversing macrophage in tumor microenvironment for
immunotherapy. Biomaterials. 2017;112:153–63.

93. Saha D, Martuza RL, Rabkin SD. Macrophage polarization contributes to
glioblastoma eradication by combination Immunovirotherapy and immune
checkpoint blockade. Cancer Cell. 2017;32(2):253–67.

94. Han J, Alvarez-Breckenridge CA, Wang QE, Wu Y. TGF-β signaling and its
targeting for glioma treatment. Am J Cancer Res. 2015;5:945–55.

95. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et
al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N
Engl J Med. 2012;366(26):2443–54.

96. Zeng J, Zhang XK, Chen HD, Zhong ZH, Wu QL, Lin SX. Expression of
programmed cell death-ligand 1 and its correlation with clinical outcomes
in gliomas. Oncotarget. 2016;7(8):8944–55.

97. Han J, Hong Y, Lee YS. PD-L1 expression and combined status of PD-L1/PD-
1-positive tumor infiltrating mononuclear cell density predict prognosis in
glioblastoma patients. J Pathol Transl Med. 2017;51(1):40–8.

98. Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson M, et al.
Immune checkpoint inhibition for Hypermutant glioblastoma Multiforme
resulting from germline Biallelic mismatch repair deficiency. J Clin Oncol.
2016;34(19):2206–11.

99. Johanns TM, Miller CA, Dorward IG, Tsien C, Chang E, Perry A, et al.
Immunogenomics of hypermutated glioblastoma: a patient with germline
POLE deficiency treated with checkpoint blockade immunotherapy. Cancer
Discov. 2016;6(11):1230–6.

100. Ekstrand AJ, James CD, Cavenee WK, Seliger B, Pettersson RF, Collins VP.
Genes for epidermal growth factor receptor, transforming growth factor
alpha, and epidermal growth factor and their expression in human gliomas
in vivo. Cancer Res. 1991;51:2164–72.

101. Frederick L, Wang XY, Eley G, James CD. Diversity and frequency of
epidermal growth factor receptor mutations in human glioblastomas.
Cancer Res. 2000;60:1383–7.

102. Wikstrand CJ, McLendon RE, Friedman AH, Bigner DD. Cell surface
localization and density of the tumor-associated variant of the epidermal
growth factor receptor, EGFRvIII. Cancer Res. 1997;57:4130–40.

103. Nishikawa R, Ji XD, Harmon RC, Lazar CS, Gill GN, Cavenee WK, et al. A mutant
epidermal growth factor receptor common in human glioma confers
enhanced tumorigenicity. Proc Natl Acad Sci U S A. 1994;91:7727–31.

104. Boockvar JA, Kapitonov D, Kapoor G, Schouten J, Counelis GJ, Bogler O, et
al. Constitutive EGFR signaling confers a motile phenotype to neural stem
cells. Mol Cell Neurosci. 2003;24:1116–30.

105. Pedersen MW, Tkach V, Pedersen N, Berezin V, Poulsen HS. Expression of a
naturally occurring constitutively active variant of the epidermal growth
factor receptor in mouse fibroblasts increases motility. Int J Cancer. 2004;
108:643–53.

106. Heimberger AB, Hlatky R, Suki D, Yang D, Weinberg J, Gilbert M, et al.
Prognostic effect of epidermal growth factor receptor and EGFRvIII in
glioblastoma multiforme patients. Clin Cancer Res. 2005;11:1462–6.

107. Kohanbash G, Carrera DA, Shrivastav S, Ahn BJ, Jahan N, Mazor T, et al.
Isocitrate dehydrogenase mutations suppress STAT1and CD8+ T cell
accumulation in gliomas. J Clin Invest. 2017;127(4):1425–37.

108. Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Borugeois-Daigneault MC, Trevino
TN, et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-
L1 blockade. J Clin Invest. 2018;128(10):4654–68.

109. Cheng W, Ren X, Zhang C, Cai J, Liu Y, Han S, et al. Bioinformatic profiling
identifies an immune-related risk signature for glioblastoma. Neurology.
2016;86(24):2226–34.

110. Blumenthal DT, Yalon M, Vainer GW, Lossos A, Yust S, Tzach L, et al.
Pembrolizumab: first experience with recurrent primary central nervous
system (CNS) tumors. J Neuro-Oncol. 2016;129(3):453–60.

111. Lim M, Omuro A, Vlahovic G, Reardon DA, Sahebjam S, Cloughesy T, et al.
Nivolumab (nivo) in combination with radiotherapy (RT) ± temozolomide
(TMZ): updated safety results from CheckMate 143 in pts with methylated
or unmethylated newly diagnosed glioblastoma (GBM). Ann Oncol. 2017;
28(suppl 5):v109–21.

112. Yaghoubi N, Soltani A, Ghazvini K, Hassanian SM, Hashemy SI. PD-1/ PD-L1
blockade as a novel treatment for colorectal cancer. Biomed Pharmacother.
2019;110:312–8.

113. Callahan MK, Kluger H, Postow MA, Segal NH, Lesokhin A, Atkins MB, et al.
Nivolumab plus ipilimumab in patients with advanced melanoma: updated
survival, response, and safety data in a phase I dose-escalation study. J Clin
Oncol. 2018;36(4):391–8.

114. Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, et al.
PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s
lymphoma. N Engl J Med. 2015;372(4):311–9.

115. Motzer RJ, Rini BI, McDermott DF, Redman BG, Kuzel TM, Harrison MR, et al.
Nivolumab for metastatic renal cell carcinoma: results of a randomized
phase II trial. J Clin Oncol. 2015;33(13):1430–7.

116. Rizvi NA, Mazieres J, Planchard D, Stinchcombe TE, Dy GK, Antonia SJ, et al.
Activity and safety of nivolumab, an anti-PD-1 immune checkpoint inhibitor,
for patients with advanced, refractory squamous non-small-cell lung cancer
(CheckMate 063): a phase 2, single-arm trial. Lancet Oncol. 2015;16(3):257–65.

Wang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:87 Page 13 of 13


	Abstract
	Introduction
	PD-L1 expression and clinical efficacy of PD-1/PD-L1 checkpoint blockades in glioblastoma
	Cellular and molecular characteristics of the microenvironment in glioblastoma
	Candidate choice for combination therapy
	Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)
	TIM-3 (T cell immunoglobulin domain and mucin domain-3)
	LAG-3 (lymphocyte activation gene-3)
	IDO (Indoleamine 2,3 dioxygenase)
	4-1BB (CD137)
	OX40
	Radiotherapy (RT)
	Other targets

	Biomarkers
	Challenges of PD-1/PD-L1 checkpoint blockades in glioblastoma

	Conclusion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

