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Glioblastoma (GBM) is the most common malignant tumour in the brain, and current treatments are not curative
and cannot control recurrence. This limitation indirectly places immunotherapy at the focus of translational
GBM research. Many studies on the PD-1/PD-L1 axis in GBM are ongoing, and the immunosuppressive me-
chanism of PD-1/PD-L1 in GBM is different from that in other solid tumours. This review focuses on the effect of
the PD-1/PD-L1 axis on infiltrating immune cells in the suppressive GBM immune microenvironment and
summarizes the recent progress in PD-1/PD-L1 axis-related therapies reported in preclinical and clinical GBM

studies, providing a reference for the systematic study of PD-1/PD-L1 axis-related anti-GBM immunity.

1. Introduction

Glioblastoma (GBM) is the most common and uniformly fatal ma-
lignancy of the central nervous system (CNS) in adults, with a median
age at diagnosis of 64.0 years and a median overall survival (OS) time
of approximately 14 —17 months. The standard of care (SOC) for the
treatment of GBM according to the Chinese Glioma Cooperative Group
(CGCG) clinical treatment guidelines includes maximal safe surgical
resection and the Stupp chemoradiotherapy regimen (Jiang et al.,
2016). Unfortunately, all surviving patients ultimately experience re-
lapse (Weller et al., 2014). Although newer approaches, including na-
nomedicine and therapies that exploit tumour-specific signalling, have
emerged, none of the current approaches can effectively prolong sur-
vival after relapse (Ozdemir-Kaynak et al., 2018). Due to the in-
tracranial localization, molecular heterogeneity, high recurrence rates,
and overall resistance to therapy of GBM tumours, it is difficult to de-
velop an effective GBM treatment. Increasing evidence supports the
existence of a dynamic interaction between the CNS and the systemic
immune system, so the traditional principle of the CNS being an im-
mune-privileged site has been abandoned. PD-1 and its ligand PD-L1
have important impacts on antitumour immunity by regulating the
formation, survival and function of immune cells in many solid tu-
mours, which we call the immune PD-1/PD-L1 axis. To date, increasing
numbers of explorations of the PD-1/PD-L1 axis have been conducted in
GBM (Litak et al., 2019; Wang et al., 2019a). These results suggest that
the PD-1/PD-L1 axis tightly links GBM cells with tumour-infiltrating

immune cells, which can be treated as a potentially valid mechanism by
which immunogenic tumours escape host immune system attack, and
blocking the interaction between PD-1 and PD-L1 may lead to an ef-
fective immunotherapeutic strategy for GBM. In GBM, tumour-in-
filtrating immune cells are not equivalent to tumour-infiltrating lym-
phocytes (TILs; T cells, B cells and NK cells), as this population contains
tumour-infiltrating macrophages and myeloid-derived suppressor cells
(MDSCs) (Gabrilovich, 2017; Gordon et al., 2017).

At present, in some related PD-1/PD-L1 reviews, the relevant cited
mechanisms are often pan-neoplastic in nature, but GBM is different
from other solid tumours in terms of location and immune character-
istics. As a supplement to the current research system, this paper re-
views the multi-dimensional nature of the PD-1/PD-L1 axis regarding
immune cell infiltration into the GBM tumour microenvironment
(TME), as well as the recent progress in preclinical and clinical re-
search.

2. PD-1/PD-L1 expression in GBM patients

In the setting of GBM, PD-1 is expressed on T cells, B cells, tumour-
associated macrophages (TAMs), MDSCs, and NK cells (Agata et al.,
1996; Nam et al., 2019; Pesce et al., 2017; Vibhakar et al., 1997; Wang
et al., 2019b), suggesting that PD-1 expression is a universal phenom-
enon involved in the innate and adaptive arms of the immune systems
that takes part in forming the suppressive tumour environment. PD-L1
is located on the surface of glioma cells and is simultaneously expressed
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in TAMs, B cells and MDSCs (Kohanbash and Okada, 2012; Lee-Chang
et al.,, 2019; Pardoll, 2012). Thus, constitutive PD-L1 expression on
GBM tumour cells can induce widespread immunosuppression and alter
the TME. The proneural and glioma-CpG island methylator phenotype
(G-CIMP) subtypes of GBM always present with low PD-L1 expression,
while the mesenchymal subtype is more prone to high PD-L1 expres-
sion. Currently, detection of the expression level of PD-L1 by im-
munohistochemistry is still the most commonly used method to de-
termine which patients are most likely to benefit from anti-PD-1/PD-L1
therapy. For the proportion of cells with positive PD-L1 expression in
GBM, the results from different research centres vary widely, ranging
from 7.8%-88% (Berghoff et al., 2015; Peng et al., 2019). Part of the
reason for the large differences in expression is because different studies
use different definitions of the cut-off value for positive PD-L1 expres-
sion; another reason is related to sample differences in the selected
patients, such as the proportions of patients with different pathological
molecular subtypes in the study arm. Given the reasons mentioned
above, a consensus has not yet been reached on the prognostic value of
PD-L1 expression in GBM, and the results of different health centres are
inconsistent (Berghoff et al., 2015; Han et al., 2017; Nduom et al.,
2016). The key molecules and signalling pathways related to the ex-
pression level of PD-L1 in GBM tumour cells are summarized in Table 1.

3. PD-1/PD-L1 axis-related tumour-infiltrating immune cell events
in GBM

The PD-1/PD-L1 axis has important effects on GBM tumour-in-
filtrating immune cells. Recently, many new concepts in this field have
emerged (Fig. 1).

3.1. GBM-infiltrating T cells

Currently, the most recognized immunosuppressive effect of the PD-
1/PD-L1 axis on GBM is the induction of functional exhaustion, apop-
tosis and anergy in tumour-infiltrating CD8 + T cells (cytotoxic T
lymphocytes (CTLs)). This mechanism of action has been demonstrated
in a number of different in vivo and in vitro assays. During GBM tu-
mourigenesis, CTLs can be recruited to the intracranial location of tu-
mourigenesis in an invasive manner; however, the invasive T cells that
have tumour-killing functions often develop a functional exhaustion or
anergy phenotype in the TME. This phenotypic defect should be closely
related to TCR-mediated signalling changes in the infiltrating T cells
from the perspective of tumour-specific antigen recognition (Morford
et al., 1997). The PD-1/PD-L1 signalling axis can be used as a driving
trigger of the cascade reaction generated after TCR signalling is acti-
vated in CTLs. Once the TCR binds to the cognate tumour-specific an-
tigen, if there is binding of PD-1 on the corresponding T cells with PD-
L1 expressed on the surface of the tumour cells, then the intracellular
tyrosine of PD-1 is phosphorylated and activated. PD-1 then recruits
SHP-1 and SHP-2 to the C-terminal immunoreceptor tyrosine-based
switch motif (ITSM), which dephosphorylates the TCR-activated sig-
nalling molecules ZAP70 and CD-3(, resulting in downstream PI3K/

Table 1
The potential mechanisms related to PD-L1 expression in GBM.
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AKT suppression. Inactivation of PI3K/AKT further downregulates the
expression of Bcl-2 family genes and promotes CTL apoptosis while
inhibiting CTL secretion of cytokines such as IFN-y, TNF-a and IL-2
(Hofmeyer et al., 2011). The transforming growth factor beta (TGF-f)-
Smad3/Satb1l (Stephen et al., 2017), TCR-GSK3 (Taylor et al., 2016)
and TCR-Kyn-AhR (Liu et al., 2018) signalling pathways participate in
regulating PD-1 expression in CTLs. In the GBM TME, in addition to
CTLs, CD4 + T cells and regulatory T cells (Tregs) are also present
among the infiltrating T cells. For CD4 + T cells, the PD-1/PD-L1 axis
not only plays a role similar to its role in CTLs, which results in the loss
of normal functions and dysregulation of cytokine secretion (Goods
et al., 2017), but also can induce the transformation of CD4 + T cells
into CD4+ CD25+ Foxp3+ Tregs (Francisco et al., 2009), which
mediate the regulation of immunosuppressive factors and are also an
area of interest in the GBM immune evasion mechanism (Dunn et al.,
2004). PD-1 and CCR4 on the cell membrane of Tregs bind to their
corresponding ligands PD-L1 and CCL2 on the cell membrane of GBM
cells and together promote the immunoregulatory function of Tregs and
induce the recruitment of Tregs to the TME (Chang et al., 2016). Tregs
inhibit the killing effect of effector T cells on tumours by secreting IL-
10, IL-35, other immunosuppressive cytokines and TGF-f (Sundstedt
et al., 2003). Preclinical studies have shown that depleting Tregs in the
TME enhances the antitumour immune response (Woroniecka et al.,
2018).

3.2. GBM-infiltrating B cells

B cells can participate in the immune response by producing anti-
bodies for specific humoural immunity and are also important antigen-
presenting cells (APCs) that participate in cellular immunity regulation
to promote T cell activation and proliferation (LeBien and Tedder,
2008). Currently, less is known about the mechanism involving in-
filtrating B cells than about that involving CTLs in antitumour im-
munity in the GBM microenvironment. The main role of GBM-in-
filtrating B cells in the construction of the TME is not to produce
tumour-specific antibodies by differentiating into plasma cells but to act
as APCs to enhance tumour antigen-specific CTL proliferation and T
cell-dependent intracranial tumour cell clearance (Candolfi et al.,
2011). Further research on the phenotype and function of GBM-in-
filtrating B cells shows that these B cells harbour an immunosuppressive
phenotype characterized by the presence of the inhibitory molecules
PD-L1 and CD155 and the production of the immunoregulatory cyto-
kines TGF-f and IL10; these cells are known as GBM regulatory B cells
(Bregs) (Lee-Chang et al., 2019). Bregs expressing MHC I (Rafei et al.,
2009) exert immunosuppressive effects on activated CTLs, as shown by
the inhibition of CD8 + T cell proliferation and further acquisition of an
effector phenotype. One characteristic of GBM-associated Bregs is
overexpression of TGF-f and IL-10 upon interaction with activated
CTLs. This phenomenon may reflect an attempt by Bregs to maintain
the immunosuppressive environment to prevent further CD8 + T cell
activation upon initial inhibitory contact. In the GBM microenviron-
ment, MDSCs play a fundamental role in supporting Bregs. MDSCs

Factors affecting expression Potential mechanisms in GBM

IFN-y IFN-y binds with its receptor and subsequently activates the JAK/STAT signalling pathway, which leads to the downstream expression
and activation of IRF-1, further inducing PD-L1 expression in tumour cells (Qian et al., 2018).

Hypoxia
et al., 2015).

PTEN loss

DNA promoter methylation

NF1 loss-of-function

Non-coding RNAs

Growth differentiation factors (GDFs)

HIF-1a regulates the expression of PD-L1 by binding directly to a hypoxia response element in the PD-L1 proximal promoter (Noman

Activation of the PI3K-Akt-mTOR-S6K1 pathway increases PD-1 expression (Parsa et al., 2007).

Increased promoter methylation is negatively associated with PD-L1 gene expression (Berghoff et al., 2017).
NF1 loss-of-function was positively connected with PD-L1 expression (Heiland et al., 2017).

miR-34a attenuates glioma cell progression and chemoresistance by targeting PD-L1 (Wang and Wang, 2017).
GDF15 enhances PD-L1 expression via the Smad2/3 pathway in GBM (Peng et al., 2019).
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Fig. 1. The immunosuppressive GBM micro-
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3.3. GBM-infiltrating macrophages

TAMs are the predominant infiltrating immune cells in GBM, ac-
counting for approximately 30 % of the cells in a GBM tumour, and
have functional plasticity depending on their activated phenotype.
Current studies show that TAMs in GBM are predominantly of the im-
munosuppressive M2 subtype (Li and Graeber, 2012) and play an im-
munomodulatory role via the secretion of the cytokines IL-6, IL-10 and
TGF-B, reducing the phagocytic killing ability of TAMs and upregu-
lating the expression of the cell-surface antigens FasL and PD-L1 during
antigen presentation, which allows binding with Fas and PD-1, re-
spectively, on the CTL membrane to initiate programmed cell death in
CTLs (Dong et al., 2002). The expression of PD-L1 in tumour-infiltrating
macrophages in GBM patients is significantly higher than that in normal
controls (Bloch et al., 2013); via the interaction of PD-L1 with PD-1 on
CTLs, TAMs transmit an inhibitory signal to T cells to weaken the
proliferation of T cells and inhibit the targeted killing of GBM cells
(Chen and Hambardzumyan, 2018). TAM PD-L1 expression is regulated
by locally produced TNF-a and IL-10 (Bloch et al., 2013; Hartley et al.,
2017). Regulation of the mTOR pathway may be one of the main me-
chanisms by which PD-L1 regulates macrophage functions (Hartley
et al.,, 2018). GBM-infiltrating macrophages also express PD-1. The
expression of PD-1 on TAMs is negatively correlated with phagocytosis
and the ability to kill tumour cells. Blocking PD-1 in vivo can enhance
the phagocytic function of macrophages towards tumour cells and
control tumour growth, which was useful as an independent prognostic
factor for survival in a mouse GBM model (Gordon et al., 2017). A
recent study confirmed co-expression of the CD47 and PD-L1 genes in
GBM tumourigenesis (Lian et al., 2019). Although the SIRPa/CD47 axis
may be the most important regulatory checkpoint for macrophages
(Zhang et al., 2018), the PD-1/PD-L1 axis as a co-stimulatory and co-
inhibitory pathway plays an important role in communication between
GBM cells and adaptive immune cells.

PD-1 on CTLs through PD-L1 on the Breg sur-
face, which further promotes the production of
immunosuppressive cytokines and chemokines
(IL-6, IL-10, TGF-B, etc.).

3.4. GBM-infiltrating MDSCs

MDSCs are a heterogeneous type of cells originating from the
myeloid lineage with immunosuppressive properties in GBM. In the
TME, cells with a monocytic (M)-MDSC-like phenotype can differ-
entiate into macrophages, suggesting a potential lineage relationship
between MDSCs and TAMs (Gabrilovich, 2017). Interestingly, granu-
locytic (G)-MDSCs are the most common subtype in the blood of pa-
tients with GBM; however, in the GBM TME, lineage-negative MDSCs
are the most common type of infiltrating MDSC, followed by G-MDSCs
and then M-MDSCs (Raychaudhuri et al., 2015). MDSCs account for a
high proportion of cells, up to 40 %, in the GBM TME (Kamran et al.,
2017), and they are efficient inhibitors of tumour antigen-specific T cell
activation and proliferation. The expression of PD-L1 on tumour-in-
filtrating MDSCs can inhibit the initiation of the antitumour immune
response of CTLs via binding of the MDSC-expressed PD-L1 to PD-1 on
the surface of each CTL, resulting in functional inactivation of CTLs
(Kim et al., 2016). GBM-associated MDSCs promote Breg and Treg
functions by delivering microvesicles containing membrane-bound PD-
L1, which can be taken up by Bregs and Tregs. The transfer of func-
tional PD-L1 via microvesicles confers the potential for Bregs and Tregs
to suppress CD8 + T cell activation and effector phenotype acquisition.
At present, research on the regulation of MDSC PD-L1 expression tends
to separate into two theories. The first is that in the TME, the expression
of PD-L1 in MDSCs is controlled by HIF-1a. HIF-1a enters the nucleus
and binds directly to the hypoxia-response element in the proximal
promoter of PD-L1 and thus regulates the expression of PD-L1 (Noman
et al., 2014). The second is that the expression of PD-L1 in MDSCs is
controlled by INF-y. INF-y activates pSTAT1 and directly regulates the
transcription of IRF1, which regulates the expression of PD-L1 (Lu et al.,
2016). Neutrophils, with similar phenotype and morphology as g-
MDSCs, are the most abundant white blood cells in the blood (Veglia
et al., 2018). Tumour-induced neutrophils have been reported to inhibit
T cell proliferation through PD-L1/PD-1 signal transduction in hepa-
toma (He et al., 2015). Neutrophils are considered to be non-profes-
sional APCs. Recent studies have shown that PD-L1 is expressed on the
surface of neutrophils and increased after exposure to cytokines
(Bankey et al., 2010) in vitro or after production of reactive oxygen
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species in vivo (Bowers et al., 2014). However, whether there is an
increased expression of PD-L1 on infiltrating neutrophils in patients
with GBM has not been reported.

3.5. GBM-infiltrating NK cells

Infiltrating NK cells are an important part of the lymphocytic po-
pulation in the GBM TME. Because NK cells do not need to recognize
MHC-1-presented antigens and there is no process mediating activation,
NK cells are considered to be the cell type least likely to be subverted by
tumour cells to participate in the immunosuppressive TME (Golan et al.,
2018). As research has progressed, NK cells have been found to exhibit
a negative immunomodulatory mechanism. Normal human cells ex-
press MHC I molecules, which interact with the NK cell inhibitory re-
ceptor KIR to prevent self-cells from being recognized as target cells of
NK cells and subsequently attacked and killed (Thielens et al., 2012).
The MHC I molecules expressed on the surface of GBM cells can also
interact with KIR on infiltrating NK cells, which prevents the recogni-
tion and destruction of the tumour cells by the infiltrating NK cells to
some extent (Boussiotis and Charest, 2018). Recent studies have shown
that PD-1 is expressed on the membrane of human NK cells (Pesce et al.,
2017) and have identified a correlation between the expression of KIR
and the expression of PD-1 on the membrane of NK cells. Based on these
findings, some scholars have proposed that there may be a co-expres-
sion relationship between the MHC-1/KIR axis and the PD-1/PD-L1 axis
in the interaction between NK cells and tumour cells, which mediates
tumour cell immune escape by co-activation of these two molecular
events (He et al., 2018). A glioma stem-like cell (GSC) study showed
that interference with the PD-1/PD-L1 axis enhanced cytotoxicity to
GSCs mediated by activated NK cells in mice (Huang et al., 2015). The
study of immune suppression in the GBM TME mediated by the com-
bined effects of the MHC-I/KIR and PD-1/PD-L1 axes may lead to
paradigm shifts in immunotherapy, but these features require further
research.

4. PD-1/PD-L1 axis-related therapeutic regimens in GBM

Among all cancers, GBM is considered to be one of the most im-
munologically “cold" tumours (Martikainen and Essand, 2019). The PD-
1/PD-L1 axis, as one of the major molecular signalling pathways in the
inhibition of GBM TME cellular immunity (Pardoll, 2012), represents a
potential direction for developing interventions that can convert the
"cold" immune environment into a "hot" environment to improve the
response rate to antitumour immunotherapy. In GBM, approximately
81 clinical studies on the PD-1/PD-L1 axis were conducted between
2010 and 2020, as documented on the ClinicalTrials.gov website. In
terms of the distribution of clinical research, the studies between 2010
and 2014 represent the initial stage of clinical regimen research

a - b

20 Phase 1
Phase 1/2
Phase 2
Phase 3

count
S

o

QS
N
v

oL A
0 e o R 0
S A N N

- Recurrent/Prograssive
Newly diagnosed

B Not distinguish

Critical Reviews in Oncology / Hematology 151 (2020) 102965

(Fig. 2a). The first clinical study of PD-1/PD-L1 axis-related therapeutic
regimens with GBM as an independent research object began in 2013
(NCT02430363). The PD-1/PD-L1 axis-related therapeutic regimens for
GBM involved in a 2010 study represented only a very small part
component of the study, which examined the effectiveness of tumour-
specific cellular immune responses to pembrolizumab in various me-
tastatic solid tumours (NCT01174121). Since 2015, this type of clinical
research has increased significantly. In 2018, there were 21 studies. To
date in 2020 (February 2020), 9 studies have been launched (Fig. 2a),
indicating that the GBM-related PD-1/PD-L1 axis is currently a popular
topic for clinical trials, and as this research increases, these trials will
definitely provide important and substantial contributions. In 2014, the
first large phase III trial (NCT02017717) was launched to study the
efficacy and safety of nivolumab in GBM patients. Unfortunately, the
primary outcome of this study showed that compared with bev-
acizumab, nivolumab did not prolong the OS of patients with primary
recurrent GBM; thus, the trial was terminated prematurely. The sum-
mary of the experience of this abortive trial has been analysed in detail
in many reviews (Kurz and Wen, 2018; Filley et al., 2017), providing
valuable experience for future research. The results of this study, such
as the differences in the tolerance and toxicity of nivolumab in different
subtypes of GBM, are worthy of further study. In 2016, another large
phase III trial (NCT02617589) was launched to study the efficacy of
nivolumab in patients with the MGMT promoter-unmethylated GBM
subtype, and the results are eagerly awaited. Generally, most clinical
trials have evaluated the use of antibodies specific for components of
the PD-1/PD-L1 axis and have been conducted predominantly in pa-
tients with recurrent GBM (Fig. 2b), and most of the results have not
provided substantial progress or decisive conclusions (Table 2). The
reason for this shortcoming may be that most clinical trials are in either
the recruiting or the active, not recruiting status (Table 2), and most of
these are still generally in phase 1 or 2 (Fig. 2a) with no available data.
Collectively, the results shown in Table 2 prompt us to speculate that
PD-1/PD-L1 axis-related therapeutic regimens for GBM still require
proof of evidence. Regarding the completed clinical trials, even if the
research results are inadequate, these trials provide important refer-
ences for improving their deficiencies in future research. Regarding the
ongoing clinical trials, in the foreseeable future, the results will provide
us with an attainable approach to achieve GBM immunotherapy.
Therefore, the following part of our review is to analyse completed or
ongoing clinical trials of PD-1/PD-L1 axis-related therapeutic regimens
for GBM and to discuss treatment options related to the PD-1/PD-L1
axis in anticipation of new potential specific breakthroughs in PD-1/PD-
L1 axis-related clinical treatment for GBM in future.

We divide PD-1/PD-L1 axis-related therapeutic regimens into two
categories. The first category is direct antibody therapies specifically
targeting the PD-1/PD-L1 axis, i.e., directly targeting the PD-1 (most
trials) or PD-L1 (fewer trials) protein to prevent ligand-receptor binding

Cc

30

[l anti-PD-1 antibody therapy

25 [l anti-PD-L1 antibody therapy

Fig. 2. a. The distribution of the phases of clinical trials related to the PD-1/PD-L1 axis reported on the ClinicalTrials.gov website between 2013 and 2020. b. The
website published the different percentages of GBM patients in clinical trials related to the PD-1/PD-L1 axis. c. The distribution of direct therapeutic regimens related
to the PD-1/PD-L1 axis reported on the ClinicalTrials.gov website between 2013 and 2020.
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and rescue TILs from exhaustion (Fig. 2¢). The second category is in-
direct PD-1/PD-L1 axis blockade therapy, which indirectly uses PD-1/
PD-L1 axis-targeted therapies to strengthen the antitumour immune
effect by modifying infiltrating lymphocytes or via an oncolytic virus or
a vaccine.

4.1. Direct PD-1/PD-L1 axis-targeted antibody therapies

Direct PD-1/PD-L1 axis-targeted antibody therapies in GBM are
concentrated in two areas. One approach is combination with mature
treatment regimens that have been applied in standard clinical practice,
and the other strategy is combination with other targeted therapeutic
agents.

Current SOC treatment has profound impacts on the immune system
in patients with GBM (Lim et al., 2018; McGranahan et al., 2019).
Determining how to successfully integrate direct PD-1/PD-L1 axis-tar-
geted antibody therapies with the SOC treatment to maximize the
benefit of patients is the focus of the current research. Neoadjuvant
treatment is conventionally used to shrink tumours before surgery.
Neoadjuvant immunotherapy targeting the PD-1/PD-L1 axis actually
serves as a primer to launch an antitumour immune response; then, the
bulk of the immunosuppressive tumour can be resected, and additional
continued immunotherapy can be given to enhance the functions of
TILs. A pilot study and phase 2 clinical trials have been initiated to
study the preoperative application of the PD-1 checkpoint inhibitors
pembrolizumab and nivolumab in GBM patients (NCT02550249). Te-
mozolomide (TMZ), which is a chemotherapeutic agent responsible for
inducing lymphopenia and myelosuppression (Friedman et al., 2000),
works in different ways than an anti-PD-1 antibody to stop the growth
of tumour cells, specifically by killing the cells, stopping them from
dividing, or stopping them from spreading. However, recent preclinical
evidence has shown that there are cross-linking relationships between
TMZ therapy and PD-L1 downregulation at the GBM cell level and
tissue level that involve JAK/STAT pathway regulation (Heynckes
et al., 2019). An initial clinical trial on the safety and optimal dose of
nivolumab in combination with TMZ in newly diagnosed GBM patients
was conducted in 2015 (NCT02311920). For patients grouped ac-
cording to the hypermethylation status of the MGMT promoter region,
clinical trials with or without TMZ in the context of nivolumab plus
radiotherapy are currently recruiting patients (NCT02617589 and
NCT02667587). Clinical studies are also underway to analyse the effi-
cacy of TMZ maintenance therapy in patients receiving anti-PD-1
therapy (NCT02530502 and NCT02311920). The results of these clin-
ical trials combining these two kinds of agents are eagerly awaited.
Radiotherapy not only causes leukopenia but also induces the upregu-
lation of PD-L1 and PD-1 expression in tumour and immune cells, po-
tentially evoking resistance to SOC treatment in GBM patients (Song
et al., 2018; Osuka et al., 2013). Ordinary radiotherapy has a higher
probability of leukopenia than hypofractionated treatment and stereo-
tactic radiosurgery (SRS). Increasingly, clinical studies are focused on
the feasibility and efficacy of combining direct PD-1/PD-L1 axis-tar-
geted antibody therapy with hypofractionated stereotactic radiotherapy
(HFSRT) or SRS. Two phase 1 clinical trials are being conducted to
evaluate the safety and efficacy of anti-PD-1 therapy (pembrolizumab
and nivolumab) combined with HFSRT (NCT02829931 and
NCT02313272). A phase 1 clinical trial (NCT02648633) designed to
evaluate the safety and efficacy of nivolumab and sodium valproate
after stereotactic gamma knife radiotherapy of the head has also been
completed. In addition, the abscopal effect, which is an antitumour
response of the immune system after radiotherapy that reflects patho-
logical changes in unirradiated sites of disease after radiotherapy,
should be considered in the evaluation of the efficacy of radiotherapy.
Because of its lack of capsule and its invasive growth in the brain, GBM
tumour tissue cannot be completely separated from the surrounding
normal brain tissue, which is one of the reasons why traditional SOC
treatments are not curative. Using targeted anti-PD-1/PD-L1 antibody
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therapy to increase the number of activated tumour-specific T cells
beyond the edge of the tumour after surgical resection and improve the
efficacy of the abscopal effect produced by the systemic immune re-
sponse after radiotherapy is anticipated to solve this problem (Liu et al.,
2016). In September 2018, the latest PD-1 antibody agent, cemiplimab,
was approved by the US Food and Drug Administration (FDA) for the
treatment of cutaneous squamous cell carcinoma patients. Accordingly,
the NCT03174197 clinical trial was initiated to evaluate the feasibility
of cemiplimab combined with radiation and chemotherapy in newly
diagnosed GBM.

At present, many preclinical studies have found that simultaneous
inhibition of multiple immune checkpoints can produce a positive sy-
nergistic effect and enhance the efficacy of immunotherapy (Kim et al.,
2017; Reardon et al., 2016; Wainwright et al., 2014). PD-1/PD-L1 axis-
targeting drugs, in terms of the selectivity of their antitumour effects
and their effectiveness and safety, are expected to be the baseline drugs
that will be combined with other inhibitory immune checkpoint-tar-
geting drugs. The response rates to long-term anti-CTLA-4 and anti-PD-
1 drugs in a murine GBM model were as high as 75 %, significantly
higher than that of either drug alone (Reardon et al., 2016). The mix-
ture of an anti-PD-1 antibody and IDO1 inhibitor was shown to sig-
nificantly improve the median survival time of GBM tumour-bearing
mice via a tumour-specific T cell-dependent antitumour mechanism
(Ladomersky et al., 2018). In recent years, many clinical trials, such as
NCT03430791 and NCT03367715, have been designed to explore
whether there is a synergistic effect produced by the combined appli-
cation of ipilimumab and nivolumab and whether combined applica-
tion can reduce immunotherapy-related adverse events. Thus, the
combined application of these two targeted immunosuppressive
checkpoint drugs may achieve better control of the progression of GBM.
NCT03707457 was started in 2019 to determine the safety of an IDO1
inhibitor, ipilimumab and nivolumab in patients experiencing their first
recurrence of GBM. Clinical studies of TIM-3 in combination with anti-
PD-1 antibodies, as well as LAG-3 in combination with anti-PD-1 anti-
bodies, are currently underway (NCT03961971, NCT03493932); how-
ever, the final results have not yet been published. In addition to
combinations with immune checkpoint inhibitors, the combination of
anti-PD-1/PD-L1 antibody therapies with targeting of key GBM-related
immune signalling pathway molecules is another high-interest research
area. A phase I clinical trial of an anti-glucocorticoid-induced tumour
necrosis factor receptor (GITR) antibody combined with nivolumab
(NCT03707457) is being conducted to study the safety and efficacy of
this combination. The binding of colony stimulating factor-1 (CSF-1) to
its receptor (CSF-1R) is one of the events involved in the differentiation
of TAMs into the M2-like phenotype. At present, the combined appli-
cation of CSF-1/CSF-1R axis- and PD-1/PD-L1 axis-targeted drugs has
been carried out in clinical trials specifically for GBM with anti-CSF-1R
and anti-PD-1 antibodies.

For PD-1/PD-L1 axis-related targeted therapies, in addition to the
use of anti-PD-1 antibodies to block PD-1, the development of anti-
bodies against PD-L1 is another strategy to block the effective expres-
sion of PD-L1 in GBM tumour tissue. At present, there are many related
clinical trials evaluating PD-L1-targeted therapeutic antibodies in GBM.
The safety and efficacy of an anti-PD-L1 antibody combined with
HFSRT will be evaluated in recurrent GBM patients in the
NCT02866747 (durvalumab) and NCT02968940 (avelumab) clinical
trials. Phase 1/2 clinical trials have also been carried out to study the
efficacy of SOC therapy for GBM combined with atezolizumab in pa-
tients with primary GBM (NCT03174197). There are also corresponding
clinical trials for the combined application of an anti-PD-L1 antibody
and other targeted immune checkpoint inhibitors. NCT02794883 is a
phase 2 clinical trial focusing on the combination of durvalumab and
tremelimumab for the treatment of recurrent GBM. NCT03291314 and
NCT02336165 are two clinical studies on the combined use of anti-PD-
L1 antibodies and drugs targeting GBM-related signal transduction
molecules. These two clinical trials studied the effects of axitinib (a
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VEGFR-specific tyrosine kinase inhibitor) combined with avelumab and
durvalumab combined with bevacizumab, respectively, on the survival
prognosis of GBM patients.

The blood-brain barrier (BBB) is another factor requiring con-
sideration in the treatment of GBM with direct PD-1/PD-L1 axis-tar-
geted antibodies. It is generally believed that the BBB can prevent
targeted monoclonal antibodies (mAbs) from entering the brain par-
enchyma, thus affecting their therapeutic effect on intracranial tumours
(van Tellingen et al., 2015). In GBM, peritumoral edema, aseptic in-
flammation, proliferation and invasion of tumour tissue, pathological
microangiogenesis and BBB destruction caused by the tumour micro-
environment can significantly increase the permeability of the BBB
compared with that in normal brain neurovascular units (Arvanitis
et al., 2020). Histopathological examination of GBM patients indicates a
significant increase in peripheral blood immune cell infiltration com-
pared with that in normal brain tissue, confirming the change in BBB
permeability from another perspective. In addition, many minimally
invasive methods have emerged to improve the transport of targeted
drugs across the BBB, including molecular, cellular, and physical ap-
proaches; endothelial cell signalling pathways; radiation; and nano-
particles (Arvanitis et al., 2020). These approaches provide an appro-
priate condition for PD-1/PD-L1 antibody drugs to enter GBM tissue.
Moreover, recent studies have confirmed that anti-PD-1 antibodies ex-
hibit a concise mechanism by which they can penetrate the BBB more
easily than other targeted drugs. They can irreversibly bind to circu-
lating lymphocytes in peripheral blood and then enter the tumour mi-
croenvironment by avoiding the BBB through the cervical lymph node
pathway and cerebrospinal fluid circulation pathway; this study also
found that nivolumab belongs to the family of IgG monoclonal anti-
bodies with FcRn binding, which can penetrate the BBB without pro-
ducing pathological changes (van Bussel et al., 2019).

4.2. Indirect PD-1/PD-L1 axis blockade therapy

To enhance the potential of PD-1/PD-L1-targeted therapy, pre-
clinical research is searching for “helpers” to develop a more effective
indirect combination therapy. Among the many potential helpers
identified, genetically engineered T cells, oncolytic viruses, and GBM
vaccines are the most interesting new indirect therapeutic regimens to
inhibit the PD-1/PD-L1 axis. These treatments as independent regimens
have also been evaluated in combination with direct PD-1/PD-L1 axis-
targeted antibody drugs, which can prompt the immune system to fight
tumour cells (Wang et al., 2019a; Preusser et al., 2015), but we are
more concerned with these agents as carriers to indirectly promote PD-
1/PD-L1 axis-targeted therapy, which should be better summarized.

T cell genetic engineering mainly includes producing T cells that
express chimeric antigen receptors (CARs), genetically engineered TCRs
or other T cell surface receptors (Brown et al., 2019). These methods
have been indicated to be successful in changing the specificity of T
cells (Choi et al., 2019). Regarding indirect PD-1/PD-L1 axis blockade
therapeutic regimens, PD-1-blocking single-chain variable fragment
(scFv)-expressing CAR-T cells and pluripotent killer-programmed cell
death 1 (PIK-PD-1) are currently being studied in GBM (Rafiq et al.,
2018) (NCT03347097) (Fig. 3). Via specific binding of CAR-T cells to
tumour cells, PD-1-blocking scFvs can be transported to sites that fa-
cilitate contact with the tumour, thereby reducing the adverse reactions
caused by using direct PD-1/PD-L1 axis-targeted antibody therapies.
These adverse events include gastrointestinal, hepatic, pulmonary,
renal, endocrine, and skin adverse reactions and the newly proposed
hyperprogressive disease (HPD) (Champiat et al., 2017). Recent studies
have found that a PD-1-blocking scFv produced by CAR-T cells can be
detected only in the TME. CAR-T cells with the ability to produce a PD-
1-blocking scFv can enhance the survival of tumour-bearing mice with
high expression of PD-L1 (Rafiq et al., 2018). PIK-PD-1T cells are ge-
netically engineered T cells that can secrete high levels of anti-PD-1
antibodies and have the potential to block PD-1/PD-L1 axis responses in
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the TME. The exact mechanism by which PIK-PD-1 cells work is not
fully understood. Once these cells enter the TME, they continue to se-
crete antibodies against PD-1. Because PD-1 is ubiquitous in tumour-
infiltrating immune cells, it is one of the key links in the im-
munosuppressive microenvironment of GBM. Thus, blocking PD-1-
mediated signal transduction will rescue the immunosuppressive mi-
croenvironment to a certain extent. In the clinical trial NCT03347097,
genetically modified tumour-infiltrating PIK-PD-1T cells that stably
and continuously expressed high levels of an anti-PD-1 antibody in
GBM patients were constructed. The results of the safety and efficacy
evaluation of this cell-based therapy have yet to be reported. In addi-
tion to research on the infection of tumour cells, the focus of oncolytic
virus research has shifted to evaluate the immunostimulatory properties
of activating the immunosuppressive GBM TME and viruses playing a
role in transferring therapeutic payloads to tumours (Martikainen and
Essand, 2019). An anti-PD-1 single-chain antibody expressed by an
oncolytic herpes simplex virus has been studied in a GBM mouse model,
and infection with this virus induced a durable antitumour response
(Passaro et al., 2019). Tumour vaccines with the potential to produce
anti-PD-1 antibodies have not been developed for GBM. However, in
other solid tumours (e.g., colon cancer and melanoma tumours), tu-
mour vaccines simultaneously containing anti-PD-1 monoclonal anti-
bodies have been generated in murine models. In these studies, the
treatments ameliorated the immunosuppressive microenvironment and
thus rescued the specific antitumour immune response (Tian et al.,
2016).

5. Conclusions

This paper reviews the PD-1/PD-L1 axis in GBM and the corre-
sponding TME. It highlights two issues. One issue is the existence of
extensive PD-1/PD-L1 axis-mediated immune events between tumour
cells and tumour-infiltrating immune cells in the setting of GBM, which
suggests that PD-1/PD-L1 axis-induced tumour immune suppression is a
common molecular phenomenon in antitumour immunity. Through
these findings, the importance of blocking this axis is explained.
Furthermore, the other issue is how to block the PD-1/PD-L1 axis in
GBM. We divided PD-1/PD-L1 axis-related therapeutic regimens into
two categories. The first is direct PD-1/PD-L1 axis-targeted antibody
therapy; the second is indirect PD-1/PD-L1 axis blockade therapy.
Overall, this review allows us to understand that the antitumour im-
munosuppression mediated by the PD-1/PD-L1 axis is not directed only
at CTLs; it also affects ubiquitous infiltrating immune cells. Although
there is no conclusive evidence supporting the effectiveness of PD-1/
PD-L1 axis-based therapies in patients with GBM, clinical studies on this
axis have replicated the main results of basic research, indicating that
translation is achievable. Given the unacceptable prognosis of GBM,
anti-PD-1/PD-L1 axis-based therapies are worthy of further research.
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