
Cancer Letters 496 (2021) 134–143

Available online 3 October 2020
0304-3835/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Different T-cell subsets in glioblastoma multiforme and 
targeted immunotherapy 

Hongsheng Wang a,1, Huangao Zhou b,c,1, Jianing Xu c, Yunpeng Lu c, Xiaoyun Ji b, 
Yizheng Yao d, Hou Chao e,f, Jun Zhang e, Xiaochun Zhang e, Shun Yao d,g,**, Yinqiu Wu b,***, 
Jie Wan b,d,* 

a Department of Neurosurgery, The Affiliated Hospital of Yangzhou University, Yangzhou University, Yangzhou, 225012, China 
b Department of Immunology, Jiangsu University, Zhenjiang, 212013, China 
c Department of Critical Care Medicine, Jiangyin People’s Hospital, Jiangyin, 214400, China 
d Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, 02115, USA 
e Department of Oncology, Yangzhou Traditional Chinese Medical Hospital, Yangzhou, 225600, China 
f Department of Immunology, Yangzhou University, Yangzhou, 225009, China 
g Department of Neurosurgery, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, 510080, China   

A R T I C L E  I N F O   

Keywords: 
CD8+ cells 
Th cells 
Tregs 
γδ T cells 
Immunosuppressive microenvironment 
Immunotherapy 

A B S T R A C T   

Glioblastoma multiforme (GBM) is a brain tumor with a high mortality rate. Surgical resection combined with 
radiotherapy and chemotherapy is the standard treatment for GBM patients, but the 5-year survival rate of 
patients despite this treatment is low. Immunotherapy has attracted increasing attention in recent years. As the 
pioneer and the main effector cells of immunotherapy, T cells play a key role in tumor immunotherapy. However, 
the T cells in GBM microenvironment are inhibited by the highly immunosuppressive environment of GBM, 
posing huge challenges to T cell-based GBM immunotherapy. This review summarizes the effects of the GBM 
microenvironment on the infiltration and function of different T-cell subsets and the possible strategies to 
overcome immunosuppression, and thus enhance the effectiveness of GBM immunotherapy.   

1. Introduction 

Glioblastoma multiforme (GBM) is the most common and malignant 
brain tumor, accounting for 12%–15% of all brain tumors [1]. GBM 
tumor cells, which arise from stem cells or immature astrocytes due to 
genetic abnormalities, grow rapidly and disseminate in the brain [2]. In 
addition, GBM cells can invade the intracranial blood vessels to areas 
away from the tumor core [3]. This mechanism and the heterogeneity of 
GBM make this tumor difficult to treat. Besides the endogenous het-
erogeneity of GBM, the infiltration of immune cells also exhibits het-
erogeneity in different subtypes [4]. Traditional GBM treatment 
includes surgery, followed by radiotherapy and chemotherapy. How-
ever, the treatment outcome remains poor, with a median survival rate 
of only 12–18 months and a 5-year survival rate of 9.8% [5]. In recent 
years, immunotherapy has been widely used in the treatment of tumor 

diseases, including GBM [6]. Current strategies for tumor immuno-
therapy include dendritic cell (DC) vaccines [7], immune checkpoint 
inhibitors [8], and adoptive T cell therapy (ACT) [9]. However, the 
highly immunosuppressive microenvironment of GBM hinders the 
development of immunotherapy for its treatment. 

GBM is a highly immunosuppressive tumor owing to its unique 
ability of immune escape. This ability may be ascribed to the fact that 
GBM is an intracranial tumor and lacks immune cells, thereby limiting 
the antitumor immune response [10]. Further, the severe inhibitory 
effect of GBM on cellular and humoral immunity is the major cause of 
the immunosuppressive environment and makes it difficult to treat this 
tumor [11]. The immunosuppressive environment of GBM is mainly 
caused by recruited immunosuppressive cells [12] tumor-derived 
immunosuppressive factors [13] overexpressed immune checkpoints 
[14] and GBM cell epigenetics to silence HLA molecules [15]. Activated 
T cells are crucial in initiating and promoting antitumor immune 
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responses [16]. However, GBM destroys the tumor immunity response 
by triggering qualitative and quantitative T cell dysfunction, leading to 
T cell aging, tolerance, inability, and exhaustion [17]. In addition, T cell 
receptor (TCR) ligation, activation, and intracellular signaling-related 
genes of peripheral T cells in GBM patients are downregulated 
compared with those in healthy controls [18]. 

T cells are lymphocytes that play an important role in the antitumor 
immune response [19]. These cells undergo “new recruit training” in the 
thymus to differentiate into different subtypes. Matured T cells then 
migrate to the surrounding lymphoid tissues and start functioning [20]. 
T cells are classified into different subtypes depending on the surface 
molecules they express and their functions. These subtypes include (i) 
adaptive T cells, including helper CD4+, regulatory CD4+, cytotoxic 
CD8+, and memory T cells; and (ii) innate T cells, including natural 
killer T cells (NKT), mucosa-related invariant T cells, and γδ T cells [21]. 
As an important line of defense of the immune response, T cells deter-
mine the development and progression of tumor diseases [22]. Increased 
infiltration of T cells is associated with prolonged survival of GBM pa-
tients [23]. CD4+ T cells coordinate antigen-specific immunity through 
their high plasticity and cytokine-producing ability. Increased Th1 cells 
can delay the progression of tumors, and a decreased Th1/Th2 ratio is 
related to the poor prognosis of GBM [24]. Regulatory T cells (Tregs) are 
immunosuppressive T cells that can be recruited by chemokine C–C 
motif ligand (CCL)2/CCL22 to the GBM tumor area to inhibit immune 
response and promote GBM progression [25]. The pro-tumorigenic ef-
fect of Tregs is exerted by the hallmark cytokines interleukin (IL)-10 and 
transforming growth factor β (TGF-β), which can inhibit the activity of 
antitumor effect T cells [26]. NKT cells are a special subset of T cells that 
have TCR and NK cell receptors on their surface. NKT cells secrete a 
large number of T-cell cytokines and chemokines, which play an 
important role in the immune regulation of tumor diseases [27]. These 
cells act as a bridge between innate and adaptive immunity. γδ T cells 
are a subset of innate T cells that critically contribute to antitumor and 
anti-infection immunity. γδ T cells can recognize and immediately 
respond to a variety of major histocompatibility complex (MHC)-like 
stress-induced autoantigens, many of which are also expressed in GBM 
[28]. Recently, a great number of experimental trials and clinical trials 
of γδ T cell-based GBM treatment have been conducted [29]. 

As important antitumor lymphocytes, T cells play an important role 
in the development and prognosis of GBM. Understanding the effect of 
the immunosuppressive environment of GBM on the tumor-infiltrating T 
cells is a key step in the use of T cells to fight tumors. This review 
summarizes this effect and will help understand and determine the 

direction in which T cell-based GBM treatment should be taken for 
developing better immunotherapeutic strategies. 

2. Immunosuppressive microenvironment of GBM 

GBM is the most common invasive and primary malignant tumor of 
the central nervous system (CNS) with a highly immunosuppressive 
environment, which complicates its treatment and causes poor prog-
nosis. The immunosuppressive mechanism of GBM includes both 
endogenous and exogenous aspects. The former includes the down 
regulation of GBM tumor antigens [30]. GBM is a “cold tumor”, char-
acterized by low activated T cell infiltration caused by various factors 
such as lack of tumor antigens, inability of antigen-presenting cells 
(APCs) to effectively present ‘non-self’ tumor antigens to T cells, and 
failure of T cell activation. Exogenous mechanisms also lead to immu-
nosuppression by GBM, such as the high expression of immune check-
points on infiltrating lymphocytes and myeloid cells [14] and 
glioblastoma cell-derived suppressive factors and infiltration of a large 
number of immunosuppressive cells into the tumor microenvironment 
[31]. Immunosuppressive factors are the main inhibitors of T cell 
function. In the GBM microenvironment, the tumor cells can secrete a 
large amount of inhibitory factors, including gangliosides, kynurenine, 
TGF-β, and vascular endothelial growth factor (VEGF), which inhibit 
effector T cells and promote the tumor growth. In addition, the recruited 
immunosuppressive cells such as Tregs and myeloid-derived suppressor 
cells (MDSCs) also secrete a large number of immunosuppressive factors, 
including TGF-β and IL-10, which adds to the immunosuppressive 
environment. Unconventional lymphatic drainage and a relatively 
closed environment, antagonists of immune response triggers in the 
brain, are also external factors that contribute to the immunosuppres-
sion in GBM [32]. In general, the immunosuppressive environment of 
GBM is promoted by a variety of aspects, including the immune privilege 
of the CNS region due to the presence of the blood brain barrier (BBB), 
the concealment of GBM antigens, inability of a large number of 
tumor-killing cells to enter the tumor area and most importantly, the 
inhibitory factors of tumor-killing cells from multiple sources in the 
GBM microenvironment. This immunosuppressive microenvironment of 
GBM has been the biggest obstacle in developing effective GBM 
immunotherapy. 

3. Effect of GBM microenvironment on T cells 

In recent years, T cell-based tumor immunotherapy has made great 

Abbreviations 

GBM Glioblastoma multiforme 
DC Dendritic cell 
ACT Adoptive T cell therapy 
TCR T cell receptor 
NKT Natural killer T cells 
Tregs Regulatory T cells 
CCL Chemokine C–C motif ligand 
IL-10 Interleukin (IL)-10 
TGF-β Transforming growth factor β 
MHC Major histocompatibility complex 
CNS Central nervous system 
VEGF Vascular endothelial growth factor 
MDSCs Myeloid-derived suppressor cells 
BBB Blood brain barrier 
BTIC Brain tumor initiating cells 
TNC Tenascin-C 
AHR Aryl hydrocarbon receptor 

TAMs Tumor-associated macrophages 
ICAM-1 Intercellular adhesion molecule 1 
PD-1 Programmed cell death protein 1 
Tim-3 T-cell immunoglobulin mucin-3 
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 
IDO-1 Pindoleamine-pyrrole 2,3-dioxygenase 1 
PD-L1 Programmed cell death protein ligand 1 
S1P1 Sphingosine-1-phosphate receptor 1 
CMV Cytomegalovirus 
pp65 Phosphoprotein 65 
G-MDSCs Granulocytic MDSCs 
LAG-3 Lymphocyte-activation gene-3 
CAR T Chimeric antigen receptor T cell 
IL-13Rα2 Interleukin-13 receptor α2 
HIF-1α Hypoxia-inducible factor 1α 
ICOSLG Inducible T-cell co-stimulator ligand 
LSP1 Lymphocyte-specific protein 1 
PRF-P Platelet-rich fibrin patch  
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progress in a variety of tumors. Researchers have applied multiple 
immunotherapy approaches, such as DC vaccines, checkpoint inhibitors, 
and ACT to treat GBM [33]. Although some success has been achieved, 
the overall treatment outcome remains disappointing because the highly 
immunosuppressive environment of GBM causes the dysfunction of 
infiltrating T cells. T cells cannot exert their function on GBM because of 
the endogenous inhibition of T cells by GBM cells, upregulated immu-
nosuppressive checkpoints, infiltration of a large number of immuno-
suppressive cells, and impaired migration of T cells [8,11,34]. 

3.1. GBM-derived factors mediate T-cell inhibition 

Several studies have demonstrated that GBM cells generate some 
endogenous mediators that regulate the function and apoptosis of 
infiltrating T cells. Mahata et al. demonstrated that human GBM cells 
regulate T cell apoptosis by secreting gangliosides that increase ROS 
production and induce activated caspase-mediated T cell apoptosis. This 
leads to T cell exhaustion, greatly reducing the killing efficiency of T 
cells in GBM [35]. In addition, Reza et al. found that brain tumor 
initiating cells (BTIC) produces tenascin-C (TNC) that is deposited near 
tumor-infiltrating T cells in human GBM specimens. TNC inhibits T cell 
proliferation and activity by interacting with α5β1 and αvβ6 integrin on 
T cells, resulting in the blockade of T cell activation, which cannot 
effectively inhibit the occurrence and development of GBM [36] 
(Table 1). Another report proved that the GBM cell-derived kynurenine 
can suppress T cell immune response by activating the aryl hydrocarbon 
receptor (AHR) in tumor-associated macrophages (TAMs). In turn, AHR 
promotes the expression of the TAM exonuclease CD39, which can 
interact with CD73 to produce adenosine to promote T cell dysfunction. 
In human GBM, the expression levels of AHR and CD39 are the highest in 
grade IV GBM, and the expression level of AHR is associated with poor 
prognosis [37]. Jennifer et al. showed that the increased infiltration of T 
cells in the GBM microenvironment is related to the prolonged survival 
rate of GBM patients and that T cell infiltration is related to the 
expression of intercellular adhesion molecule 1 (ICAM-1) on the surface 
of blood vessels. However, they also proved that GBM-derived TGF-β1 
and TGF-β2 downregulate the expression of ICAM-1, thereby inhibiting 
T cell infiltration [38]. Xuekai et al. showed that co-culture of GBM cells 
with T cells significantly increased the expression of the exhaustion 
marker CD57 on the surface of T cells. This result proves the status of 
GBM-infiltrated T cells from the side [39]. Since T cell dysfunction and 
decreased infiltration are regulated by endogenous factors secreted by 
GBM cells, targeting these factors can help improve the effectiveness of 
GBM immunotherapy. 

T cell dysfunction and insufficiency in the GBM microenvironment 
are caused by other factors as well. The TCR diversity allows almost 
unlimited antigen recognition and response capabilities, ensuring an 
effective immune response in an ever changing environment [40]. 
However, the TCR repertoires in GBM patients are less diverse than 

those in healthy individuals, leading to inefficient recognition of tumor 
antigens and tumor clearance by T cells [41]. Moreover, GBM-infiltrated 
T cells express high levels of the Fas ligand FasL, which mediates T cells 
apoptosis [42] (Fig. 1). Understanding and overcoming the multiple 
strategies that GBM employs to suppress T cell immune responses are 
crucial to improve effectiveness of GBM immunotherapy. 

3.2. Upregulated immune checkpoints mediate T-cell inhibition 

Infiltrating T cells in GBM usually express one or more immuno-
suppressive checkpoints, such as programmed cell death protein 1 (PD- 
1), T-cell immunoglobulin mucin-3 (Tim-3), cytotoxic T-lymphocyte- 
associated protein 4 (CTLA-4), and indoleamine-pyrrole 2,3-dioxyge-
nase 1 (IDO-1), which inhibit T cell activation, proliferation, and im-
mune responses [43]. Furthermore, GBM-infiltrated myeloid cells 
express high levels of programmed cell death protein ligand 1 (PD-L1), 
which is also upregulated by the tumor-killing activity of IFN-γ. The 
combination of PD-L1 and PD-1 causes the inhibition of T cell activation, 
eventually leading to an immunosuppressive microenvironment of GBM 
(Fig. 1). Immunosuppressive checkpoint inhibitors have been shown to 
alleviate GBM in the GL261 mice model. Further, immune checkpoints 
are a recognized component of immune autoregulation that keep im-
mune response within control [44]. However, the malignant environ-
ment of GBM upregulates immune checkpoints on infiltrated T cell 
surface, resulting in T cell exhaustion. The up-regulated immune 
checkpoints on the surface of GBM-infiltrated T cells binding to their 
ligands can inhibit the activation of T cells and the implementation of 
anti-GBM tumor effects. The inhibition of classical immune checkpoints, 
CTLA-4 and PD-1, has been successfully implemented in the clinical 
treatment of many solid tumors, but its efficacy in GBM is still under 
clinical trials. High IDO-1 transcription levels are associated with poor 
prognosis in GBM patients and positively correlates with cell lysis and 
increased expression of Treg-related genes [45]. In addition, the 
co-expression of Tim-3 and PD-1 indicates T cell exhaustion. Jennifer 
et al. proved that blockade these two immune checkpoints followed by 
radiation could achieve a 100% survival rate in a GBM mouse model, 
with an improved activity of infiltrating immune cells and immune 
memory [46]. Blocking immune checkpoints as a therapeutic strategy is 
currently undergoing clinical trials. We believe that combining multiple 
immune checkpoint inhibitors and other therapy strategies is the key to 
restoring T cell function and treating GBM. 

Immunosuppressive cells are the next important factor for the T cell 
suppression in GBM microenvironment. TAM and MDSCs that infiltrate 
in GBM can directly or indirectly inhibit T cell function. MDSCs increase 
in the circulation of GBM patients, causing reversible T cell dysfunction. 
Studies have shown that in the GBM microenvironment, where a large 
number of immunosuppressive cells exist, the proliferation and activa-
tion of T cells are blocked, resulting in the loss of GBM tumor killing 
effect. The inhibition of immunosuppressive cells leads to recovery of T 
cell function [47]. In addition, loss of sphingosine-1-phosphate receptor 
1 (S1P1) from surface of T cells in GBM patients blocks the transport of 
the cells from the bone marrow to the blood and lymphoid organs, 
leading to low immune response [48]. 

4. Different T-cell subsets in GBM microenvironment 

4.1. CD8+ T cells 

CD8+ T cells, also known as cytotoxic T cells, are T cells that secrete 
various cytokines that participate in the immune response. They kill 
certain antigens, such as viruses and tumor cells, and are the main 
effector cells of tumor immune adoptive therapy [49]. The infiltration 
and activation of CD8+ T cells critically affect the development and 
progression of a variety of tumors. However, the infiltrated CD8+ T cells 
in most tumors are exhausted or their activation inhibited due to the 
influence of the tumor microenvironment [50]. Accordingly, strategies 

Table 1 
Tumor endogenous factors regulate the function of different T-cell subtypes.  

Factor sources Factors Target cells Effects References 

GBM Gangliosides T cells Apoptosis↑ [35] 
BTIC TNC T cells Proliferation↓ [36] 
GBM Kynurenine T cells Dysfunction [37] 
/ ICAM-1 T cells Infiltration↑ [39] 
GBM TGF-β T cells Infiltration↓ [42] 
/ S1P1 T cells Infiltration↓ [42] 
Microglia TLR2 CD8+ T cells Activation↑ [52] 
GBM VEGF CD8+ T cells Activation↓ [54] 
/ LAG-3 Th cells Activation↓ [64] 
/ HIF-1α Tregs Proliferation↑ [76] 
GSCs ICOSLG Tregs Proliferation↑ [77] 
/ LSP1 Tregs Infiltration↑ [78] 
Macrophage CCL2/22 Tregs Infiltration↑ [83] 

↑ Promote ↓ Inhibit/: Not mentioned. 
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to facilitate tumor infiltration and overcome the functional inhibition of 
CD8+ T cells are current research hotspots in GBM therapy. 

Long-term survivors of GBM have more extensive infiltration of 
CD8+ T cells in the tumor than in short-term survivors, proving that this 
infiltration correlates positively to the survival rate of GBM patients 
[51]. However, T cells exhaustion occurs due to various endogenous and 
exogenous factors in the GBM microenvironment, as discussed in detail 
above, that makes GBM difficult to treat. On the other hand, CD8+ T cells 
infiltrating the GBM can be also activated by the endogenous microglia 

through the TLR2-MHC-I axis in the GBM microenvironment [52]. 
Currently, massive experimental studies have proven that the pro-

motion of CD8+ T cell activation is beneficial to alleviate the progress of 
GBM (Table 2). Sung et al. demonstrated that the excision of GBM tumor 
can substantially reduce MDSCs and increase the recruitment of CD8+ T 
cells. Further, locally delivered IFN-β significantly enhanced the anti- 
GBM effect of the infiltrating CD8+ T cells [53]. VEGF can promote 
the formation of tumor blood vessels and exacerbate tumor deteriora-
tion. It can also promote immunosuppression by inhibiting the function 

Fig. 1. Inhibition of different T-cell subsets in GBM microenvironment. In the GBM tumor microenvironment, GBM cells can inhibit the function of effector T cells by 
secreting inhibitory media such as VEGF, gangliosides, and kynurenine. In addition, GBM cells express a large number of immunosuppressive ligands on their surface, 
and their binding to effector T cell surface promotes the T cell dysfunction and exhaustion. GBM cell-derived HIF-1α can also suppress the T cell immune response by 
activating suppressor T cell Tregs. There are a large number of microglia and TAM in the GBM microenvironment, which can secrete a large number of immuno-
suppressive factors TGF and IL-10, which enhance the inhibitory effects on different subsets of effector T cells. 
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of DCs and the expression of inhibitory molecules on T cells to exacer-
bate tumor progression [54]. Malo et al. showed that the expression of 
costimulatory molecules B7-1, B7-2, and MHCII increased on DCs and 
the expression of PD-1 and Tim-3 on infiltrated CD8+ T cells in the brain 
decreased after blocking VEGF in GBM mice. This observation indicates 
that anti-VEGF can upregulate DC function to promote the antitumor 
immunity of CD8+ T cells, thereby inhibiting the growth of GBM [55]. A 
clinical trial for patients with recurrent GBM proved that specific 
adoptive transfer of cytomegalovirus (CMV) phosphoprotein 65 
(pp65)-specific CD8+ T cells has good clinical value, which prevents the 
recurrence of GBM and prolongs the survival time of patients. As a super 
potent antigen presenting cell, DCs have been widely used as antitumor 

vaccines. Elizabeth et al. demonstrated that the IFN-γ+-, TNFα+-, and 
CMV-specific CD8+ T cells of patients with GBM receiving 
CMV-ATCT-DC vaccine significantly increased and was associated with 
the prolonged survival of GBM patients [56]. Serena et al. showed that 
intracranial injection of DC vaccine loaded with autologous GBM lysate, 
followed by temozolomide, promotes the proliferation of CD8+ T cells 
but fails to generate a memory status. Thus, the failure to generate im-
mune memory should be considered when developing improved treat-
ments [57]. In the GBM microenvironment, myeloid-derived cells 
account for about 40% of tumor-infiltrated immune cells, which can 
express interleukin-4 receptor (IL-4R), inducible nitric oxide synthase 
(iNOS), arginase-1 (Arg-1), and PD-L1 to participate in the suppression 
of antigen-specific T cells [58]. Elimination of myeloid-derived cells 
strongly enhances the tumor-specific CD8+ T cell response induced by 
TK/Flt3L gene therapy, thereby prolonging the survival rate of GBM 
patients [59]. Another studies also shown that injecting small ribosomal 
virus expressing an ovalbumin257-264 antigen can enhance the ability of 
CD8+ T cells to infiltrate in the brain and prolong the survival of GBM 
mice [60] (Fig. 2). 

CD8+ T cells, as the strongest antitumor T lymphoid cells, are often in 
a state of inhibition in tumor diseases, especially in GBM. Recent studies 
have shown that the activation of tumor-infiltrated CD8+ T cells by DC 
vaccine or adoptive transfer of tumor antigen-specific CD8+ T cells can 
alleviate tumor progression and prolong survival. 

4.2. Helper T (Th) cells 

Th cells, also known as CD4+ T cells, express antigen receptors on 

Table 2 
Therapeutic factors reverse the inhibitory status of different T-cell subtypes.  

Therapeutic factors Target cells Effects References 

Anti-checkpoints T cells Activity↑ [44] 
IFN-β CD8+ T cells Anti-GBM↑ [53] 
Anti-VEGF CD8+ T cells Anti-GBM↑ [55]. 
TMZ CD8+ T cells Proliferation↑ [57] 
TK/Flt3L CD8+ T cells Anti-GB↑ [59] 
Ribosomal virus CD8+ T cells Infiltration↑ [60] 
IL-13Rα2 Th cells Activity↑ [68] 
anti-CD25 Tregs knockout [82] 
PRF-P Tregs Infiltration↓ [83] 
IL-21 γδ T cells Activity↑ [90] 
ZOL γδ T cells Activity↑ [91] 
MDA γδ T cells Activity↑ [92] 

↑ Promote ↓ Inhibit. 

Fig. 2. Killing effects of different T-cell subsets to GBM. T cell-based GBM immunotherapy focuses on ways to restore the activity and function of the infiltrating T 
cells. Immune checkpoint inhibitors is currently the commonly used approach to restore the function of T cells in the tumor microenvironment and enhance 
antitumor immunity. Temozolomide, IFN-β, TK/Flt3, and ribosomal virus can promote the GBM tumor killing by activating potent antitumor CD8+ T cells. IL-21, 
zoledronate, and minodronate act as powerful stimulants of γδ T cells, and greatly promote the anti-GBM effect of γδ T cells in the GBM microenvironment. In 
addition, CAR T cell therapy for IL-13Rα2 has achieved a good therapeutic effect in the treatment of GBM. Tregs, as an inhibitory T cell subset, play a significant role 
in suppressing the T cell immune response. Anti-CD25 and PRF-P blocking Tregs improve the activity of effector T cells in the GBM microenvironment. 
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their surface and can recognize the antigen fragments presented by 
MHC-II molecules. Once stimulated by antigen, Th cells proliferate and 
differentiate into active and memory Th cells. They are divided into Th1, 
Th2, Th17, and Thαβ helper cells [61]. In recent years, many studies 
have shown that Th cells play an important role in the occurrence and 
development of solid tumor diseases, including GBM. 

In the GBM microenvironment, the dysfunction of Th cells and the 
imbalance of the Th1/Th2 ratio are important inducers of GBM pro-
gression. The expression of immunosuppressive molecules is one of the 
causes of Th cell dysfunction in the GBM microenvironment [62]. Brit-
tany et al. showed that PD-1+ Th cells are rich in tumors of GBM pa-
tients, which are unable to produce effector cytokines and proliferate, 
indicating the exhaustion of the Th cells infiltrating the GBM [63]. 
Daniel et al. also demonstrated that GBM-infiltrated granulocytic MDSCs 
(G-MDSCs) can inhibit the proliferation of Th cells and upregulate the 
expression of PD-1 on the affected Th cells to suppress immune response. 
In addition, lymphocyte-activation gene-3 (LAG-3), an inhibitory 
molecule expressed on the surface of Th cells, is homologous to the 
co-stimulatory molecules of Th cells and can compete to conjunct to 
MHC-II to promote the suppression of Th cells in the GBM microenvi-
ronment [64]. The balance between Th1 and Th2 cells is an important 
factor in tumor prognosis. In general, Th1 cells can kill tumors by 
secreting IFN-γ in the tumor microenvironment, and type 2 cytokines 
IL-4, IL-5, IL-10, and IL-13 derived from Th2 cells promote tumorigen-
esis [65]. There is a decrease in the levels of IL-12 and an increase in the 
levels of L-10 in the circulation of GBM patients, which reflects sys-
tematic immunosuppression [62]. Yasuo et al. also showed that the 
enrichment of Th1low Th2low and Th1high Th2low cells resulted in better 
prognosis than the increase in Th1high Th2high cells in GBM patients, 
suggesting that high levels of Th2 cells promote the development of 
GBM [66]. In addition, Shimato et al. demonstrated that Th cells have a 
significant Th1 bias in healthy people and a significant Th2 bias in GBM 
patients, especially in patients with recurrent GBM [67]. 

Currently, Th cell-based GBM treatment mainly includes chimeric 
antigen receptor T cell (CAR T) therapies and therapies that enhance the 
Th1 response. Interleukin-13 receptor α2 (IL-13Rα2) is highly expressed 
on tumor cells, but not so in normal cells, making IL-13Rα2-mediated 
fusion protein favorable for tumor-targeted therapy research [68]. 
Dongrui et al. proved that Th CAR T cell therapy against GBM IL-13Rα2 
antigen has a long-lasting ability to fight GBM tumor cells. In addition, 
the maintenance of the CD4+ T cell subpopulation is positively corre-
lated with the recursive killing ability of CAR T cell products derived 
from GBM patients [69]. Steven et al. demonstrated that autologous DCs 
loaded with GBM tumor cell lysates can trigger a Th1 cell response 
against GBM tumor cells [70]. Th cell-based GBM treatment mainly 
reverses the imbalance status of Th1/Th2 cells. Recently, gene therapy 
has been widely used in tumor treatment [71]. Research to develop gene 
therapy vectors to deliver factors that promote Th1 cell induction should 
be pursued. 

4.3. Tregs 

Tregs are important in maintaining immune tolerance in the body. 
They are produced by the thymus and exported to the periphery. Tregs 
can inhibit the activation and proliferation of potential self-reactive T 
cells in a healthy body [72]. In tumors, Tregs, as immunosuppressive 
cells, promote tumor progression by suppressing antitumor immune 
responses, and are usually associated with poor tumor prognosis [73]. 
Recent studies have shown that a large number of Tregs infiltrate the 
GBM microenvironment, which promotes the immunosuppressive 
microenvironment of GBM [74]. 

GBM cells can promote the expression and expansion of Tregs 
through a variety of mechanisms. Studies have shown that the condi-
tioned medium of GBM can promote the in vitro expansion of Tregs, 
suggesting a direct effect of GBM cell-related factors on Tregs [75]. 
Additionally, multiple indirect pathways promote the infiltration and 

expansion of Tregs in the GBM microenvironment. Hypoxia-inducible 
factor 1α (HIF-1α) is a metabolic converter for the glycolysis-driven 
migration and phosphorylation-driven immunosuppression of Tregs in 
GBM and promotes the migration of Tregs into the GBM microenvi-
ronment. HIF-1α deficiency has been shown to prevent the migration of 
Tregs, and significantly improve the survival rate of GBM model mice 
[76]. Inducible T-cell co-stimulator ligand (ICOSLG) is an immuno-
modulatory ligand of the B7 family, present in GBM. Bioinformatics 
analysis and GBM tissue microarray results indicated that upregulated 
ICOSLG expression is associated with poor prognosis of GBM patients. 
Knocking out ICOSLG significantly inhibits GBM growth with a reduc-
tion in IL-10 levels and Tregs, suggesting the inhibition of the 
ICOSLG-ICOS axis as a viable GBM immunotherapy strategy [77]. In 
addition, database analyses showed that the expression of 
lymphocyte-specific protein 1 (LSP1), an independent predictor of GBM 
progression, is upregulated in the GBM microenvironment. LSP1 
expression is positively correlated with the infiltration of immunosup-
pressive cells, such as Tregs and MDSCs, in the GBM microenvironment 
[78]. Thus, LSP1 strengthens the GBM immunosuppressive environment 
by increasing the infiltration of Tregs. PD-L1, a ligand of the immuno-
suppressive molecule PD-1, is highly expressed in GBM cells. PD-L1 
promotes the expansion of Tregs to maintain the immunosuppressive 
environment of GBM, and it is related to the decreased survival rate of 
GBM patients [75]. In addition, IDO-1+ DCs can inhibit the antitumor 
immunity of effector T cells through the induction and recruitment of 
Tregs in draining lymph nodes [79]. CCL2, a chemokine of Tregs, is 
highly expressed in GBM the microenvironment, which could promote 
the infiltration of Tregs [80]. In addition to the traditional Foxp3+ Tregs, 
Foxp3- type 1 Tregs (Tr1) also increase in the GBM microenvironment, 
and they have a strong ability to secrete IL-10 and TGF-β. GBM patients 
have high levels of Tr1 in peripheral blood compared with healthy 
controls, which is associated with the poor prognosis of GBM patients. 
Co-culture of Tr1 and CD4+ T cells decreases the secretion of 
TGF-β-dependent IFN-γ and IL-10-dependent TNF-α, whereas co-culture 
of Tr1 with CD8+ T cells reduces tumor-specific cytotoxicity [81]. 

Studies have shown that knocking out Tregs is beneficial for GBM 
relief, which makes the elimination of Tregs in GBM microenvironment 
the key to treating GBM. High-affinity IL-2R and CD25 are constitutively 
expressed on Tregs and thus, they have become the current therapeutic 
targets for knocking out Tregs. Anti-CD25 injection can prolong the 
survival rate of GBM mice [82]. In addition, Wojciech et al. proved that 
platelet-rich fibrin patch (PRF-P)-treated GL261 tumor-bearing mice 
could eliminate immunosuppressive Tregs. GL261 cells or CCL2/22 
co-culture with PRF-P can eliminate the migration of Tregs, and 
CCL2/22 receptor pharmacological blockade can enhance the inhibition 
ability of PRF-P on Treg recruitment [83]. PRF-P can be used as a 
personalized Treg-selective inhibition platform to supplement and 
enhance the therapeutic effect of GBM (Fig. 2). In conclusion, 
Treg-based GBM treatment should follow the principle of reducing Treg 
induction and peripheral recruitment. This can be done by reducing the 
number of Tregs in the GBM microenvironment, which will relieve the 
inhibition of effector T cells, thereby increasing their antitumor ability. 

4.4. γδ T cells 

γδT cells are innate lymphocytes with the receptor TCRγδ expressed 
on their surface. TCRγδ can directly recognize and bind antigens without 
recognizing MHC molecules and the helper APCs. Moreover, the struc-
ture of γδ T cells is similar to that of immunoglobulin and antibody-TCR, 
and has the potential to recognize multiple antigens [84]. Thus, they 
play an important role in antitumor immunity. γδ T cells mainly 
participate in antitumor effects through cytotoxic effects [85]. Mice 
lacking γδ T cells are highly susceptible to skin cancer [86], and prostate 
cancer [87]. 

Recent studies have shown that γδ T cells, which increase in the 
tumor tissues and peripheral blood of GBM patients, regulate the 
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development of GBM [88]. Human allogeneic Vγ9Vδ2 T lymphocytes, 
the main subset of γδ T cells, have a cytotoxic effect on primary human 
GBM cells. This process is mediated by the γδ TCR and is regulated by the 
stress-related NKG2D pathway [89]. IL-21, a sensitizing factor of 
Vγ9Vδ2 T cells, can regulate the cytolytic response of Vγ9Vδ2 T cells. 
GBM cells are eliminated by allogeneic human γδ T cells through 
intracellular granzyme-mediated cytotoxicity, and the adoptive transfer 
of IL-21-sensitized γδ T cells can significantly eliminate GBM cells and 
prolong the survival rate of GBM mice [90]. In addition, zoledronate, an 
inhibitor of osteoclast activity, is thought to stimulate peripherally 
derived γδ T cells and sensitize tumors to γδ T cell-mediated killing. This 
has been demonstrated in GBM cells, where the enhanced killing effect 
could be blocked by anti-TCR [91]. Minodronate, a third-generation 
nitrogen-containing bisphosphonate, can cooperate with human γδ T 
cells to exert antitumor effects and play a direct and γδ T cell-mediated 
killing of many tumors, including GBM [92] (Fig. 2). 

γδ T cells can widely recognize and immediately respond to a variety 
of MHC-like stressed autoantigens, many of which are expressed on GBM 
[93]. Due to the poor immunogenicity and high heterogeneity of GBM, 
common adaptive immune response effector T cells are difficult to 
recognize and kill GBM cells. Considering that γδ T cells do not need to 
recognize MHC molecules and rely on their unique TCRγδ, these cells 
can efficiently recognize some hidden antigens and kill the tumor cells 
[94]. Therefore, in vitro activation of γδ T cells and their transfer to GBM 
patients can be explored as a γδ T cell-based GBM therapy. In addition, 
development of drugs that can activate GBM-infiltrated γδ T cells and 
promote their function and expansion can be considered for targeting 
GBM cells. In short, increasing the number of γδ T cells and enhancing 
their function in the GBM microenvironment are key to γδ T cell-based 
GBM therapy. 

5. Conclusions and future prospects 

GBM is a malignant and highly lethal brain tumor. Traditional 
treatments have failed to effectively prolong the survival rate of GBM 
patients. The development of immunotherapy in recent years has ignited 
hope for the treatment of GBM [8]. However, the high heterogeneity and 
immunosuppressive microenvironment of GBM pose great challenges to 
immunotherapy. Therefore, understanding the role of different subsets 
of T cells in the GBM microenvironment is essential to improve the ef-
ficiency of GBM immunotherapy. A large number of immunosuppressive 
cells (such as Tregs, MDSCs, and TAM) infiltrating in the GBM micro-
environment, upregulate multiple immune checkpoints (such as PD-1, 
Tim-3, CTLA-4, and IDO-1), and immunosuppressive ligands (such as 
PD-L1, on GBM cells and tumor-infiltrating myeloid cells) and conceal 
GBM tumor antigen. These factors contribute to the immunosuppressive 
environment of GBM and the dysfunction and proliferation inhibition of 
infiltrating T cells [23]. Therefore, eliminating or reducing the infiltra-
tion of immunosuppressive cells, and increasing the number and activity 
of effector T cells is the key to the success of GBM immunotherapy. 
Reintroducing GBM-specific antitumor effect T cells is indeed a good 
therapeutic strategy [95]. However, it is worth noting that the presence 
of BBB hinders the entry of tumor-killing cells into the GBM tumor area. 
Therefore, amplifying the infiltrated tumor-killing cells in the GBM 
microenvironment may be a promising method to improve GBM 
immunotherapy. Studies have shown that IL-12 delivered by viral vec-
tors can effectively enhance the function of GBM-killing T cells in the 
GBM microenvironment [96]. Furthermore, Reversing the balance of 
M1/M2 and Th1/Th2 cells is another promising therapeutic strategy. 
GBM-infiltrated M2 and Th2 cells greatly promote the GBM immuno-
suppressive environment and are related to poor prognosis [97]. The use 
of gene therapy vectors to carry effective factors to transform M2 and 
Th2 cells into antitumor M1 and Th1 cells can hit two birds with one 
stone. Another challenge in development of GBM immunotherapy is its 
concealed tumor antigens. The release of GBM tumor antigens will 
activate the killing effect of tumor-killing T cells in the GBM 

environment, and that will greatly promote the effect of GBM immu-
notherapy. Oncolytic virus can destroy GBM tumors and release tumor 
antigens, and have been used in the treatment of GBM [96,98]. Further, 
considering the highly immunosuppressive microenvironment of GBM, 
T-cell-based GBM immunotherapy can be supplemented with a combi-
nation of immune checkpoints inhibitors with the delivery of cytokines 
that activate tumor-killing T cells. Studies have shown that the treat-
ment effect of combination therapy is far better than monotherapy in the 
immunotherapy of GBM. In short, alleviating the immunosuppressive 
environment, activating tumor-killing cells in the tumor microenviron-
ment, and releasing tumor antigens are the most promising immuno-
therapeutic strategies for GBM treatment, and combining the two or 
three strategies will inhibit the growth of GBM tumor and improve the 
treatment effect to the greatest extent. 

Authors’ contributions 

HSW and HGZ wrote the manuscript. JNX, YPL, JXY, HC and JZ 
revised the manuscript. YZY, XCZ, SY and YQW draw the figures and 
modified the language. JW designed the study, drafted and wrote the 
manuscript. All authors read and approved the final manuscript. 

Declaration of competing interest 

The authors declare that they have no competing interests. 

Acknowledgements 

This work was supported by Jiangsu Natural Science Foundation 
Youth Project (grant BK20180277), and the Doctorial Innovation 
Foundation of Jiangsu Province (grant no. KYCX17_1816). 

References 

[1] M.E. Davis, Glioblastoma: overview of disease and treatment, Clin. J. Oncol. Nurs. 
20 (2016) S2–S8. 

[2] H. Hu, Q. Mu, Z. Bao, Y. Chen, Y. Liu, J. Chen, K. Wang, Z. Wang, Y. Nam, B. Jiang, 
J.K. Sa, H.J. Cho, N.G. Her, C. Zhang, Z. Zhao, Y. Zhang, F. Zeng, F. Wu, X. Kang, 
Y. Liu, Z. Qian, Z. Wang, R. Huang, Q. Wang, W. Zhang, X. Qiu, W. Li, D.H. Nam, 
X. Fan, J. Wang, T. Jiang, Mutational landscape of secondary glioblastoma guides 
MET-targeted trial in brain tumor, Cell 175 (2018) 1665–1678, e1618. 

[3] R. Tadipatri, K. Lyon, A. Azadi, E. Fonkem, A View of the Epidemiologic Landscape: 
How Population-Based Studies Can Lend Novel Insights Regarding the 
Pathophysiology of Glioblastoma, Chinese Clinical Oncology, 2020 
cco.2020.02.07. 

[4] M. Martinez-Lage, T.M. Lynch, Y. Bi, C. Cocito, G.P. Way, S. Pal, J. Haller, R.E. Yan, 
A. Ziober, A. Nguyen, M. Kandpal, D.M. O’Rourke, J.P. Greenfield, C.S. Greene, R. 
V. Davuluri, N. Dahmane, Immune landscapes associated with different 
glioblastoma molecular subtypes, Acta neuropathologica communications 7 (2019) 
203. 

[5] A. Omuro, L.M. DeAngelis, Glioblastoma and other malignant gliomas: a clinical 
review, Jama 310 (2013) 1842–1850. 

[6] J. Song, P. Kadaba, A. Kravitz, A. Hormigo, J. Friedman, P. Belani, C. Hadjipanayis, 
B.M. Ellingson, K. Nael, Multiparametric MRI for early identification of therapeutic 
response in recurrent glioblastoma treated with immune checkpoint inhibitors, 
Neuro Oncol. (2020), https://doi.org/10.1093/neuonc/noaa066 noaa066. 

[7] J. Adhikaree, H.A. Franks, C. Televantos, P. Vaghela, A.P. Kaur, D. Walker, 
M. Schmitz, A.M. Jackson, P.M. Patel, Impaired circulating myeloid CD1c+
dendritic cell function in human glioblastoma is restored by p38 inhibition - 
implications for the next generation of DC vaccines, OncoImmunology 8 (2019) 
1593803. 

[8] J. Zhao, A.X. Chen, R.D. Gartrell, A.M. Silverman, L. Aparicio, T. Chu, D. Bordbar, 
D. Shan, J. Samanamud, A. Mahajan, I. Filip, R. Orenbuch, M. Goetz, J. 
T. Yamaguchi, M. Cloney, C. Horbinski, R.V. Lukas, J. Raizer, A.I. Rae, J. Yuan, 
P. Canoll, J.N. Bruce, Y.M. Saenger, P. Sims, F.M. Iwamoto, A.M. Sonabend, 
R. Rabadan, Immune and genomic correlates of response to anti-PD-1 
immunotherapy in glioblastoma, Nat. Med. 25 (2019) 462–469. 

[9] D.G. Walker, R. Shakya, B. Morrison, M.A. Neller, K.K. Matthews, J. Nicholls, 
C. Smith, R. Khanna, Impact of pre-therapy glioblastoma multiforme 
microenvironment on clinical response to autologous CMV-specific T-cell therapy, 
Clinical & translational immunology 8 (2019), e01088. 

[10] T.G. Krieger, S.M. Tirier, J. Park, K. Jechow, T. Eisemann, H. Peterziel, P. Angel, 
R. Eils, C. Conrad, Modeling glioblastoma invasion using human brain organoids 
and single-cell transcriptomics, Neuro Oncol. 22 (2020) 1138–1149. 

[11] D. Mangani, M. Weller, P. Roth, The network of immunosuppressive pathways in 
glioblastoma, Biochem. Pharmacol. 130 (2017) 1–9. 

H. Wang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0304-3835(20)30498-5/sref1
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref1
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref2
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref2
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref2
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref2
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref2
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref3
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref3
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref3
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref3
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref4
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref4
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref4
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref4
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref4
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref5
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref5
https://doi.org/10.1093/neuonc/noaa066
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref7
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref7
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref7
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref7
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref7
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref8
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref9
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref9
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref9
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref9
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref10
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref10
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref10
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref11
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref11


Cancer Letters 496 (2021) 134–143

141

[12] P. Kesarwani, A. Prabhu, S. Kant, P. Chinnaiyan, Metabolic remodeling contributes 
towards an immune-suppressive phenotype in glioblastoma, Cancer immunology, 
immunotherapy, CII 68 (2019) 1107–1120. 

[13] J. Kloepper, L. Riedemann, Z. Amoozgar, G. Seano, K. Susek, V. Yu, N. Dalvie, R. 
L. Amelung, M. Datta, J.W. Song, V. Askoxylakis, J.W. Taylor, C. Lu-Emerson, 
A. Batista, N.D. Kirkpatrick, K. Jung, M. Snuderl, A. Muzikansky, K.G. Stubenrauch, 
O. Krieter, H. Wakimoto, L. Xu, L.L. Munn, D.G. Duda, D. Fukumura, T. 
T. Batchelor, R.K. Jain, Ang-2/VEGF bispecific antibody reprograms macrophages 
and resident microglia to anti-tumor phenotype and prolongs glioblastoma 
survival, Proc. Natl. Acad. Sci. U. S. A. 113 (2016) 4476–4481. 

[14] M. Preusser, M. Lim, D.A. Hafler, D.A. Reardon, J.H. Sampson, Prospects of 
immune checkpoint modulators in the treatment of glioblastoma, Nature reviews, 
Neurology 11 (2015) 504–514. 

[15] B. Shraibman, E. Barnea, D.M. Kadosh, Y. Haimovich, G. Slobodin, I. Rosner, 
C. Lopez-Larrea, N. Hilf, S. Kuttruff, C. Song, C. Britten, J. Castle, S. Kreiter, 
K. Frenzel, M. Tatagiba, G. Tabatabai, P.Y. Dietrich, V. Dutoit, W. Wick, M. Platten, 
F. Winkler, A. von Deimling, J. Kroep, J. Sahuquillo, F. Martinez-Ricarte, J. Rodon, 
U. Lassen, C. Ottensmeier, S.H. van der Burg, P. Thor Straten, H.S. Poulsen, 
B. Ponsati, H. Okada, H.G. Rammensee, U. Sahin, H. Singh, A. Admon, 
Identification of tumor antigens among the HLA peptidomes of glioblastoma 
tumors and plasma, Mol. Cell. Proteomics : MCP 18 (2019) 1255–1268. 

[16] P.C. Rosato, S. Wijeyesinghe, J.M. Stolley, C.E. Nelson, R.L. Davis, L.S. Manlove, C. 
A. Pennell, B.R. Blazar, C.C. Chen, M.A. Geller, V. Vezys, D. Masopust, Virus- 
specific memory T cells populate tumors and can be repurposed for tumor 
immunotherapy, Nat. Commun. 10 (2019) 567. 

[17] K.I. Woroniecka, K.E. Rhodin, P. Chongsathidkiet, K.A. Keith, P.E. Fecci, T-cell 
dysfunction in glioblastoma: applying a new framework, clinical cancer research : 
an, official journal of the American Association for Cancer Research 24 (2018) 
3792–3802. 

[18] K.A. Schalper, M.E. Rodriguez-Ruiz, R. Diez-Valle, A. Lopez-Janeiro, 
A. Porciuncula, M.A. Idoate, S. Inoges, C. de Andrea, A. Lopez-Diaz de Cerio, 
S. Tejada, P. Berraondo, F. Villarroel-Espindola, J. Choi, A. Gurpide, M. Giraldez, 
I. Goicoechea, J. Gallego Perez-Larraya, M.F. Sanmamed, J.L. Perez-Gracia, 
I. Melero, Neoadjuvant nivolumab modifies the tumor immune microenvironment 
in resectable glioblastoma, Nat. Med. 25 (2019) 470–476. 

[19] Z. Hu, P.A. Ott, C.J. Wu, Towards personalized, tumour-specific, therapeutic 
vaccines for cancer, Nat. Rev. Immunol. 18 (2018) 168–182. 

[20] R.I.K. Geltink, R.L. Kyle, E.L. Pearce, Unraveling the complex interplay between T 
cell metabolism and function, Annu. Rev. Immunol. 36 (2018) 461–488. 

[21] D. Masopust, J.M. Schenkel, The integration of T cell migration, differentiation and 
function, Nat. Rev. Immunol. 13 (2013) 309–320. 

[22] R.J. Kishton, M. Sukumar, N.P. Restifo, Metabolic regulation of T cell longevity and 
function in tumor immunotherapy, Cell Metabol. 26 (2017) 94–109. 

[23] D.B. Keskin, A.J. Anandappa, J. Sun, I. Tirosh, N.D. Mathewson, S. Li, G. Oliveira, 
A. Giobbie-Hurder, K. Felt, E. Gjini, S.A. Shukla, Z. Hu, L. Li, P.M. Le, R.L. Allesoe, 
A.R. Richman, M.S. Kowalczyk, S. Abdelrahman, J.E. Geduldig, S. Charbonneau, 
K. Pelton, J.B. Iorgulescu, L. Elagina, W. Zhang, O. Olive, C. McCluskey, L.R. Olsen, 
J. Stevens, W.J. Lane, A.M. Salazar, H. Daley, P.Y. Wen, E.A. Chiocca, M. Harden, 
N.J. Lennon, S. Gabriel, G. Getz, E.S. Lander, A. Regev, J. Ritz, D. Neuberg, S. 
J. Rodig, K.L. Ligon, M.L. Suva, K.W. Wucherpfennig, N. Hacohen, E.F. Fritsch, K. 
J. Livak, P.A. Ott, C.J. Wu, D.A. Reardon, Neoantigen vaccine generates 
intratumoral T cell responses in phase Ib glioblastoma trial, Nature 565 (2019) 
234–239. 

[24] W. Zhang, Y. Pan, P. Gou, C. Zhou, L. Ma, Q. Liu, Y. Du, J. Yang, Q. Wang, Effect of 
xanthohumol on Th1/Th2 balance in a breast cancer mouse model, Oncol. Rep. 39 
(2018) 280–288. 

[25] H.R. Cho, N. Kumari, H. Thi Vu, H. Kim, C.K. Park, S.H. Choi, Increased 
antiangiogenic effect by blocking CCL2-dependent macrophages in a rodent 
glioblastoma model: correlation study with dynamic susceptibility contrast 
perfusion MRI, Sci. Rep. 9 (2019) 11085. 

[26] A. Marabelle, H. Kohrt, I. Sagiv-Barfi, B. Ajami, R.C. Axtell, G. Zhou, R. Rajapaksa, 
M.R. Green, J. Torchia, J. Brody, R. Luong, M.D. Rosenblum, L. Steinman, H. 
I. Levitsky, V. Tse, R. Levy, Depleting tumor-specific Tregs at a single site 
eradicates disseminated tumors, J. Clin. Invest. 123 (2013) 2447–2463. 

[27] C. Ma, M. Han, B. Heinrich, Q. Fu, Q. Zhang, M. Sandhu, D. Agdashian, M. Terabe, 
J.A. Berzofsky, V. Fako, T. Ritz, T. Longerich, C.M. Theriot, J.A. McCulloch, S. Roy, 
W. Yuan, V. Thovarai, S.K. Sen, M. Ruchirawat, F. Korangy, X.W. Wang, 
G. Trinchieri, T.F. Greten, Gut microbiome-mediated bile acid metabolism 
regulates liver cancer via NKT cells, Science 360 (2018), eaan5931. 

[28] G. Chitadze, M. Lettau, S. Luecke, T. Wang, O. Janssen, D. Furst, J. Mytilineos, 
D. Wesch, H.H. Oberg, J. Held-Feindt, D. Kabelitz, NKG2D- and T-cell receptor- 
dependent lysis of malignant glioma cell lines by human gammadelta T cells: 
modulation by temozolomide and A disintegrin and metalloproteases 10 and 17 
inhibitors, OncoImmunology 5 (2016), e1093276. 

[29] N.L. Bryant, C. Suarez-Cuervo, G.Y. Gillespie, J.M. Markert, L.B. Nabors, S. Meleth, 
R.D. Lopez, L.S. Lamb Jr., Characterization and immunotherapeutic potential of 
gammadelta T-cells in patients with glioblastoma, Neuro Oncol. 11 (2009) 
357–367. 

[30] B. Shraibman, E. Barnea, D.M. Kadosh, Y. Haimovich, G. Slobodin, I. Rosner, 
C. Lopez-Larrea, N. Hilf, S. Kuttruff, C. Song, C. Britten, J. Castle, S. Kreiter, 
K. Frenzel, M. Tatagiba, G. Tabatabai, P.Y. Dietrich, V. Dutoit, W. Wick, M. Platten, 
F. Winkler, A. von Deimling, J. Kroep, J. Sahuquillo, F. Martinez-Ricarte, J. Rodon, 
U. Lassen, C. Ottensmeier, S.H. van der Burg, P. Thor Straten, H.S. Poulsen, 
B. Ponsati, H. Okada, H.G. Rammensee, U. Sahin, H. Singh, A. Admon, 
Identification of tumor antigens among the HLA peptidomes of glioblastoma 
tumors and plasma, Mol. Cell. Proteomics : MCP 17 (2018) 2132–2145. 

[31] M.L. Broekman, S.L.N. Maas, E.R. Abels, T.R. Mempel, A.M. Krichevsky, X. 
O. Breakefield, Multidimensional communication in the microenvirons of 
glioblastoma, Nat. Rev. Neurol. 14 (2018) 482–495. 

[32] E. Le Rhun, M. Preusser, P. Roth, D.A. Reardon, M. van den Bent, P. Wen, 
G. Reifenberger, M. Weller, Molecular targeted therapy of glioblastoma, Canc. 
Treat Rev. 80 (2019) 101896. 

[33] M. Caccese, S. Indraccolo, V. Zagonel, G. Lombardi, PD-1/PD-L1 immune- 
checkpoint inhibitors in glioblastoma: a concise review, Crit. Rev. Oncol.-Hematol. 
135 (2019) 128–134. 

[34] E.K. Nduom, M. Weller, A.B. Heimberger, Immunosuppressive mechanisms in 
glioblastoma, Neuro Oncol. 17 (7) (2015) vii9-vii14. 

[35] B. Mahata, S. Biswas, P. Rayman, A. Chahlavi, J. Ko, A. Bhattacharjee, Y.T. Li, Y. Li, 
T. Das, G. Sa, B. Raychaudhuri, M.A. Vogelbaum, C. Tannenbaum, J.H. Finke, 
K. Biswas, GBM derived gangliosides induce T cell apoptosis through activation of 
the caspase cascade involving both the extrinsic and the intrinsic pathway, PloS 
One 10 (2015), e0134425. 

[36] R. Mirzaei, S. Sarkar, L. Dzikowski, K.S. Rawji, L. Khan, A. Faissner, P. Bose, V. 
W. Yong, Brain tumor-initiating cells export tenascin-C associated with exosomes 
to suppress T cell activity, OncoImmunology 7 (2018), e1478647. 

[37] M.C. Takenaka, G. Gabriely, V. Rothhammer, I.D. Mascanfroni, M.A. Wheeler, C. 
C. Chao, C. Gutierrez-Vazquez, J. Kenison, E.C. Tjon, A. Barroso, T. Vandeventer, 
K.A. de Lima, S. Rothweiler, L. Mayo, S. Ghannam, S. Zandee, L. Healy, D. Sherr, M. 
F. Farez, A. Prat, J. Antel, D.A. Reardon, H. Zhang, S.C. Robson, G. Getz, H. 
L. Weiner, F.J. Quintana, Author Correction: control of tumor-associated 
macrophages and T cells in glioblastoma via AHR and CD39, Nat. Neurosci. 22 
(2019) 1533. 

[38] J. Lohr, T. Ratliff, A. Huppertz, Y. Ge, C. Dictus, R. Ahmadi, S. Grau, N. Hiraoka, 
V. Eckstein, R.C. Ecker, T. Korff, A. von Deimling, A. Unterberg, P. Beckhove, 
C. Herold-Mende, Effector T-cell infiltration positively impacts survival of 
glioblastoma patients and is impaired by tumor-derived TGF-beta, Clin. Canc. Res. : 
an official journal of the American Association for Cancer Research 17 (2011) 
4296–4308. 

[39] X. Zhu, G. Niedermann, Rapid and efficient transfer of the T cell aging marker 
CD57 from glioblastoma stem cells to CAR T cells, Oncoscience 2 (2015) 476–482. 

[40] R. Amoriello, V. Greiff, A. Aldinucci, E. Bonechi, A. Carnasciali, B. Peruzzi, A. 
M. Repice, A. Mariottini, R. Saccardi, B. Mazzanti, L. Massacesi, C. Ballerini, The 
TCR repertoire reconstitution in multiple sclerosis: comparing one-shot and 
continuous immunosuppressive therapies, Front. Immunol. 11 (2020) 559. 

[41] J.L. Zhang, X.S. Zhong, S.B. Yang, X. Kang, Y. Li, J.X. Chen, W.B. Li, Features and 
therapeutic potential of T-cell receptors in high-grade glioma, Chin. Med. J. 132 
(2019) 1435–1440. 

[42] D.G. Walker, T. Chuah, M.J. Rist, M.P. Pender, T-cell apoptosis in human 
glioblastoma multiforme: implications for immunotherapy, J. Neuroimmunol. 175 
(2006) 59–68. 

[43] M. Romani, M.P. Pistillo, R. Carosio, A. Morabito, B. Banelli, Immune checkpoints 
and innovative therapies in glioblastoma, Frontiers in oncology 8 (2018) 464. 

[44] X. Wang, G. Guo, H. Guan, Y. Yu, J. Lu, J. Yu, Challenges and potential of PD-1/PD- 
L1 checkpoint blockade immunotherapy for glioblastoma, J. Exp. Clin. Canc. Res. 
38 (2019) 87. 

[45] L. Zhai, E. Ladomersky, K.L. Lauing, M. Wu, M. Genet, G. Gritsina, B. Gyorffy, P. 
K. Brastianos, D.C. Binder, J.A. Sosman, F.J. Giles, C.D. James, C. Horbinski, 
R. Stupp, D.A. Wainwright, Infiltrating T cells increase Ido1 expression in 
glioblastoma and contribute to decreased patient survival, Clin. Canc. Res. : an 
official journal of the American Association for Cancer Research 23 (2017) 
6650–6660. 

[46] J.E. Kim, M.A. Patel, A. Mangraviti, E.S. Kim, D. Theodros, E. Velarde, A. Liu, E. 
W. Sankey, A. Tam, H. Xu, D. Mathios, C.M. Jackson, S. Harris-Bookman, 
T. Garzon-Muvdi, M. Sheu, A.M. Martin, B.M. Tyler, P.T. Tran, X. Ye, A. Olivi, J. 
M. Taube, P.C. Burger, C.G. Drake, H. Brem, D.M. Pardoll, M. Lim, Combination 
therapy with anti-PD-1, anti-TIM-3, and focal radiation results in regression of 
murine gliomas, Clin. Canc. Res. : an official journal of the American Association 
for Cancer Research 23 (2017) 124–136. 

[47] B. Raychaudhuri, P. Rayman, P. Huang, M. Grabowski, D. Hambardzumyan, J. 
H. Finke, M.A. Vogelbaum, Myeloid derived suppressor cell infiltration of murine 
and human gliomas is associated with reduction of tumor infiltrating lymphocytes, 
Journal of neuro-oncology 122 (2015) 293–301. 

[48] P. Chongsathidkiet, C. Jackson, S. Koyama, F. Loebel, X. Cui, S.H. Farber, 
K. Woroniecka, A.A. Elsamadicy, C.A. Dechant, H.R. Kemeny, L. Sanchez-Perez, T. 
A. Cheema, N.C. Souders, J.E. Herndon, J.V. Coumans, J.I. Everitt, B.V. Nahed, J. 
H. Sampson, M.D. Gunn, R.L. Martuza, G. Dranoff, W.T. Curry, P.E. Fecci, 
Sequestration of T cells in bone marrow in the setting of glioblastoma and other 
intracranial tumors, Nat. Med. 24 (2018) 1459–1468. 

[49] B. Farhood, M. Najafi, K. Mortezaee, CD8(+) cytotoxic T lymphocytes in cancer 
immunotherapy: a review, J. Cell. Physiol. 234 (2019) 8509–8521. 

[50] R.J. Beck, M. Slagter, J.B. Beltman, Contact-dependent killing by cytotoxic T 
lymphocytes is insufficient for EL4 tumor regression in vivo, Canc. Res. 79 (2019) 
3406–3416. 

[51] R. Ueda, G. Kohanbash, K. Sasaki, M. Fujita, X. Zhu, E.R. Kastenhuber, H. 
A. McDonald, D.M. Potter, R.L. Hamilton, M.T. Lotze, S.A. Khan, R.W. Sobol, 
H. Okada, Dicer-regulated microRNAs 222 and 339 promote resistance of cancer 
cells to cytotoxic T-lymphocytes by down-regulation of ICAM-1, Proc. Natl. Acad. 
Sci. U. S. A. 106 (2009) 10746–10751. 

[52] C.Y. Chang, S.B. Jeon, H.J. Yoon, B.K. Choi, S.S. Kim, M. Oshima, E.J. Park, Glial 
TLR2-driven innate immune responses and CD8(+) T cell activation against brain 
tumor, Glia 67 (2019) 1179–1195. 

H. Wang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0304-3835(20)30498-5/sref12
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref12
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref12
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref13
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref14
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref14
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref14
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref15
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref16
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref16
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref16
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref16
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref17
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref17
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref17
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref17
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref18
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref19
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref19
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref20
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref20
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref21
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref21
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref22
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref22
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref23
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref24
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref24
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref24
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref25
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref25
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref25
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref25
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref26
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref26
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref26
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref26
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref27
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref27
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref27
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref27
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref27
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref28
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref28
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref28
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref28
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref28
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref29
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref29
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref29
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref29
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref30
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref31
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref31
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref31
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref32
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref32
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref32
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref33
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref33
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref33
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref34
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref34
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref35
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref35
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref35
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref35
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref35
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref36
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref36
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref36
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref37
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref38
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref39
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref39
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref40
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref40
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref40
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref40
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref41
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref41
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref41
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref42
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref42
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref42
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref43
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref43
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref44
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref44
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref44
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref45
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref46
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref47
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref47
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref47
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref47
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref48
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref49
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref49
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref50
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref50
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref50
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref51
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref51
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref51
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref51
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref51
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref52
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref52
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref52


Cancer Letters 496 (2021) 134–143

142

[53] S.H. Choi, D.W. Stuckey, S. Pignatta, C. Reinshagen, J.K. Khalsa, N. Roozendaal, 
J. Martinez-Quintanilla, K. Tamura, E. Keles, K. Shah, Tumor resection recruits 
effector T cells and boosts therapeutic efficacy of encapsulated stem cells 
expressing IFNbeta in glioblastomas, clinical cancer research : an, official journal of 
the American Association for Cancer Research 23 (2017) 7047–7058. 

[54] Z. Amoozgar, R.K. Jain, D.G. Duda, Role of apelin in glioblastoma vascularization 
and invasion after anti-VEGF therapy: what is the impact on the immune system? 
Canc. Res. 79 (2019) 2104–2106. 

[55] C.S. Malo, R.H. Khadka, K. Ayasoufi, F. Jin, J.E. AbouChehade, M.J. Hansen, 
R. Iezzi, K.D. Pavelko, A.J. Johnson, Immunomodulation mediated by anti- 
angiogenic therapy improves CD8 T cell immunity against experimental glioma, 
Frontiers in oncology 8 (2018) 320. 

[56] E.A. Reap, C.M. Suryadevara, K.A. Batich, L. Sanchez-Perez, G.E. Archer, R. 
J. Schmittling, P.K. Norberg, J.E. Herndon 2nd, P. Healy, K.L. Congdon, P. 
C. Gedeon, O.C. Campbell, A.M. Swartz, K.A. Riccione, J.S. Yi, M.K. Hossain- 
Ibrahim, A. Saraswathula, S.K. Nair, A.M. Dunn-Pirio, T.M. Broome, K.J. Weinhold, 
A. Desjardins, G. Vlahovic, R.E. McLendon, A.H. Friedman, H.S. Friedman, D. 
D. Bigner, P.E. Fecci, D.A. Mitchell, J.H. Sampson, Dendritic cells enhance 
polyfunctionality of adoptively transferred T cells that target cytomegalovirus in 
glioblastoma, Canc. Res. 78 (2018) 256–264. 

[57] S. Pellegatta, M. Eoli, V. Cuccarini, E. Anghileri, B. Pollo, S. Pessina, S. Frigerio, 
M. Servida, L. Cuppini, C. Antozzi, S. Cuzzubbo, C. Corbetta, R. Paterra, F. Acerbi, 
P. Ferroli, F. DiMeco, L. Fariselli, E.A. Parati, M.G. Bruzzone, G. Finocchiaro, 
Survival gain in glioblastoma patients treated with dendritic cell immunotherapy is 
associated with increased NK but not CD8(+) T cell activation in the presence of 
adjuvant temozolomide, OncoImmunology 7 (2018), e1412901. 

[58] V. Kumar, S. Patel, E. Tcyganov, D.I. Gabrilovich, The nature of myeloid-derived 
suppressor cells in the tumor microenvironment, Trends Immunol. 37 (2016) 
208–220. 

[59] N. Kamran, P. Kadiyala, M. Saxena, M. Candolfi, Y. Li, M.A. Moreno-Ayala, N. Raja, 
D. Shah, P.R. Lowenstein, M.G. Castro, Immunosuppressive myeloid cells’ blockade 
in the glioma microenvironment enhances the efficacy of immune-stimulatory gene 
therapy, Mol. Ther. : the journal of the American Society of Gene Therapy 25 
(2017) 232–248. 

[60] D.N. Renner, F. Jin, A.J. Litterman, A.J. Balgeman, L.M. Hanson, J.D. Gamez, 
M. Chae, B.L. Carlson, J.N. Sarkaria, I.F. Parney, J.R. Ohlfest, I. Pirko, K. 
D. Pavelko, A.J. Johnson, Effective treatment of established GL261 murine gliomas 
through picornavirus vaccination-enhanced tumor antigen-specific CD8+ T cell 
responses, PloS One 10 (2015), e0125565. 

[61] J. Zhu, T helper cell differentiation, heterogeneity, and plasticity, Cold Spring 
Harbor perspectives in biology 10 (2018). 

[62] R. Kumar, D. Kamdar, L. Madden, C. Hills, D. Crooks, D. O’Brien, J. Greenman, 
Th1/Th2 cytokine imbalance in meningioma, anaplastic astrocytoma and 
glioblastoma multiforme patients, Oncol. Rep. 15 (2006) 1513–1516. 

[63] B.A. Goods, A.L. Hernandez, D.E. Lowther, L.E. Lucca, B.A. Lerner, M. Gunel, 
K. Raddassi, V. Coric, D.A. Hafler, J.C. Love, Functional differences between PD-1+
and PD-1- CD4+ effector T cells in healthy donors and patients with glioblastoma 
multiforme, PloS One 12 (2017), e0181538. 

[64] S. Harris-Bookman, D. Mathios, A.M. Martin, Y. Xia, E. Kim, H. Xu, Z. Belcaid, 
M. Polanczyk, T. Barberi, D. Theodros, J. Kim, J.M. Taube, P.C. Burger, M. Selby, 
C. Taitt, A. Korman, X. Ye, C.G. Drake, H. Brem, D.M. Pardoll, M. Lim, Expression 
of LAG-3 and efficacy of combination treatment with anti-LAG-3 and anti-PD-1 
monoclonal antibodies in glioblastoma, Int. J. Canc. 143 (2018) 3201–3208. 

[65] P. Gong, B. Shi, J. Wang, P. Cao, Z. Diao, Y. Wang, Y. Hu, S. Li, Association 
between Th1/Th2 immune imbalance and obesity in women with or without 
polycystic ovary syndrome, Gynecological endocrinology, the official journal of the 
International Society of Gynecological Endocrinology 34 (2018) 709–714. 

[66] Y. Takashima, A. Kawaguchi, T. Kanayama, A. Hayano, R. Yamanaka, Correlation 
between lower balance of Th2 helper T-cells and expression of PD-L1/PD-1 axis 
genes enables prognostic prediction in patients with glioblastoma, Oncotarget 9 
(2018) 19065–19078. 

[67] S. Shimato, L.M. Maier, R. Maier, J.N. Bruce, R.C. Anderson, D.E. Anderson, 
Profound tumor-specific Th2 bias in patients with malignant glioma, BMC Canc. 12 
(2012) 561. 

[68] Y. Yin, A.C. Boesteanu, Z.A. Binder, C. Xu, R.A. Reid, J.L. Rodriguez, D.R. Cook, 
R. Thokala, K. Blouch, B. McGettigan-Croce, L. Zhang, C. Konradt, A.P. Cogdill, M. 
K. Panjwani, S. Jiang, D. Migliorini, N. Dahmane, A.D. Posey Jr., C.H. June, N. 
J. Mason, Z. Lin, D.M. O’Rourke, L.A. Johnson, Checkpoint blockade reverses 
anergy in IL-13Ralpha2 humanized scFv-based CAR T cells to treat murine and 
canine gliomas, Molecular therapy oncolytics 11 (2018) 20–38. 

[69] D. Wang, B. Aguilar, R. Starr, D. Alizadeh, A. Brito, A. Sarkissian, J.R. Ostberg, S. 
J. Forman, C.E. Brown, Glioblastoma-targeted CD4+ CAR T cells mediate superior 
antitumor activity, JCI insight 3 (2018), e99048. 

[70] S. De Vleeschouwer, I. Spencer Lopes, J.L. Ceuppens, S.W. Van Gool, Persistent IL- 
10 production is required for glioma growth suppressive activity by Th1-directed 
effector cells after stimulation with tumor lysate-loaded dendritic cells, Journal of 
neuro-oncology 84 (2007) 131–140. 

[71] C.N. Chao, Y.H. Yang, M.S. Wu, M.C. Chou, C.Y. Fang, M.C. Lin, C.K. Tai, C. 
H. Shen, P.L. Chen, D. Chang, M. Wang, Gene therapy for human glioblastoma 
using neurotropic JC virus-like particles as a gene delivery vector, Sci. Rep. 8 
(2018) 2213. 

[72] C. Scheinecker, L. Goschl, M. Bonelli, Treg cells in health and autoimmune 
diseases: new insights from single cell analysis, J. Autoimmun. (2019) 102376. 

[73] H. Wang, F. Franco, P.C. Ho, Metabolic regulation of Tregs in cancer: opportunities 
for immunotherapy, Trends in cancer 3 (2017) 583–592. 

[74] K. Tumangelova-Yuzeir, E. Naydenov, E. Ivanova-Todorova, E. Krasimirova, 
G. Vasilev, S. Nachev, D. Kyurkchiev, Mesenchymal stem cells derived and cultured 
from glioblastoma multiforme increase Tregs, downregulate Th17, and induce the 
tolerogenic phenotype of monocyte-derived cells, Stem Cell. Int. 2019 (2019) 
6904638. 

[75] J. DiDomenico, J.B. Lamano, D. Oyon, Y. Li, D. Veliceasa, G. Kaur, L. Ampie, 
W. Choy, J.B. Lamano, O. Bloch, The immune checkpoint protein PD-L1 induces 
and maintains regulatory T cells in glioblastoma, OncoImmunology 7 (2018), 
e1448329. 

[76] J. Miska, C. Lee-Chang, A. Rashidi, M.E. Muroski, A.L. Chang, A. Lopez-Rosas, 
P. Zhang, W.K. Panek, A. Cordero, Y. Han, A.U. Ahmed, N.S. Chandel, M.S. Lesniak, 
HIF-1alpha is a metabolic switch between glycolytic-driven migration and 
oxidative phosphorylation-driven immunosuppression of Tregs in glioblastoma, 
Cell Rep. 27 (2019) 226–237, e224. 

[77] R. Iwata, J. Hyoung Lee, M. Hayashi, U. Dianzani, K. Ofune, M. Maruyama, S. Oe, 
T. Ito, T. Hashiba, K. Yoshimura, M. Nonaka, Y. Nakano, L. Norian, I. Nakano, 
A. Asai, ICOSLG-mediated regulatory T-cell expansion and IL-10 production 
promote progression of glioblastoma, Neuro Oncol. 22 (2020) 333–344. 

[78] J.Y. Cao, Q. Guo, G.F. Guan, C. Zhu, C.Y. Zou, L.Y. Zhang, W. Cheng, G.L. Wang, 
P. Cheng, A.H. Wu, G.Y. Li, Elevated lymphocyte specific protein 1 expression is 
involved in the regulation of leukocyte migration and immunosuppressive 
microenvironment in glioblastoma, Aging 12 (2020) 1656–1684. 

[79] L. Catani, D. Sollazzo, S. Trabanelli, A. Curti, C. Evangelisti, N. Polverelli, 
F. Palandri, M. Baccarani, N. Vianelli, R.M. Lemoli, Decreased expression of 
indoleamine 2,3-dioxygenase 1 in dendritic cells contributes to impaired 
regulatory T cell development in immune thrombocytopenia, Ann. Hematol. 92 
(2013) 67–78. 

[80] M. Zhou, P.M. Bracci, L.S. McCoy, G. Hsuang, J.L. Wiemels, T. Rice, S. Zheng, K. 
T. Kelsey, M.R. Wrensch, J.K. Wiencke, Serum macrophage-derived chemokine/ 
CCL22 levels are associated with glioma risk, CD4 T cell lymphopenia and survival 
time, Int. J. Canc. 137 (2015) 826–836. 

[81] Z. Li, X. Liu, R. Guo, P. Wang, CD4(+)Foxp3(-) type 1 regulatory T cells in 
glioblastoma multiforme suppress T cell responses through multiple pathways and 
are regulated by tumor-associated macrophages, Int. J. Biochem. Cell Biol. 81 
(2016) 1–9. 

[82] W.X. Huff, J.H. Kwon, M. Henriquez, K. Fetcko, M. Dey, The evolving role of CD8( 
+)CD28(-) immunosenescent T cells in cancer immunology, Int. J. Mol. Sci. 20 
(2019) 2810. 

[83] W.K. Panek, K.C. Pituch, J. Miska, J.W. Kim, A. Rashidi, D. Kanojia, A. Lopez- 
Rosas, Y. Han, D. Yu, C.L. Chang, J.R. Kane, P. Zhang, A. Cordero, M.S. Lesniak, 
Local application of autologous platelet-rich fibrin patch (PRF-P) suppresses 
regulatory T cell recruitment in a murine glioma model, Mol. Neurobiol. 56 (2019) 
5032–5040. 

[84] K.M. Chang, D. Traum, J.J. Park, S. Ho, K. Ojiro, D.K. Wong, A.S. Wahed, N. 
A. Terrault, M. Khalili, R.K. Sterling, H.L.A. Janssen, M.C. Shuhart, D.T. Lau, L. 
R. Roberts, G.S. Johnson, D.E. Kaplan, M.R. Betts, W.M. Lee, A.S.F. Lok, Distinct 
phenotype and function of circulating Vdelta1+ and Vdelta2+ gammadeltaT-cells 
in acute and chronic hepatitis B, PLoS Pathog. 15 (2019), e1007715. 

[85] J. Wang, C. Lin, H. Li, R. Li, Y. Wu, H. Liu, H. Zhang, H. He, W. Zhang, J. Xu, 
Tumor-infiltrating gammadeltaT cells predict prognosis and adjuvant 
chemotherapeutic benefit in patients with gastric cancer, OncoImmunology 6 
(2017), e1353858. 

[86] X.J. Xie, T.T. Di, Y. Wang, M.X. Wang, Y.J. Meng, Y. Lin, X.L. Xu, P. Li, J.X. Zhao, 
Indirubin ameliorates imiquimod-induced psoriasis-like skin lesions in mice by 
inhibiting inflammatory responses mediated by IL-17A-producing gammadelta T 
cells, Mol. Immunol. 101 (2018) 386–395. 

[87] Z. Liu, B.L. Guo, B.C. Gehrs, L. Nan, R.D. Lopez, Ex vivo expanded human 
Vgamma9Vdelta2+ gammadelta-T cells mediate innate antitumor activity against 
human prostate cancer cells in vitro, J. Urol. 173 (2005) 1552–1556. 

[88] M. Lee, C. Park, J. Woo, J. Kim, I. Kho, D.H. Nam, W.Y. Park, Y.S. Kim, D.S. Kong, 
H.W. Lee, T.J. Kim, Preferential infiltration of unique Vgamma9Jgamma2-vdelta2 
T cells into glioblastoma multiforme, Front. Immunol. 10 (2019) 555. 

[89] C. Chauvin, N. Joalland, J. Perroteau, U. Jarry, L. Lafrance, C. Willem, C. Retiere, 
L. Oliver, C. Gratas, L. Gautreau-Rolland, X. Saulquin, F.M. Vallette, H. Vie, 
E. Scotet, C. Pecqueur, NKG2D controls natural reactivity of Vgamma9Vdelta2 T 
lymphocytes against mesenchymal glioblastoma cells, clinical cancer research, an 
official journal of the American Association for Cancer Research 25 (2019) 
7218–7228. 

[90] N. Joalland, C. Chauvin, L. Oliver, F.M. Vallette, C. Pecqueur, U. Jarry, E. Scotet, 
IL-21 increases the reactivity of allogeneic human Vgamma9Vdelta2 T cells against 
primary glioblastoma tumors, Journal of immunotherapy (Hagerstown, Md. : 1997 
41 (2018) 224–231. 

[91] T. Nakazawa, M. Nakamura, Y.S. Park, Y. Motoyama, Y. Hironaka, F. Nishimura, 
I. Nakagawa, S. Yamada, R. Matsuda, K. Tamura, T. Sugimoto, Y. Takeshima, 
A. Marutani, T. Tsujimura, N. Ouji, Y. Ouji, M. Yoshikawa, H. Nakase, Cytotoxic 
human peripheral blood-derived gammadeltaT cells kill glioblastoma cell lines: 
implications for cell-based immunotherapy for patients with glioblastoma, Journal 
of neuro-oncology 116 (2014) 31–39. 

[92] T. Nakazawa, M. Nakamura, R. Matsuda, F. Nishimura, Y.S. Park, Y. Motoyama, 
Y. Hironaka, I. Nakagawa, H. Yokota, S. Yamada, K. Tamura, Y. Takeshima, 
K. Omoto, Y. Tanaka, Y. Ouji, M. Yoshikawa, T. Tsujimura, H. Nakase, Antitumor 
effects of minodronate, a third-generation nitrogen-containing bisphosphonate, in 
synergy with gammadeltaT cells in human glioblastoma in vitro and in vivo, 
Journal of neuro-oncology 129 (2016) 231–241. 

[93] L.S. Lamb Jr., Gammadelta T cells as immune effectors against high-grade gliomas, 
Immunol. Res. 45 (2009) 85–95. 

H. Wang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0304-3835(20)30498-5/sref53
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref53
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref53
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref53
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref53
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref54
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref54
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref54
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref55
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref55
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref55
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref55
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref56
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref57
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref58
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref58
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref58
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref59
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref59
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref59
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref59
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref59
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref60
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref60
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref60
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref60
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref60
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref61
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref61
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref62
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref62
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref62
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref63
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref63
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref63
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref63
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref64
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref64
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref64
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref64
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref64
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref65
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref65
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref65
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref65
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref66
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref66
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref66
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref66
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref67
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref67
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref67
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref68
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref69
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref69
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref69
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref70
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref70
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref70
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref70
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref71
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref71
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref71
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref71
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref72
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref72
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref73
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref73
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref74
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref74
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref74
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref74
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref74
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref75
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref75
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref75
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref75
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref76
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref76
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref76
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref76
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref76
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref77
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref77
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref77
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref77
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref78
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref78
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref78
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref78
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref79
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref79
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref79
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref79
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref79
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref80
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref80
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref80
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref80
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref81
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref81
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref81
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref81
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref82
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref82
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref82
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref83
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref83
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref83
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref83
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref83
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref84
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref84
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref84
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref84
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref84
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref85
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref85
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref85
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref85
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref86
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref86
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref86
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref86
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref87
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref87
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref87
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref88
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref88
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref88
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref89
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref90
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref90
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref90
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref90
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref91
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref92
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref93
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref93


Cancer Letters 496 (2021) 134–143

143

[94] B. Silva-Santos, K. Serre, H. Norell, Gammadelta T cells in cancer, Nat. Rev. 
Immunol. 15 (2015) 683–691. 

[95] D.M. O’Rourke, M.P. Nasrallah, A. Desai, J.J. Melenhorst, K. Mansfield, J.J. 
D. Morrissette, M. Martinez-Lage, S. Brem, E. Maloney, A. Shen, R. Isaacs, 
S. Mohan, G. Plesa, S.F. Lacey, J.M. Navenot, Z. Zheng, B.L. Levine, H. Okada, C. 
H. June, J.L. Brogdon, M.V. Maus, A single dose of peripherally infused EGFRvIII- 
directed CAR T cells mediates antigen loss and induces adaptive resistance in 
patients with recurrent glioblastoma, Sci. Transl. Med. 9 (2017) eaaa0984. 

[96] W. Zhang, G. Fulci, H. Wakimoto, T.A. Cheema, J.S. Buhrman, D.S. Jeyaretna, A. 
O. Stemmer Rachamimov, S.D. Rabkin, R.L. Martuza, Combination of oncolytic 

herpes simplex viruses armed with angiostatin and IL-12 enhances antitumor 
efficacy in human glioblastoma models, Neoplasia 15 (2013) 591–599. 

[97] D. Saha, R.L. Martuza, S.D. Rabkin, Macrophage polarization contributes to 
glioblastoma eradication by combination immunovirotherapy and immune 
checkpoint blockade, Canc. Cell 32 (2017) 253–267, e255. 

[98] E.A. Chiocca, F. Nassiri, J. Wang, P. Peruzzi, G. Zadeh, Viral and other therapies for 
recurrent glioblastoma: is a 24-month durable response unusual? Neuro Oncol. 21 
(2019) 14–25. 

H. Wang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0304-3835(20)30498-5/sref94
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref94
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref95
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref96
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref96
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref96
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref96
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref97
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref97
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref97
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref98
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref98
http://refhub.elsevier.com/S0304-3835(20)30498-5/sref98

	Different T-cell subsets in glioblastoma multiforme and targeted immunotherapy
	1 Introduction
	2 Immunosuppressive microenvironment of GBM
	3 Effect of GBM microenvironment on T cells
	3.1 GBM-derived factors mediate T-cell inhibition
	3.2 Upregulated immune checkpoints mediate T-cell inhibition

	4 Different T-cell subsets in GBM microenvironment
	4.1 CD8+ T cells
	4.2 Helper T (Th) cells
	4.3 Tregs
	4.4 γδ T cells

	5 Conclusions and future prospects
	Authors’ contributions
	Declaration of competing interest
	Acknowledgements
	References


