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Abstract: Glioblastoma multiforme (GBM) is the most aggressive, common, and lethal subtype of 
malignant gliomas originating from the central nervous system. Currently, the standard therapy for GBM 
is surgical resection combined with radiation and temozolomide (TMZ). However, the treatment only 
improves the 2-year survival rate from 10% to 26%, accompanied by more than 90% recurrence of GBM 
tumors at the original site. Low survival rate, serious side effects, and poor prognosis force people to find 
new therapies. Recent years, the combination of clinical drugs improves the survival rate of GBM patients, 
but new therapeutic drugs with high-efficiency and low-toxicity are still needed to be discovered. The 
successful use of immunotherapy in tumor brings hope for people to explore new methods in treating GBM. 
While the inability to cross the blood-brain barrier (BBB), loss of lymphatic tissue drainage, and antigen-
presenting cells in the central nervous system are major reasons for the failure of immunotherapy in the 
treatment of GBM. Glioma stem cells (GSCs) is a subtype of tumorigenic stem cells which has more specific 
tumorigenic potential indicating targeting GSCs may be expected to improve therapeutic efficacy. In this 
review, we discuss clinical drugs that have benefited patients with GBM, cancer immunotherapy for GBM, 
summarize new drug targets of GBM, and review strategies for increasing the passage of drugs through the 
BBB.

Keywords: Glioblastoma multiforme (GBM); temozolomide (TMZ); bevacizumab; immunotherapy; blood-brain 

barrier (BBB)

Submitted Dec 16, 2020. Accepted for publication May 07, 2021.

doi: 10.21037/atm-20-8017

View this article at: http://dx.doi.org/10.21037/atm-20-8017

Introduction

Glioma is the most common primary intracranial neoplasm 
originating from glial cells, accounting for 32% of all 
primary tumors and 81% of malignant tumors of the central 
nervous system (1). Glioblastoma multiforme (GBM) is the 
most malignant (WHO IV grade), aggressive, and frequent 

subtype, which has its origins in the central nervous 
system. The incidence of GBM is 46.1%, and it occurs 
more frequently in males than females (2). The highest 
occurrence of GBM is in patients aged from 75 to 84 years 
old, while the median age of newly diagnosed patients is 
approximately 64 years old. The prognosis of GBM is poor, 
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and the median survival time is only 14–17 months. GBM 
is prone to recurrence, with a median recurrence time of 
6.2 months and a median survival time after a recurrence of 
only 25–30 weeks. GBM is also the most lethal glioma, with 
a 1-year survival rate of approximately 30% and a 5-year 
survival rate of less than 5% (3).

According to pathological analysis in the clinic, GBM is 
divided into two categories: primary and secondary. About 
95% of GBM patients have primary cancers, and 5% have 
secondary cancers. Most of the patients with secondary GBM 
are under 45 years old. The pathological difference between 
the two categories is whether the glioma is low-grade. 
There is no low-grade glioma in primary GBM, whereas 
secondary GBM is transformed from malignant astroglioma 
at low grades. Approximately 70% of grade II gliomas will 
develop into grade III/IV gliomas in 5–10 years (4) (Figure 1). 
Moreover, the genetic mutations of the two kinds of GBM 

are also different. Isocitrate dehydrogenase 1 (IDH1) is 
rare in primary GBM (only 20–35%) but common in most 
secondary GBMs (about 70%). Mutations of TP53 (60–
90%) and ATRX (60–80%) genes occur more frequently 
in secondary GBM. The gene mutations in primary GBM 
include amplification and mutation of EGFR (40%) and 
CDKN2A (30–50%), and loss of PTEN (>20%) (5,6) 
(Figure 1).

To date, the main therapy for GBM is surgery followed 
by radiation and temozolomide (TMZ). However, it is 
extremely difficult to safely remove GBM from the brain 
and completely inhibit its aggressive growth. Also, it is 
difficult for drugs to pass through the blood-brain barrier 
(BBB) to reach the tumor site effectively, and even if 
they do, the pumping system of the BBB will eventually 
pump drugs out of the brain. Furthermore, the absence 
of an immune system in the brain leads to the failure of 

Figure 1 Classification and gene alteration of glioblastoma multiforme (GBM). Glioblastoma multiforme (GBM) originates from glial 
precursors, astrocytes, and neural stem cells which is divided into primary GBM and secondary GBM. Secondary GBM is transformed from 
malignant astroglioma at low grades. The genetic mutations of the two kinds of GBM are different. IDH, TP53, and ATRX mutations are 
more common in secondary GBM than primary GBM. The gene mutations in primary GBM include amplification and mutation of EGFR 
and CDKN2A and loss of PTEN.
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immunotherapy for GBM. Currently, the first-line resection 
treatment only increases the 2-year survival rate from 
10% to 26% and improves the 6-year survival rate by only 
2%. Although current treatment is far from satisfactory, it 
does bring hope for GBM patients. In this review, we will 
introduce some clinical drugs that improve the treatment 
of GBM, including promising immunotherapies, new 
therapeutic targets, and strategies to increase the passage of 
drugs across the BBB. 

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-8017).

Drug treatment of GBM in clinical use

Temozolomide 

In 2005, the European Organization for Research and 
Treatment of Cancer (EORTC) and the National Cancer 
Institute of Canada (NCIC) published a surprising result 
of a clinical trial in which GBM patients aged from 18 
to 70 were randomly divided into two groups. Patients 
in one group were treated with radiotherapy (RT) for 6 
months, while patients in the other group were treated 
with RT combined with TMZ. The results showed that 
RT treatment combined with TMZ increased the median 
survival time of GBM patients from 12.1 to 14.6 months 
and the 2-year survival rate of patients from 10% to 26% (7).  
The first study reported that a combined treatment of 
RT with TMZ significantly improved the survival rate of 
patients with GBM, and it was therefore quickly accepted 
as the standard therapy for GBM treatment and is still used 
today.

TMZ is an oral methylation reagent that can easily 
penetrates the BBB with 100% bioavailability. TMZ 
can be rapidly absorbed in the brain with a peak plasma 
concentration time of 0.39–1.33 h. The half-life of TMZ is 
1.8 h; it can be excreted quickly and shows no accumulating 
effect with repeated medication. TMZ is stable under acidic 
conditions but hydrolyzes into 5-(3-methyl triazene-1-yl)  
imidazole-4-carboxamide (MTIC) under physiological 
conditions of pH>7. MTIC is an active metabolite that is 
unstable and can be further degraded to 5-aminoimidazole-
4-carboxamide (AIC) and methylated diazo cation (8,9). 
AIC can be excreted by the kidneys, while methylated 
diazo cations methylate adenine at N3 (9%), and guanine 
at O6 (5%), and N7 (70%) (10) (Figure 2A). Although the 
proportion of O6-methylguanine is small, it plays a vital 

role in the antitumor effect of TMZ. O6-methylguanine 
cannot prevent replication and transcription of DNA by 
itself, but it can pair with thymidine during base pairing, 
thus activating the mismatch repair (MMR) of DNA. MMR 
recognizes mismatched thymine on the newly synthesized 
DNA strand and excises it while O6-methylguanine remains 
on the template strand. Therefore, the ineffective insertion-
and-clearance cycle of thymidine leads to a continuous 
break in the DNA strands, which results in the collapse of 
the replication fork and ultimately induces cell death (11,12) 
(Figure 2B). 

The high expression of O6-methylguanine-DNA 
methyltransferase (MGMT) and the lack of MMR are the 
main reasons for GBM to develop resistance to TMZ (13). 
MGMT can remove the methylation of O6-methylguanine, 
restore it to normal guanine, and reduce the toxicity of 
TMZ without the help of other proteins or cofactors. 
MGMT binds to the minor groove of DNA containing 
O6-methylguanine. The targeted O6-methylguanine will 
be flipped out of the helix and bound to MGMT, and then 
the O6-methyl group will automatically transfer to the 
Cys145 residue of MGMT at the active site. The methylated 
MGMT will lose its activity, become dissociated from 
DNA, and finally be degraded by the ubiquitin-proteasome 
system (14). A previous study showed that after MGMT was 
transfected into SNB19 and U373 GBM cells, the resistance 
of these two kinds of cells to TMZ was increased 13 times 
and 5 times, respectively (13).

Attempts were made to inactivate MGMT with the 
MGMT inhibitor O6-benzylguanine (O6-BG) before 
treatment with TMZ to overcome TMZ resistance caused 
by MGMT (15,16). O6-BG is the presumed substrate 
of MGMT and can deliver its benzyl group to Cys145 of 
MGMT when it interacts with MGMT, causing irreversible 
inactivation of MGMT (17). O6-BG cannot be inserted 
into DNA, but it can directly bind to cytoplasmic and 
nuclear MGMT (18). Evidence has confirmed that O6-
BG significantly enhances the toxicity of TMZ both in vivo  
and in vitro. However, the phase II trial of TMZ plus O6-
benzylguanine in adults with recurrent, TMZ-resistant 
malignant glioma showed that only 1 in 34 patients with 
GBM was responsive (15). Subsequently, researchers tried 
to enhance the efficacy of TMZ by reducing the expression 
of MGMT. Kim et al. found that the nano-compounds 
encapsulating wild-type p53 (SGT-53) enhanced the 
inhibitory effects of TMZ on TMZ-resistant GBM cells both 
in vitro and in vivo and improved the median survival time of 
mice transplanted with TMZ-resistant GBM cells (19).

http://dx.doi.org/10.21037/atm-20-8017
http://dx.doi.org/10.21037/atm-20-8017
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The MGMT gene is located on chromosome 10q26.3, 
and approximately 60–80% of gliomas lose chromosome 
10q, which results in the low expression of MGMT (12). 
However, the loss of MGMT activity is mainly attributed to 
the methylation of the MGMT promoter. This methylation 
is mainly regulated by 5’-methylcytosine methyltransferase, 
which generally occurs on CpG islands in the MGMT 
gene’s promoter region. A previous study showed that the 
MGMT promoter’s methylation inhibited the transcription 
factor’s binding to the MGMT promoter region and 
ultimately led to the silencing of the MGMT gene (17). 
Clinical trials have shown that the combination of RT and 
TMZ has a better effect on patients’ methylation of the 
MGMT promoter (20). Therefore, methylation of the 

MGMT promoter can be used as a predictive marker for 
TMZ chemotherapy. Unfortunately, the positive response 
only appears in the initial stage of TMZ treatment. In the 
late stage of treatment, the exposure to TMZ will result in 
the loss of MMR function and an increase in TMZ-resistant 
GBM cells, which will eventually result in the recurrence of 
GBM, thus highlighting the difficulty of treatment.

In addition to TMZ and RT’s combination, researchers 
have also tried to add other treatments to improve 
therapeutic eff icacy further.  Results from several 
independent clinical trials of bevacizumab, TMZ, and 
RT in newly diagnosed GBM showed that the addition of 
bevacizumab prolonged progression-free survival (PFS) with 
minimal increased toxicity but had little effect on overall 

Figure 2 Metabolic pathway and mechanism of Temozolomide (TMZ). (A) TMZ can easily penetrate the BBB with 100% bioavailability. 
Then under the physiological conditions of pH >7, TMZ is hydrolyzed into 5-(3-methyl triazene-1-yl) imidazole-4-carboxamide (MTIC). 
MTIC is an active metabolite that is unstable and can be further degraded to 5-aminoimidazole-4-carboxamide (AIC) and methylated diazo 
cation. AIC can be excreted by the kidneys, while methylated diazo cations methylate adenine at N3 and guanine at O6 and N7. (B) O6-
methylguanine plays an important role in the antitumor effect of TMZ by leading to the continuous collapse of the replication fork. O6-
methylguanine prevents replication and transcription of DNA by pairing with thymidine during base pairing, thus activating the mismatch 
repair (MMR) of DNA. MMR recognizes mismatched thymine on the newly synthesized DNA strand and excises it while O6-methylguanine 
remains on the template strand, leading to a continuous break in the DNA strands.
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survival (OS) (21). Tumor-treating fields (TTFields) are 
antimitotic therapies that mediate the selective disruption 
of cell division via transduction array by delivering low-
density, intermediate-frequency (200 kHz) exchange 
electrons, which in turn induce cell apoptosis during the 
division phase. In 2015, Stupp et al. published the results 
of a randomized clinical trial of TTFields combined 
with TMZ maintenance therapy in GBM patients after 
chemotherapy. The results showed that, compared with 
the TMZ group (n=299), TTFields combined with TMZ 
(n=466) significantly prolonged the PFS (7.1 vs. 4.0 months) 
and OS (20.5 vs. 15.6 months) of GBM patients, suggesting 
that TTFields combined with TMZ shows an encouraging 
prospect for the treatment of GBM (22).

Bevacizumab (BV)

Angiogenesis is an important sign of the development and 
metastasis of malignant tumors. GBM is a type of cancer 
with angiogenesis, and the appearance of new microvascular 
is a diagnostic marker of GBM. Vascular endothelial 
growth factor A (VEGF-A), also known as VEGF, is an 
important regulator of angiogenesis. VEGF promotes the 
proliferation of vascular endothelial cells through binding 
to its receptor VEGFR. VEGF is highly expressed in GBM. 
The inhibition of angiogenesis in GBM by targeting VEGF 
blocks the nutrient supply and metastatic pathways in the 
development of GBM and ultimately inhibits the growth 
and metastasis of GBM (23). Based on this idea, VEGF 
inhibitors are increasingly used for the treatment of GBM. 
Bevacizumab (BV) was the first synthetic monoclonal 
IgG1 antibody to be approved by the Food and Drug 
Administration (FDA) in 2004 and was approved to treat 
recurrent GBM by the FDA in March 2009. BV inhibits 
angiogenesis by binding to VEGF and blocking the binding 
of VEGF to its receptor. The half-life of BV in humans is 
21 days, and the time to reach steady-state is expected to be 
100 days. The main adverse effects of BV are cardiovascular 
and blood system disorders, such as hypertension and 
thrombosis (24).

Since the FDA approved BV to treat recurrent 
GBM, researchers have been trying to combine it with 
other chemotherapy drugs. However, the results were 
disappointed. The drug that was trialed first with BV was 
irinotecan, an inhibitor of DNA topoisomerase I. The 
combined therapy slightly improved the 6-month PFS 
compared with BV alone (50.3% vs. 42.6%) but did not 
improve OS (8.7 vs. 9.2 months) and increased the adverse 

effects (65.8% vs. 46.4%) (25). Based on the results from the 
combined treatment of BV and irinotecan, the researchers 
hoped to improve the efficacy by adding a third drug 
but were unsuccessful. The combined treatment of BV, 
irinotecan, and cetuximab reduced the 6-month PFS rate 
and median OS of patients with recurrent GBM to 30% 
and 29 weeks, respectively (26). Another study reported that 
combined BV, irinotecan and carboplatin treatment resulted 
in a PFS rate and median OS of 46.5% and 8.3 months, 
respectively, in patients with naive recurrent GBM (27).  
Further research efforts were then made to combine 
sorafenib or fotemustine with BV in patients with recurrent 
GBM. However, the former was less effective than BV 
alone (28), and the latter did not improve efficacy (29).

Lomustine is the only chemotherapy drug that can 
improve the efficacy of BV in patients with recurrent 
GBM. Lomustine can pass through the BBB and exert its 
antitumor effects by alkylating DNA, RNA, and proteins. 
Taal et al. published the results of an exciting phase II 
clinical trial in 2014. The 9-month OS rate of the BV 
group (n=51), lomustine group (n=47), and BV combined 
with the lomustine group was 38%, 43%, and 59%, 
respectively. The median OS was 8 months, 8 months, 
and 11 months, respectively, and the 6-month PFS rate 
was 18%, 11%, and 41%, respectively. The proportion 
of side effects higher than level 3 was 36%, 20%, and 
54%, respectively (30). Although the combination of 
BV and lomustine increased toxicity, its efficacy was also 
significantly increased, suggesting a promising potential 
for combining these two drugs in the treatment of patients 
with recurrent GBM. The results of phase III clinical trials 
are highly anticipated. In 2017, Wick et al. published GBM 
patients’ results with a combination of BV and lomustine. 
In the clinical trial, 437 patients were randomly divided into 
two groups, a combined BV and lomustine group (n=288) 
and a lomustine-alone group (n=149). After treatment, 
329 patients (75.3%) survived, but the combination group 
did not show survival advantages. The median OS of the 
combination group and the lomustine-alone group was 9.1 
and 8.6 months, respectively. PFS was slightly longer in 
the combination group than in the single-use group (4.2 
vs. 1.5 months), but the rate of level 3–5 side-effects in the 
combination group was also higher than that in the single-
use group (63.6% vs. 38.1%). Moreover, the combination 
group did not demonstrate improved quality of life or 
improved neurocognitive function (31). Therefore, the 
efficacy of lomustine combined with BV in the treatment of 
recurrent GBM needs further validation and confirmation.
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Promising immunotherapy

Since 1998, when the FDA approved the first cytokine 
(interleukin-2)-based immunotherapy for the treatment 
of melanoma, immunotherapy has continued to attract 
researchers’  attention, and there have been many 
breakthroughs in the past 10 years. In 2011, the FDA 
approved the fully synthetic monoclonal antibody Ipilimumab 
against CTLA-4 to treat metastatic melanoma. In 2014, the 
FDA approved the anti-PD-1 antibodies Pembrolizumab 
and Nivolumab for metastatic melanoma. In 2015, the FDA 
approved Nivolumab for the treatment of non-small cell lung 
cancer (32). However, to date, immunotherapy has had little 
success in the treatment of GBM.

The activation of cytotoxic T cells (CD8+) is completed 
through two steps: firstly, the T-cell receptor (TCR) binds 
to the MHC-peptide complex I and recognizes the cancer 
cells; secondly, TCR binds to the co-stimulatory factors of 
target cells and fully activates T cells, thereby promoting 
the proliferation of T cells. On the one hand, cancer cells 
bind to T cells via surface co-repressors (B7-1, CTAL-4,  
PD-L1, and PD-1, etc.) or secrete immunosuppressive 
factors (TGF-β, IL-6, IL-10, etc.) to block the activation 
and proliferation of T cells. MCH I is expressed at low 
level, while co-repressor PD-L1 is highly expressed in 
GBM cells. Also, GBM cells inhibit T cells’ activation 
and proliferation by secreting immunosuppressive factors 
(TGF-β, IL-6, IL-10, etc.). On the other hand, the inability 
to cross the BBB, the loss of lymphatic tissue drainage, and 
antigen-presenting cells in the CNS are major reasons for 
the failure of immunotherapy in the treatment of GBM. 
Despite this, the enormous advantage of immunotherapy 
in targeting tumor cells without harming normal cells has 
attracted researchers to explore this therapeutic strategy, 
and consequently, immunotherapy has made some progress 
in recent years. 

The success of immunotherapy is attributed to the 
recognition of tumor cells by the immune cells. The 
important surface biomarkers of GBM are EGFRvIII 
and IL13Rα2. EGFRvIII is the most common mutation 
in EGFR and occurs most frequently in GBM (about 
30%) and is associated with low long-term survival in 
patients (33). EGFRvIII is a novel epitope with tumor-
specific and immunogenicity, which is formed by deleting 
EGFR exon 2–7 and the appearance of a new Gly residue 
at the junction of 1 and 8. Furthermore, EGFRvIII is not 
expressed in normal brain tissue (34). Immunotherapy 
based on EGFRvIII has two types: peptide vaccines and 

adoptive therapy (Figure 3). Rindopepimut (CDX-110) is a 
peptide vaccine formed by the keyhole limpet hemocyanin 
(KLH) binding to the C-terminal of 14 amino acids (NH2-
Leu-Glu-Glu-Lys-Lys-Gly-Asn-Tyr-Val-Val-Thr-Asp-
His-Cyt-COOH) at the EGFRvIII mutated location (35) 
(Figure 3). From 2004 to 2009, three-phase II clinical trials 
of Rindopepimut (ACTIVATE, ACTII, and ACTIII) were 
completed, and consistent results were obtained. Compared 
with EGFRVIII+ controls, the median OS and PFS were 
extended to 24.6 months and 15.2 months, respectively. 
Rindopepimut has the same efficacy for patients with or 
without MGMT promoter methylation. Rindopepimut is 
well tolerated and stimulates specific immune responses 
stably and permanently (36). In 2017, Weller et al. reported 
the results of a large phase III clinical trial of Rindopepimut. 
Newly diagnosed GBM patients were randomly divided 
into two groups; placebo combined with TMZ (n=371) or 
Rindopepimut combined with TMZ (n=374). There were 
no differences in OS (median OS 20. 0 vs. 20.1 months, 
respectively) between the two groups (37). An alternative 
research approach is to destroy GBM cells by importing 
T cells that express chimeric antigen receptors (CARs), 
targeting EGFRvIII. In humans and mice, the CARs 
targeting EGFRvIII are primarily based on single-chain 
variable fragments (scFvs): 139 for humans and 3C10 for 
mice (38,39). According to the CARs derived from murine 
3C10 scFvs, which successfully inhibited GBM xenografts’ 
growth in vivo, Johnson et al. designed, synthesized, 
and screened out the CARs of human scFVs139, which 
restrained the growth of both subcutaneous and orthotopic 
GBM xenografts (34). Currently, CAR-T cells are being 
used in phase I clinical trials to treat recurrent GBM 
(NCT02209376).

IL13Rα2 is a monomer with a high affinity for IL-13 (40).  
IL13Rα2 is highly expressed in more than 50% GBM 
but rarely distributed in normal brain tissues (41). The 
expression of IL13Rα2 is increased as GBM malignancy 
develops and is independent of the degree of tumor 
differentiation (42). IL13Rα2 is also related to the decreased 
long-term survival rate of GBM patients (43). Brown et al. 
developed an IL13Rα2-specific, MHC-independent CAR 
and named it IL13-zetakine. This CAR recognizes IL13Rα2 
by IL13 ligands mutating at a single site (E13Y) and exerts 
its effect through the intracellular CD3ζ T cell activation 
domain (44). It was further confirmed that CAR-T cells 
inhibited the growth of GBM tumors in a xenograft model. 
Brown et al. introduced the CAR-T cells into the brains 
of three patients with recurrent GBM by intracranial 
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injection and found that the CAR-T cells were well 
tolerated, and patients had a transient and controlled CNS 
inflammation. However, a larger tumor necrosis area was 
found at the IL13-zetakine+ T cell injection site (45). Krebs 
et al. showed that CARs constructed by a single mutant 

(E13Y) IL13 ligand recognized not only IL13Rα2 but also 
IL13Rα1. IL13Rα1 itself has a weak affinity with IL13 
but forms a heterodimer with IL4R to bind IL13 under 
physiological conditions, and heterodimers are abundantly 
distributed in normal brain tissue. The results of GBM 

Figure 3 The strategies of immunologic therapies based on EGFRvIII. A EGFRvIII is a common mutation of epidermal growth factor 
receptor (EGFR), which is formed by deleting EGFR exon 2–7 and the appearance of a new Gly residue at the junction of 1 and 8. Peptide 
vaccines and adoptive therapy are the two main immunotherapies based on EGFRvIII. Rindopepimut (CDX-110) is a peptide vaccine 
formed by the keyhole limpet hemocyanin (KLH) binding to the C-terminal of 14 amino acids (NH2-Leu-Glu-Glu-Lys-Lys-Gly-Asn-
Tyr-Val-Val-Thr-Asp-His-Cyt-COOH) at the EGFRvIII mutated location. Chimeric antigen receptor T cell immunotherapy (CAR-T) is 
another method targeting EGFRvIII. The CAR targeting EGFRvIII is primarily based on single-chain variable fragments (scFvs). IL13Rα2 
is highly expressed in GBM. An IL13Rα2-specific, MHC-independent CAR recognized IL13Rα2 by IL3 ligands mutating at a single site 
(E13Y) and exerted its effect through the intracellular CD3ζ T cell activation domain. Incorporating 4-1BB (CD137) co-stimulation can 
improve antitumor potency by reducing the off-target effect.
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orthotopic transplantation in vivo demonstrated that CAR 
T cells with the IL13 mutation (E13/Y) did not inhibit the 
growth of the transplanted tumor or improve the survival 
rate of mice. Only the CAR T cells constructed with IL13 
containing the E13K single mutation or E13K and K105R 
simultaneous mutations killed the transplanted tumor and 
significantly improved mice’s survival rate (46). By using a 
surface plasmon resonance (SPR) experiment, Van Nguyen 
et al. identified that simultaneously mutating Glu13, Arg66, 
Ser69, and Lys105 of IL13 into Lys13, Asp66, Asp69, and Arg105 
significantly enhanced the affinity of IL13 to IL13Rα2 (Kd 
~5 nM) and did not bind to the heterodimer of IL13Rα1/
IL4R. Furthermore, radiolabeled CAR-T cells of IL13 
with the four mutated amino acids significantly inhibited 
the growth of subcutaneous and orthotopic xenografts of 
IL13Rα2+ GBM cells and greatly improved the survival 
cycle of mice (47).

New targeted therapy

Glioma stem cells (GSCs) are a subtype of tumorigenic 
stem cells and determine the tumor’s heterogeneity. GSCs 
are characterized by self-renewal cells. GSCs increase 
the tumor cells, which have more specific tumorigenic 
potential, and decide the recombinant initial tumor’s 
cloning phenotype during transplantation. Therefore, 
GSCs are considered as the main drivers of malignancy and 
progressive GBM. More importantly, GSCs are naturally 
resistant to chemotherapy and radiation therapy. Moreover, 
they are more aggressive than normal brain stem cells and 
can escape from current treatments, which contributes to 
the tumor’s recurrence. Targeting these cells is expected to 
improve therapeutic efficacy.

Targeting GSCs has mainly focused on two aspects: 
(I) directly targeting the GSCs; and (II) targeting the 
microenvironment of the GSCs, namely, the niche. By 
isolating tumor cells from tissues of high-grade glioma 
patients, researchers found that GSCs contain two distinct 
and mutually exclusive subpopulations, proneural (PN) and 
mesenchymal (MES). GSCs with the MES subtype are more 
aggressive and resistant to RT and have a high expression 
of ALDH1A3 (48-50). Cheng et al. further confirmed 
that FOXD1, the upstream transcriptional regulator of 
ALDH1A3, regulated the clonality of GSCs with the MES 
subtype in vivo and in vitro. Further analysis of clinical 
samples of high-grade gliomas revealed that the FOXD1-
ALDH1A3 signal axis was negatively correlated with 
patients’ prognosis (50). Jin et al. indicated that GSCs with 

the PN subtype activated EZH2, while BMIT1 was highly 
expressed in GSCs with the MES subtype. GSCs with the 
PN subtype are more sensitive to EZH2 destruction, while 
GSCs with the MES subtype are more sensitive to BMI1 
inhibition. In vivo xenograft experiments have demonstrated 
that the combination of EZH2 and BMI1 inhibitors greatly 
inhibits tumor growth, suggesting that multi-targeted 
therapy for GBM could overcome the therapeutic resistance 
caused by tumor heterogeneity (51). Wee et al. found that 
ABCG2 increased the expression of cell surface markers of 
GSCs and promoted self-renewal of glioma cells, whereas it 
did not affect the RT resistance of glioma cells. Yang et al. 
suggested that histone deacetylase 6 (HDAC6) inhibitors 
induced the differentiation of GSCs and enhanced the 
RT resistance of cancer cells via the SHH/Gli1 signaling 
pathway (52). Therefore, the combination of ABCG2 and 
HDAC6 inhibitors may exert better therapeutic effects and 
attenuate RT resistance in GBM. Common biomarkers of 
GSCs are CD133, CD44, Nestin, and Sox2. Also, other 
biomarkers of GSCs have been found in recent years, 
such as S100A4. Knockdown of S100A4 has been found to 
completely block tumor formation in vivo and in vitro (53).

The niche of GSCs mainly consists of four categories: 
(I) blood vessels; (II) hypoxia; (III) cancer cell-associated 
fibroblasts; and (IV) tumor-associated macrophages. 
Angiogenesis is the typical feature of malignant gliomas, 
and many studies have focused on it. However, BV is 
currently the only anti-angiogenesis drug approved by the 
FDA to treat relapsed GBM. Hypoxia plays an important 
role in the development of GSCs. Persano et al. revealed 
that GSCs preferred to stay in the tumor’s hypoxic core, 
while more differentiated tumor cells were mainly located 
in the peripheral and vascular parts of the tumor (54,55).

When the primary glioma sphere was incubated at a 
physiological concentration of 7% oxygen, the expression 
of CD133 was nearly doubled. Hypoxia (1%) increased 
the self-renewal capacity of the CD133(+) human GSCs 
(56,57). Lee et al. established the recurrence model of 
GBM by samples derived from patients who received TMZ 
treatment. In this model, the expression of the hypoxia-
inducible factors HIF1a and HIF2a was significantly 
increased, and they both played important roles in the 
development of non-stemness glioma cells. Knockoff of 
HIF1a and HIF2a inhibited the conversion of non-stemness 
glioma cells to GSCs (58). Stromal fibroblasts promote 
the formation of the cardiovascular system by secreting 
VEGF, participating in the initiation of tumor angiogenesis 
via fibronectin and type I collagen, and recruiting 
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endothelial progenitor cells to the tumor to accelerate 
angiogenesis and the growth of the tumor through  
SDF-1 (59,60). Tumor-associated macrophages secrete 
major inflammatory components of the stroma in various 
tumors, but their function in GSCs remains unclear. By 
targeting the regulatory proteins of GSCs in the niche, both 
tumor stem cells and recurrence of GBM might be reduced, 
and ultimately the prognosis of patients would be improved.

Long non-coding RNAs (lncRNAs) have recently been 
identified that might be critical for cancer malignancy 
and may participate in glioma initiation, progression, 
and other malignant phenotypes. LncRNAs are a type 
of RNA which have more than 200 nucleotides without 
a protein-coding function (61). LncRNAs are important 
for posttranscriptional regulation, such as chromatin 
modification (62), translation of RNAs (63), and modulation 
of alternative splicing (64), and they also act as microRNA 
sponges (65). Though few lncRNAs have been well 
characterized, lncRNAs exert significant and precise roles in 
cancer’s biological processes.

LncRNAs play an important role in glioma progression. 
The role of lncRNAs in glioma progression can be mainly 
classified into two processes: (I) modifying chromatin and 
regulating translation of RNAs; and (II) sponging miRNA 
(Figure 4). Firstly, lncRNAs can modify chromatin and 

regulate relative gene expression. Chen and colleagues 
identified NEAT1, a lncRNA that binds to EZH2 and 
promotes trimethylation of H3K27, which leads to a low 
expression of AXIN2, ICAT, and GSK3B. AXIN2, ICAT, 
and GSK3B are negative regulators of the WNT/β-catenin 
signaling pathway. NEAT1 inhibits AXIN2, ICAT, and 
GSK3B and up-regulates WNT/β-catenin signaling, 
eventually promoting glioma cell growth and invasion (66). 
Zhang et al. found that a lncRNA antisense to FOXM1 
(FOXM1-AS) can promote the interaction of ALKBH5 
with FOXM1 nascent transcripts, which enhances the 
demethylation of FOXM1, and leads to the proliferation 
and tumorigenesis of GSCs (67). Secondly, lncRNAs can act 
as miRNA sponges. Zhang and colleagues found that the 
lncRNA TP73-AS1 might compete with HMGB1 for miR-
142 binding, which acts as a miR-142 sponge and promotes 
HMGB1 expression. The upregulation of HMGB1 then 
contributes to glioma cell proliferation and invasion (68). 
LncRNAs and their regulatory proteins may be drug targets 
for GBM in the future.

The inevitable difficulty of the BBB

The BBB refers to the barrier between plasma and brain 
cells formed by the brain capillary wall and glial cells 

Figure 4 The main functions of long non-coding RNAs (lncRNAs) on glioma progression. Long non-coding RNAs (LncRNA) NEAT1 
inhibits AXIN2, ICAT, and GSK3B and up-regulates WNT/β-catenin signaling by binding to EZH2, eventually promoting glioma cell 
growth and invasion. FOXM1-AS can promote proliferation and tumorigenesis of GSCs by promoting the interaction of ALKBH5 with 
FOXM1. LncRNA TP73-AS1 can sponge miR-142 and promote HMGB1 expression, which contributes to glioma cell proliferation and 
invasion.
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and the barrier between plasma and cerebrospinal fluid 
formed by the choroid plexus. It blocks the invasion of 
pathogens to protect the central nervous system (CNS) 
and maintains the brain environment’s stability. However, 
it also prevents drug delivery in the treatment of GBM, 
which severely limits the efficacy of drug therapy. Only 5% 
of the 7000 drugs in a comprehensive medical chemistry 
database were able to pass through the BBB (69). The 
major reasons for drug blockade by the BBB are tight 
junctions and adhesion among the monolayer endothelial 
cells. The BBB is composed of three parts: (I) monolayer 
endothelial cells that encapsulate capillaries, tight junctions, 
and adhesion among adjacent endothelial cells; (II) basal 
layers surrounding the endothelial cells; (III) pericytes and 
astrocytes, which are directly connected to the basal layers 
via the synapses (70). There are three ways to cross the 
BBB: (I) free, passive diffusion of small lipid molecules; (II) 
vector-mediated transporters; and (III) vesicle-mediated 
transcellular effects. Small molecules which pass through 
the BBB by passive diffusion need two conditions: (I) a 
molecular weight of less than 400 Da and (II) no more 
than 8 hydrogen bonds (71). The transporters include 
glucose transporter type 1(GLUT1), which transports 
mannose, galactose, and glucose; large neutral amino-acid 
transporter type 1 (LAT1), which transports 10 other large 
neutral amino acids; cationic amino-acid transporter type 
1 (CAT1), which can also carry other cationic amino acids 
(lysine and ornithine); monocarboxylic acid transporter 
Type 1 (MCT1), which transports monocarboxylic acids, 
such as pyruvic acid, ketone bodies, ethyl acetoacetate, and 
β-hydroxybutyrate; and adenosine transporters. Vesicle 
trafficking is mainly divided into clathrin-dependent and 
non-dependent categories. The vesicle-mediated trafficking 
is dependent on receptors expressed in endothelial cells, 
including insulin receptors, ferritin transporters, insulin-
like growth factor receptors, leptin receptors, and receptors 
for some polypeptides.

At present, the main way that drugs pass through the 
BBB is via nanoparticles (NPs). NPs are colloidal carriers 
with a size range of 1–1,000 nm. The nanometer carrier 
used for drug loading has to meet the following conditions: 
(I) non-toxic, biodegradable and biocompatible; (II) particle 
size <100 nm; (III) stable in blood and not aggregated; 
(IV) evasive to phagocytes; (V) able to cross the BBB 
(through receptor-mediated vesicle trafficking); (VI) 
capable of loading small molecules, polypeptides, proteins, 
or nucleotides; (VII) minimal changes to drugs (chemical 
degradation, structural changes, or protein denaturation) 

due to nanoparticle excipients; (VIII) ability to release the 
controlled drug; and (IX) economic and efficient production 
processes (72). Lin et al. developed an albumin-based 
nanoparticle that can simultaneously load hydrophobic 
drugs, including paclitaxel and fenretin. Secreted protein 
acidic and rich in cysteine (SPARC) and glycoprotein 60 
(gp60) pass through the BBB to reach the tumor cells (73). 
Lin et al. also modified albumin nanoparticles by using low 
molecular weight protamine (LMWP), which helps the 
nanoparticles penetrate the second barrier formed by the 
infiltrated tissues. The results from the subcutaneous and 
orthotopic nude mouse xenograft models showed that the 
vector could improve the treatment of tumors and reduce 
toxicity. Also, Xing et al. found that non-viral liposomes 
could also pass through the BBB (74).

Antibodies pass through the BBB by receptor-mediated 
vesicle trafficking. The ferferrin receptor (TfR) is the 
most studied transporter and is highly expressed in the 
endothelial cells of the BBB. Transferrin (Tf) is a single 
glycoprotein synthesized in the liver and is the plasma’s 
major ion carrier. After binding to Fe2+, Tf’s molecular 
structure is changed, binding to TfR (75). Anti-TfR 
antibodies, which were designed based on the Tf-TfR 
pathway, can significantly improve these antibodies’ ability 
to cross the BBB in rodents and non-human primates (76). 
However, these antibodies are not sufficiently safe. By 
proteomic analysis of brain endothelial cells (BEVs) isolated 
from the rat brain, Zuchero et al. found that bazigin, Glut1, 
and CD98hc are highly expressed in BEVs (77). Antibodies 
that target these proteins significantly increase in the brain 
after their administration, especially antibodies that target 
CD98hc. Moreover, anti-CD98hc was found to have a 
significant pharmaceutical response in brain Ab reduction. 
Therefore, CD98hc is expected to become a new way for 
antibodies to enter the brain.

In addition to the above methods, researchers have also 
tried to promote the passage of drugs through the BBB 
by using physical methods. By injecting chemicals, such 
as mannitol, arabinose, urea, fructose, milk amide, and 
glycerin, capillary osmotic pressure is increased, and this 
method can cause dehydration of endothelial vascular cells 
in the brain, which leads to collapse and destruction of tight 
junctions and promotes the entry of drugs into the brain (72).  
However, this method causes irreversible damage to the 
CNS. A pulse-based technique, which relies primarily on 
the combination of systemic administration and sound-
activated microbubbles to non-invasively, transiently, and 
reversibly open the BBB, allows drug molecules to enter the 
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cortex of the brain by crossing the BBB. Carpentier et al.  
reported an interim result of a clinical trial of a systemic 
injection of microbubbles with pulsed carboplatin after 
implantation into a pulsed device system (SonoCloud) 
in patients with recurrent GBM. Contrast-enhanced 
MRI showed that the BBB was destroyed when the pulse 
volume was raised to 1.1 Mpa, which did not cause severe 
side effects in MRI or clinical tests (78). This means that 
repeated activation of the BBB by a pulse system combined 
with a systemic microbubble injection is safe and tolerable 
for patients with recurrent GBM, providing new hope for 
optimizing the chemotherapeutic drug delivery system.

Conclusions and further perspectives

The treatment of GBM is a difficult and challenging task. In 
the past decade, although treatment of GBM has not shown 
significant improvements, discoveries and new strategies are 
emerging. The success of immunotherapy in other cancers, 
together with studies on the formation and mechanisms of 
cancer stem cells, and more explorations in overcoming the 
problem of crossing the BBB, may eventually bring new 
hope to the treatment of GBM.
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