
Journal Pre-proof

Glioblastoma precision therapy: From the bench to the clinic

Yuan Zhou, Weijian Wu, Hongye Bi, Dayong Yang, Chunzhi Zhang

PII: S0304-3835(20)30041-0

DOI: https://doi.org/10.1016/j.canlet.2020.01.027

Reference: CAN 114669

To appear in: Cancer Letters

Received Date: 15 November 2019

Revised Date: 22 January 2020

Accepted Date: 23 January 2020

Please cite this article as: Y. Zhou, W. Wu, H. Bi, D. Yang, C. Zhang, Glioblastoma precision therapy:
From the bench to the clinic, Cancer Letters, https://doi.org/10.1016/j.canlet.2020.01.027.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.canlet.2020.01.027
https://doi.org/10.1016/j.canlet.2020.01.027


Glioblastoma precision therapy: From the bench to the clinic 

Yuan Zhou1,2*, Weijian Wu3*, Hongye Bi4*, Dayong Yang3#, Chunzhi Zhang1# 

 

1Department of Radiation Oncology, Tianjin Hospital, Tianjin 300211, China 

2Tianjin Medical University, Tianjin 300070, China 

3Frontier Science Center for Synthetic Biology, Key Laboratory of Systems Bioengineering 

(MOE), School of Chemical Engineering and Technology, Tianjin University, Tianjin 300350, P.R. 

China 

4Department of Neurology, Tianjin Union Hospital, Tianjin 300000, China 

 

 

 

 

 

 

 

 

 

 

 

 

*Yuan Zhou, Weijian Wu and Hongye Bi contributed equally to this work. 

#Corresponding authors: Chunzhi Zhang (zhchzh_6@hotmail.com) and Dayong Yang 

(dayong.yang@tju.edu.cn)  

 

 

 

 

 



Abstract 

Glioblastoma (GBM) is the most common malignancy of the central nervous system, and most 

patients with GBM die of the disease despite standard treatment. By clarifying the molecular 

abnormalities that drive the malignant phenotype of GBM, various drugs that specifically target 

tumor cells and the tumor microenvironment have been developed. These drugs, including drugs 

targeting growth factor receptors and their downstream signaling pathways, angiogenesis, aberrant 

metabolism, epigenetic deregulation, and aberrant immune microenvironments, have been 

investigated in preclinical or clinical trials. However, these drugs that significantly inhibited the 

growth of GBM in the preclinical stage have not produced survival benefits in patients with GBM. 

One reason for their failure is the lack of a definite driver gene to select patients most likely to 

benefit. Another reason is the inadequate pharmacokinetic properties of the drugs owing of the 

blood-brain barrier. In the present review, we discuss progress in the development of target 

therapeutic strategies. Furthermore, we discuss the development of nanomaterials that act as local 

drug delivery systems to penetrate the blood-brain barrier for managing GBM.  

Keyword: glioblastoma; targeted therapy; antiangiogensis; immunotherapy; nanoparticles; 

targeting drug delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

With the introduction of next-generation sequencing and computable analytical approaches 

into clinical practice, large-scale genomic profiling of malignant samples from patients to identify 

specific genomic alterations that guide the selection of optimal therapies for individual patients 

has become possible [1]. This is termed precision medicine, which is nearly synonymous with 

targeted therapy. The presence of defined driver genes determines the rational use of individual 

drugs. After various studies of the molecular mechanism of carcinogenesis, researchers identified 

some driver genes and produced drugs targeting these alterations. Moreover, these drugs have 

been successful in the clinical treatment of cancer, including trastuzumab in HER2-positive breast 

cancer [2], erlotinib and gefitinib in lung adenocarcinoma harboring sensitizing epidermal growth 

factor receptor(EGFR) mutations [3], and vemurafenib and dabrafenib in BRAFV600E melanoma 

patients [4-5]. 

Glioblastoma (GBM), which is the most common primary malignant tumor in the brain, has a 

poor prognosis despite treatment with surgery, radiotherapy, and chemotherapy. Although the 

addition of tumor-treating fields has improved survival in patients with GBM, the cost is 

prohibitive, and overall survival (OS) is extended by only 4.9 months [6]. With progress in 

understanding the molecular biology underlying GBM, some aberrant molecules in several 

signaling pathways were found, such as aberrant activation of receptor tyrosine kinase (RTK) 

genes, activation of the phosphatidylinositol-3-OH kinase (PI3K) pathway, and inactivation of the 

p53 and retinoblastoma tumor suppressor pathways [7]. According to TCGA data, GBM has been 

divided into different subtypes based on these aberrant molecules, namely proneural, classical, and 

mesenchymal GBM [8]. The intertumoral heterogeneity of GBM results in a remarkably variable 

clinical course. Thus, the 2016 WHO classification of GBM incorporated prevalent molecular 

alterations as adjuncts to the traditional histopathology [9]. Furthermore, these aberrant molecules 

also represented attractive therapeutic targets for drug development. However, these drugs did not 

produce clinical benefits in patients with GBM. Thus, anti-angiogenic treatment and 

immunotherapy have been investigated in clinical trials for GBM. 

In the present review, we summarize some advances of targeted therapies, anti-angiogenic 

treatments, and immunotherapies for GBM. In addition, we also identified factors responsible for 

the failure of these therapeutics. Furthermore, we described drug-delivery systems for overcoming 



the failure of these treatments. Finally, we forecast expected therapeutic improvements for GBM. 

2. Target aberrant molecules in GBM  

According to the 2016 WHO classification, GBM was divided into isocitrate dehydrogenase 

(IDH) 1/2 mutant and IDH wild-type groups based on mutations in IDH1/2. IDH wild-type GBM 

accounts for more than 90% of all cases of GBM [10]. However, this classification is not 

predictive of patient survival. Therefore, the identification of molecular markers that predict the 

clinical course of GBM is welcomed. Via integrative analysis of TCGA data, 74% of patients were 

found to harbor aberrations in the RTK/RAS/PI3K, p53, and RB pathways [7]. Additionally, 

various drugs targeting these aberrant molecules have been studied in the clinic (Figure 1).   

2.1. RTK/RAS/PI3K pathway 

Disruption of the RTK/RAS/PI3K pathway is considered to play an important role in the 

tumorigenesis and progression of GBM. RTKs are membrane-spanning proteins with extracellular 

ligand-binding domains and intracellular catalytic domains. By binding to extracellular domains, 

ligands induce RTK oligomerization, which activates the intracellular catalytic domains. RTK 

activation initiates a signaling cascade that results in specific cellular responses. In the 

RTK/RAS/PI3K pathway of GBM, the aberrant activation includes frequent EGFR 

amplification/mutation, ERBB2 mutation, PDGFRA amplification, MET amplification, PI3K 

mutation, homozygous PTEN deletion/mutation, AKT amplification, FOXO mutation, 

homozygous NF1 deletion/mutation, and RAS mutation. These aberrant molecules could emerge 

as therapeutic targets for GBM [7].  

RTK-encoding genes, including EGFR, PDGFRA, ERBB2, and MET, have been identified to 

play important roles in the development of GBM. Among these genes, EGFR is the most 

frequently aberrant RTK [7]. Because EGFR-targeting small-molecule tyrosine kinase inhibitors 

(TKIs) have been successful in the treatment of EGFR-mutated lung cancer [11], mutant EGFR is 

a rational therapeutic target for GBM. However, neither first-generation nor second-generation 

TKIs have produced satisfactory clinical results in the treatment of GBM [12]. These are several 

reasons for these failures. EGFR mutation in GBM occurs in the extracellular domain, whereas 

EGFR mutation in lung adenocarcinoma occurs in the kinase domain. The particular deletion of 

exons 2–7 of EGFR in GBM, e.g., EGFRvIII, renders TKIs ineffective against GBM. EGFRvIII 

alters the extracellular domain of EGFR, making the protein constitutively active. The EGFRvIII 



peptide vaccine rindopepimut displayed therapeutic efficacy in preclinical models and early-stage 

trials [13]. However, the addition of rindopepimut to standard therapy failed to improve OS in 

patients with newly diagnosed EGFRvIII-positive GBM in a phase 3 study [14]. Another 

EGFRvIII-targeted therapy is ABT-414, which is an antibody drug conjugate consisting of an 

EGFR-directed monoclonal antibody conjugated to monomethyl auristatin F, an anti-microtubulin 

agent [15]. In one study of this therapy, the objective response rate was 6.8%, the 6-month 

progression-free survival (PFS) rate was 28.8%, and the 6-month OS rate was 72.5%. Furthermore, 

ABT-414 had an acceptable safety and pharmacokinetic profile in patients with GBM [16]. 

Another study demonstrated that the objective response, 6-month PFS, and 6-month OS rates were 

14.3, 25.2, and 69.1%, respectively, for the combination of ABT-414 and temozolomide (TMZ) in 

patients with EGFR-amplified recurrent GBM [17]. The encouraging clinical efficacy and 

manageable adverse events of this combination warrant further clinical development. In addition, 

several EGFR-targeting agents have been evaluated as monotherapies or in combination with 

other agents or radiotherapy [18]. However, these treatments failed to produce excellent clinical 

outcomes for patients with GBM. Thus, further studies are needed to evaluate the value of EGFR 

inhibition in the treatment of EGFR-amplified GBM. 

PDGFRA amplification is found in 13% of cases of GBM [7], and it represents another 

therapeutic target for GBM. Dasatinib, an oral PDGFRA inhibitor, is a multi-targeted kinase 

inhibitor that also targets Src family kinases, breakpoint cluster region-Abelson murine leukemia, 

c-kit, and the ephrin receptor. However, the RTOG 0627 trial failed to reveal significant activity 

of dasatinib against recurrent GBM [19]. MET amplification also represents a therapeutic target 

for GBM. However, the clinical efficacy of the oral c-Met inhibitor crizotinib against GBM was 

dismal [20]. Therefore, combinations of RTK inhibitors have been used in patients with GBM. 

Alberto et al. reported the use of dasatinib plus crizotinib in patients with recurrent or progressive 

high-grade glioma. The results illustrated that the combination was poorly tolerated, and its 

activity was minimal [21]. At present, new c-Met inhibitors, such as a drug-dye conjugate between 

the anaplastic lymphoma kinase inhibitor crizotinib and heptamethine cyanine dye IR-786 [22], 

are being studied preclinically. As another potential therapeutic target, HER2-specific chimeric 

antigen receptor-modified virus-specific T cells were used to treat 17 patients with GBM. The 

results revealed the safety and clinical benefit of this treatment for patients with progressive GBM 



[23]. The clinical efficacy of the agent needs further to be evaluated in larger patient groups. In 

summary, new RTK inhibitors are needed to improve clinical outcomes for patients with GBM. 

Because of the disappointing clinical efficacy of these RTK inhibitors, it is attractive to 

interfere with downstream molecules. In GBMs, PI3K signaling is highly active. Buparlisib, a 

pan-PI3K inhibitor, has been tested in patients with recurrent GBM. The results indicated that 

buparlisib achieved significant brain penetration. However, because of its incomplete blockade of 

the PI3K pathway, buparlisib had minimal efficacy in patients with PI3K-activated recurrent GBM 

[24]. Hainsworth et al. examined the combination of bevacizumab with PKM120, another oral 

pan-class I PI3K inhibitor, in patients with relapsed/refractory GBM. The results demonstrated 

that the combination has similar efficacy as single-agent bevacizumab [25]. Some young patients 

with GBM carry the oncogenic BRAFV600E mutation. Woo et al. used vemurafenib, a BRAF 

inhibitor, together with cobimetinib, a MEK inhibitor, to treat two patients with BRAFV600E mutant 

GBM. The combination treatment produced dramatic clinical responses. However, the duration of 

disease control was extremely short [26]. At present, new agents, such as the dual PI3K/mTOR 

inhibitor XL765 [27], Akt inhibitor MK-2206 [28], and dual PI3K/mTOR inhibitor PI-103 [28], 

are being investigated preclinically for the treatment of GBM. 

2.2. p53/ARF/MDM2 pathway 

The p53/ARF/MDM2 pathway is another core deregulated pathway in the pathogenesis of 

GBM pathogenesis, being aberrant in 84% of patients. TP53 mutations in GBM are mostly point 

mutations and gain-of-function oncogenic variants. MDM2 and MDM4, which are the upstream 

molecules of p53, inactivate p53, leading to the loss of tumor suppression. Thus, targeting 

different molecules to reactivate or restore p53 function could represent promising precision 

therapy approaches for GBM. 

Because p53 point mutations in GBM result in the overexpression of mutant p53 (mut-p53) 

and gain of function, effective drugs must change the conformation of the mut-p53 protein to 

reactivate wild-type p53 (wt-p53). PRIMA-1 (2, 2-bis(hydroxymethyl)-3-quinuclidinone), which 

is a small-molecular-weight compound, may restores the conformation of mut-p53 in GBM. It 

alters the mutant protein folding to restore the conformation of mutant p53 proteins [29]. Ksenya 

et al. reported PRIMA-1 significantly inhibited the growth of GBM by normalization of mut-p53. 

Furthermore, they found that intermittent dosing regimens of PRIMA-1 are more effective than 



traditional chronic dosing in restoring wild-type tumor-suppressor function onto mutant, inactive 

p53 proteins[30]. PRIMA-1MET, which is a methylated form of PRIMA-1, is more active than 

PRIMA-1. PRIMA-1MET significantly inhibits the tumor growth of GBM cells [31]. Unfortunately, 

there have been no clinical trials on PRIMA-1 and PRIMA-1MET for treating GBM patients yet. 

Other agents, such as CP-31398 [32] and the dietary compound PEITC [33], have been examined 

in preclinical research. 

MDM2 amplification occurs in 14% of patients with GBM [7]. MDM2 is an E3 ubiquitin 

ligase. By inducing the degradation of p53, MDM2 negatively regulates p53. Therefore, inhibition 

of the MDM2/p53 interaction could be an effective treatment strategy for GBM. Several MDM2 

inhibitors, including RG7112, SAR405838, AMG232, and RG7388, successfully suppressed 

GBM growth in preclinical studies[34]. However, these results must be verified in patients with 

GBM. 

2.3. CDK4/CDK6/RB pathway 

The CDK4/CDK6/RB pathway is another core deregulated pathway in the pathogenesis 

GBM pathogenesis, being aberrant in 78% of patients. Consequently, some CDK4/CDK6 

inhibitors have been developed for treating GBM, but their clinical efficacy has been dismal. 

Taylor et al. reported that monotherapy with palbociclib, an oral CDK4/CDK6 inhibitor, was 

ineffective for treating recurrent GBM [35]. Tien et al. revaluated the clinical efficacy of the 

CDK4/CDK6 inhibitor ribociclib in GBM, finding that this treatment was also ineffective as 

monotherapy against recurrent GBM [36]. 

3. Targeting angiogenesis in GBM 

Histologically, GBM is characterized by increased angiogenesis and an aberrant 

microvascular network. Therefore, anti-angiogenic therapies represent highly plausible treatment 

options. In the angiogenesis pathway of GBM, various molecules, such as vascular endothelial 

growth factor (VEGF), integrins, PDGF and c-kit receptors, play critical roles, making them 

pharmaceutical targets (Figure 2) [37]. Among these aberrant molecules, VEGF-A was identified 

as a crucial angiogenic factor in GBM 25 year ago [38]. Bevacizumab, a recombinant and 

monoclonal IgG1 antibody targeting VEGF-A, significantly improved PFS in patients with 

recurrent GBM in uncontrolled phase II clinical trials. In 2009, bevacizumab was awarded FDA 

approval for the treatment of recurrent GBM based on the results of early clinical trials [38]. 



However, in the RTOG0825 trial, first-line bevacizumab failed to improve OS in patients with 

newly diagnosed GBM. Moreover, PFS was only prolonged by 3.4 months [39]. Similar findings 

were also reported in the AVAglio study [39]. Why did the PFS benefit fail to translate into an OS 

benefit when bevacizumab was added to standard treatment in GBM? The potential explanation is 

that the PFS benefit was an imaginary effect, or pseudoresponse [40], and no real gain in PFS was 

achieved. However, an analysis of AVAglio data according to the IDH mutation status suggested 

that patients with IDH1–wild-type proneural GBM may experience an OS benefit from first-line 

bevacizumab therapy [40]. Therefore, it is important to identify and establish predictive 

biomarkers for bevacizumab treatment. However, no such clinical biomarker relevant to 

bevacizumab has been established to date. Ratai et al. utilized magnetic resonance spectroscopy 

(MRS) as an early indicator of response to bevacizumab. The results indicated that decreased 

Cho/Cr and increased NAA/Cr and NAA/Cho levels in the tumor periphery were associated with 

both 6-month PFS and 1-year OS. Thus, alterations in NAA and Cho levels as assessed via MRS 

may be useful for predicting the response to bevacizumab treatment [41]. Another study found that 

increased bidimensional lesion enhancement (2D-T1) predicted significantly worse OS than 

post-contrast T1-weighted images. Meanwhile, FLAIR added value beyond 2D-T1 in predicting 

OS after bevacizumab treatment [42]. 

Another possible cause of a lack of response is primary or adaptive resistance to 

bevacizumab treatment in GBM. For example, Voutouri et al. reported that vessel cooption is a 

strategy for promoting tumor growth without new blood vessel growth. Moreover, cooption is also 

related to tumor resistance to anti-angiogenic therapy. To control GBM growth, it is imperative to 

co-inhibit angiogenesis and cooption in a sequential mode [43]. Mastrella et al. found that 

blocking VEGFA/VEGFR2 signaling in GBM downregulated apelin, which is a cognate ligand of 

the pro-angiogenic apelin receptor APLNR, and accelerated the invasion of APLNR-expressing 

GBM cells. Apelin-F13A, which is a mutant APLNR ligand, inhibited angiogenesis and cell 

invasion in GBM. Therefore, co-inhibiting VEGFR2 and APLNR synergistically improved the 

survival of mice bearing proneural GBM tumors [44]. Scholz et al. reported that angiopoietin-2 

(Ang-2) was upregulated in bevacizumab-treated GBM. As a potential resistance mechanism to 

bevacizumab, Ang-2 mediated endothelial cell/myeloid cell crosstalk and promoted the resistance 

of endothelial cells to bevacizumab. Furthermore, they found that combined inhibition of VEGF 



and Ang-2 improved survival, decreased vascular permeability, depleted tumor-associated 

macrophages, enhanced pericyte coverage, and increased the numbers of intratumoral T 

lymphocytes [45]. In addition, VEGF and integrins are mutual positive regulators of each other. 

Gerstner et al. examined the combination of cediranib (an oral pan-VEGFR tyrosine kinase 

inhibitor) with cilengitide (an integrin inhibitor with anti-invasive and anti-angiogenic properties) 

in patients with recurrent GBM, but the treatment failed to significantly improve survival [46]. 

For the success of anti-angiogenic therapy against GBM, new anti-angiogenic agents and 

new therapeutic strategies combining bevacizumab with other agents, such as TMZ [47], the oral 

PI3K inhibitor BKM120 [25], and dasatinib [48], have been developed. Kebir et al. reported that 

regorafenib, a potent multi-kinase inhibitor, produced disappointing results in six patients with 

recurrent high-grade astrocytoma [49]. However, anti-angiogenic therapy, mainly bevacizumab, 

can lower steroid use and improve quality of life and patient performance. Based on these findings, 

bevacizumab remains in use in later stages of GBM in the US and Europe even though the drug 

has not be authorized in Europe for recurrent GBM [50]. 

4. Targeting aberrant metabolism in GBM 

Aberrant cellular metabolism is a hallmark of cancer. GBM cells also exploit altered 

metabolic pathways to maintain malignant progression, such as increasing glycolysis, lipid 

metabolism, and glutamine metabolism [51-52]. These aberrant metabolic pathways represent 

potential therapeutic targets for GBM (Figure 3). Sanzey et al. reported that certain genes, which 

mainly encode glycolytic enzymes, are upregulated in response to severe hypoxia in GBM cells. 

Meanwhile, depletion of these genes (HK2, PFKP, ALDOA, ENO1, ENO2, and PDK1) 

significantly inhibited the growth of GBM. In particular, PFKP and PDK1 were proposed as the 

most promising therapeutic targets for GBM [53]. Kofuji et al. found that IMP dehydrogenase-2 

(IMPDH2), the rate-limiting enzyme for de novo guanine nucleotide biosynthesis, was 

overexpressed in GBM. IMPDH2 overexpression was linked to increased rRNA and tRNA 

synthesis, stabilization of the nucleolar GTP-binding protein nucleostemin, and enlarged, 

malformed nucleoli. IMPDH2 inhibition reversed these effects and inhibited cell proliferation in 

GBM [54]. More importantly, Bag et al. demonstrated that GBM required synchronization of 

growth-driving signaling and metabolic pathways. So, they defined cancer-specific 

signaling-metabolic interconnected networks [55]. Some studies reported that aberrant signaling 



pathways play critical roles in rewiring cellular metabolic reprogramming in GBM. For example, 

36% of GBM cells feature homozygous PTEN deletion/mutation. Qian et al. demonstrated that 

PTEN directly interacted with phosphoglycerate kinase 1, which acts as a glycolytic enzyme and 

protein kinase via intermolecular autophosphorylation, to inhibit its autophosphorylation. This 

results in the inhibition of glycolysis, ATP production, and GBM cell proliferation [56]. Liu et al. 

found that high levels of glucose or glutamine blocked mTOR dimerization and promoted mTOR2 

protein activity by enhancing the release of mTOR2 from the mTOR complex. Then, mTOR2 

upregulated c-myc, which transcriptionally regulated the expression of fructose-6-phosphate 

aminotransferase 1 (GFAT1). Finally, GFAT1 promoted the growth of GBM cells by increasing 

glycolysis [57]. Wang et al. uncovered that the metabolic aberrations in GBM stem cells (GSCs) 

link core genetic mutations in GBM to dependency on de novo pyrimidine synthesis. Targeting the 

pyrimidine synthetic critical downstream enzyme dihydroorotate dehydrogenase (DHODH) 

inhibited GSC survival, self-renewal, and tumor initiation in vivo [58]. Echizenya et al. found that 

10580, which effectively antagonizes the enzymatic activity of DHODH, induced cell cycle arrest 

and decreased the expression of stem cell factors in GSCs [59]. 

In additions, two metabolic enzymes, IDH1 and PKM2, change the phenotype of GBM cells 

by regulating their epigenetics. Mutation of IDH1 leads to the production of 2-hydroxyglutaric 

acid (2-HG) from alpha ketoglutarate (α-KG). 2-HG induces a hypermethylator phenotype in 

glioma by competitively inhibiting multiple α-KG–dependent dioxygenases, including histone 

demethylases and the ten-eleven translocation family of 5-methylcytosine hydroxylases. It has 

been identified that AGI-5198, which is a selective R132H-IDH1 inhibitor, inhibited the activity 

of mutant IDH1 to produce 2-HG and promoted gliomagenic differentiation in vitro and in vivo 

[60]. Recently, another compound (AG120), which targets mutant IDH1, was approved by the 

FDA for the treatment of relapsed or refractory IDH1-mutated acute myeloid leukemia [61]. 

Whether AG120 is adaptive to glioma with IDH1 mutation remains to be clarified. 

PKM2 is the last rate-limiting enzyme in glycolysis, and it catalyzes the conversion of 

phosphoenolpyruvate to pyruvate. PKM2 can form active tetramers in normal cells and inactive 

dimers in cancer [62]. Usually, inactivated PKM2 promotes tumor growth. EGFR phosphorylates 

PKM2 and induces its translocation to the nucleus. In the nucleus, PKM2 phosphorylates histone 3 

at threonine 11 (H3-T11) to facilitate the dissociation of HDAC3 from the promoters of β-catenin 



target genes [62]. In addition, PKM2 directly interacts with JMJD5, a Jumonji C 

domain-containing dioxygenase, and prolylhydroxylase 3. PKM2 also acts as an attractive target 

for treating GBM. Dimethylaminomicheliolide (DMAMCL), a small-molecule compound, has 

been used in clinical trials for recurrent GBM. PKM2 activation by DMAMCL results in the 

rewiring of aerobic glycolysis and suppression of GBM cell proliferation [63]. 

5. Targeting aberrant epigenetic deregulation in GBM 

Epigenetic modifications also play important roles in the development of GBM. Four 

interconnected layers mediate epigenetic modifications in GBM, including DNA methylation, 

histone modification, chromatin remodeling, and non-coding RNA [64]. However, targeting DNA 

methylation and non-coding RNAs is restricted in research [65-66]. Therefore, the present review 

will mainly discuss histone modification and chromatin remodeling in regulating GBM, as well as 

some advances in targeting these aberrant epigenetic regulators (Figure 4). 

In GBM, histones are modified by acetylation and methylation to promote transient drug 

resistance [67]. The addition of acetyl groups to H3 and H4 lysines favors transcription, whereas 

deacetylation removes these acetyl groups and represses transcription. These processes are 

regulated by histone acetyltransferases and histone deacetylases (HDACs). HDACs are 

upregulated in GBM, making them potential therapeutic targets. The FDA has approved several 

HDAC inhibitors, including vorinostat, romidepsin, belinostat, panobinostat, valproic acid, and 

entinostat. Unfortunately, the excellent performance of these drugs in preclinical experiments did 

not translate into survival benefits for patients with GBM [68]. 

Histone methylation is the other mode of histone modification. Methylating or demethylating 

certain lysines and arginines of H3 and H4 of histone can activate or repress transcription. In 

pediatric high-grade glioma, H3F3A, encoding the histone variant H3.3, develops mutations 

involving the histone tail at lysine (K) 27(K27M) and glycine (G) 34 (G34R/V). These two critical 

single-point mutations are involved in key regulatory post-transcriptional modifications [69]. 

Moreover, the K27M H3.3 mutation mainly occurs in the brainstem and midline regions in 

pediatric patients with glioma, and it is a poor prognostic factor [70]. Additionally, PRC2-EZH2 

methylases and UTX (KDM6A) and KDM6B demethylases are also involved in regulating the 

methylation status of H3K27. The small-molecule GSK-J4 suppresses the growth of GBM by 

inhibiting the activity of KDM6B [71]. Meanwhile, targeting EZH2 also reverses tumor growth by 



modulating histone methylation. Wiese et al. attempted to use tazemetostat, an EZH2 inhibitor, to 

treat pediatric patients with glioma and wild-type or mutated H3, finding that the drug was 

ineffective against pediatric high-grade glioma [72]. Differing from pediatric high-grade gliomas, 

adult GBM seldom features mutation of H3.3-H3FA, and it commonly overexpresses histone 

demethylases, such as KDM1. Pharmacological inhibitors of KDM1 upregulate p53 target genes, 

increase the levels of H3K4-me2 and H3K9-Ac histone modification, and reduce H3K9-me2 

modification. These changes promote the apoptosis of glioma cells [73]. However, the relevant 

studies are in the preclinical stage. 

Chromatin remodeling is an extremely complex and difficult target for drugs. The tumor 

suppressor SWI/SNF complex and PARP-1 polymerase are involved in chromatin remodeling. 

PARP inhibition has been studied for treating GBM [74].  

6. Targeting aberrant immune checkpoints in GBM 

Immunotherapies, including vaccines, oncolytic viral therapies, and chimeric antigen receptor 

T cell therapies, have led to improvements in the survival of patients with GBM [75-76].  The 

figure 5 showed that some aberrant immune checkpoints are responsible for immunosuppression, 

excluding the special immune microenvironment of the brain. For example, CTLA-4 and 

PD-1/programmed death-ligand 1 (PD-L1) are overexpressed in GBM, making them potential 

therapeutic targets. Moreover, anti-PD-1 and anti-CTLA-4 therapies have produced promising 

results in SB28 and GL261 mouse glioma models [77]. However, the CheckMate 143 trial failed 

to demonstrate the superiority of nivolumab over bevacizumab in patients with recurrent GBM 

[78]. In addition, TIM-3 also acts as an immune checkpoint to promote immune escape by 

exhausting T cells. High TIM-3 expression is an independent indictor of poor prognosis in patients 

with GBM. In preclinical experiments, combined anti-TIM-3 and radiotherapy/anti-PD-1 therapy 

remarkably improved survival in mice with GBM [79]. IDO also suppresses T cell activation and 

NK cell function. Meanwhile, IDO is highly expressed in GBM and involved in tumor immune 

escape. Sun et al. found that the IDO inhibitor PCC0208009 significantly enhanced the efficacy of 

TMZ in GL261 and C6 models [80]. Until today, no breakthrough advancements have been made, 

and these therapies are not standard treatments. Thus, additional work is needed to elucidate the 

mechanism of immunosuppression and improve the efficacy of immunotherapy in GBM. 

7. Development of targeting drug delivery using nanomaterials 



The treatment of GBM remains challenging because the blood-brain barrier (BBB) restricts 

paracellular diffusion between blood capillaries and the central nervous system (CNS) [81]. The 

BBB consists of brain capillary endothelial cells (BCECs) surrounded by astrocytic perivascular 

pseudopodium and pericytes through the basal lamina (Fig. 6A) [82]. The tight junctions between 

BCECs form a compact barrier that limits the paracellular transport of more than 98% of small 

molecules [83]. In recent years, nanoparticles (NPs) have become increasingly important for 

transporting therapeutic agents in patients with GBM. NPs can both improve penetration across 

the BBB and increase drug uptake by brain tumor cells. The size and surface characteristics of 

NPs offer them the capacity for passive or active targeting to brain cancer cells or tumor 

endothelium in a desirable manner, thus minimizing side effects. In addition, nanocarriers can 

protect drugs in vivo and prolong their circulation half-life.  

Size plays a vital role in the accumulation of NPs in tumors [84]. Generally, NPs ranging 

from 20 to 200 nm in size can facilitate improved tumor accumulation because of the enhanced 

permeability and retention (EPR) effect, which was considered passive targeting [85]. The basic 

features of EPR physiology include the highly permeable tumor vasculature, which enhances the 

permeability of large particles including macromolecules, liposomes, and other soluble particles 

(Fig. 6B). Regarding delivery to GBM lesions, the optimal diameter of NPs ranges from 30 to 100 

nm [84]. Liu et al. studied the effect of size on BBB penetration using AIEgen (fluorogens with 

aggregation-induced emission characteristics) NPs with sizes of 10, 30, and 60 nm [86]. In a 

photothrombotic ischemia rat model, 30-nm AIEgen NPs produced the best effect in the BBB 

damage evaluation. In another example, after focused ultrasound-mediated BBB opening, 60-nm 

polystyrene–PEG NPs exhibited better diffusion than 110-nm NPs in the normal rat brain [87]. In 

addition, ultrasmall NPs (<6 nm) may be cleared rapidly by the kidneys [88]. Thus, for brain 

tumor delivery, NPs ranging in size from 20 to 70 nm are considered ideal [89]. 

Various targeting moieties can be used for the surface modification of NPs to allow active 

targeting of the drug carriers to the BBB and tumor tissues. Antibodies, proteins, peptides, and 

nucleic acids are widely used as targeting elements in NPs (Fig. 6B). The main targets identified 

for the treatment of glioma include transferrin (Tf) receptors (TfRs), folate, epidermal growth 

factor receptor (EGFR), VEGF, αvβ3 integrins, matrix metalloproteinases (MMPs), lipoprotein 

receptor-related protein, and vascular cell adhesion molecule 1 [90]. For example, TfR-1 is 



overexpressed in both the BBB and many types of brain tumor cells. Several Tf-modified NPs 

have been studied for delivering drugs to the brain. Voelcker and coworkers described a Tf-based 

dual-targeting method for serial BBB penetration and glioma targeting [91]. In their work, they 

developed Tf-modified pSiNPs as targeted nanocarriers to promote small-molecular 

chemotherapeutic delivery into gliomas. Systematical studies proved that Tf functionalization 

allowed pSiNPs to target gliomas and increased their internalization efficiency through 

clathrin-mediated endocytic mechanisms. In monoculture and co-culture BBB models, pSiNPs 

was more toxic to GBM cells. The EGFP–EGF1 fusion protein can bind to tissue factors 

overexpressed in glioma cells, and it has been used as a conjugate to target NPs to brain tumors 

[92]. In vivo studies illustrated that the penetration of EGFP–EGF1 NPsin tumor tissues was 

2.38-fold greater than that of NPs without EGFP–EGF1 conjugation. Chlorotoxin (CTX) is one of 

the most important targeting agents for glioma because of its high affinity for chloride channels 

and MMP-2 isoforms, which are upregulated in brain cancer tissues. Fang et al. developed 

CTX-conjugated chitosan (CS) nanocarriers loaded with TMZ (CS–TMZ–CTX) for GBM therapy 

[93]. The in vivo study found that 2 h after i.v. injection, CS–TMZ–CTX widely spread in the 

brain, including both parts distal from blood vessels and avascular regions. Aptamers are usually 

DNA or RNA sequences or peptides that can identify targets on cells and bind to them specifically. 

A variety of aptamers that target glioma are available. For example, recent studies demonstrated 

that the AS1411 aptamer forms a stable G-quartet structure to bind with nucleolin in GBM cells. 

Xie and coworkers used the AS1411 aptamer to functionalize a Se-based NP loaded with 

ruthenium complexes to achieve tumor imaging and therapy [94]. The results indicated that the 

cellular uptake and selectivity of this NP were significantly improved. In additions, we have 

developed a novel magnetic field-controlled DNA nanogel for targeted drug delivery[95]. We 

synthesized the carrier as a core-shell structure with magnetic Fe3O4 nanoparticle core and DNA 

shell. Under the control of magnetic field, an enhanced targeted drug delivery to U87MG cells was 

observed. This research provides a new way to realize targeted delivery of drugs to brain. 

8. Concluding remarks 

Understanding of aberrant molecular pathways that drive the malignant phenotype of GBM 

will facilitate the development of precise medicine for GBM. However, the table 1, which 

summarized all clinical results of targeted therapies against GBM mentioned above, showed that 



the clinical efficacy is extremely disappointing, although several explanations can be postulated. 

First, GBM is a complex ecosystem composed of non-tumor cells, such as microglia, astrocytes, 

and neurons. These non-tumor cells interact with GBM cells to affect tumor growth and sensitivity 

to treatment. Second, intratumoral heterogeneity, such as distinct phenotypes, genotypes, and 

epigenetic states, results in the lack of a unified sensitivity to therapy. More importantly, the BBB 

limits the access of drugs to GBM lesions. Despite their efficacy against a few malignancies, 

immune checkpoint inhibitors have not produced survival advantages in GBM. The unique 

immunological microenvironment and lymphocytic infiltration deficiency are two main reasons 

for this lack of efficacy. Finally, the rapid development of resistant phenotypes is responsible for 

the failure of various targeted therapies. In sum, it is imperative to explore the mechanism of 

GBM development systematically to identify new treatment targets. Various molecules can be 

used to stratify patients with GBM who will experience survival benefits from various treatments. 

Regarding immunotherapy, it is a priority to understand the immune microenvironment of GBM. 
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Figure Legends 

Figure 1. Various agents targeting aberrant molecules in three core pathways of GBM 

pathogenesis, including RTK/RAS/PI3K, p53, and RB pathways, have been investigated in GBM. 

(A) Some drugs target aberrant molecules in the RTK/RAS/PI3K pathway. (B) Some drugs target 

aberrant molecules in the p53 and RB pathways. 

Figure 2. Various molecules play critical roles in angiogenesis in GBM, such as VEGF, integrins, 

PDGF, and c-kit receptors. Various drugs inhibit the growth of GBM by targeting these aberrant 

pharmaceutical targets. 

Figure 3. Aberrant metabolic pathways are potential therapeutic targets for patients with GBM. 

Some agents targeting these aberrant metabolic pathways have been assessed for the treatment of 

GBM.  

Figure 4. Histone modification and chromatin remodeling are involved in regulating GBM. Drugs 

targeting these aberrant epigenetic regulators have been examined for the treatment of GBM. 

Figure 5. Aberrant immune checkpoints are responsible for immunosuppression, including 

CTLA-4, PD-1/PD-L1, TIM-3, and IDO. Some agents that restore immune activity in GBM by 

targeting CTLA-4, PD-1/PD-L1, and IDO have been developed. 

Figure 6. The use of various nanomaterials to facilitate the local delivery of drugs to GBM lesions. 

(A) Schematic illustration of the cellular components of the BBB and its restriction of paracellular 

diffusion. (B) Comparison of passive targeting and active targeting using drug-loaded 

nanostructures. 

 

 



Highlight: 

� By clarifying the molecular abnormalities that drive the malignant phenotype of GBM, 

various drugs that specifically target tumor cells and the tumor microenvironment have been 

developed.  

� These drugs, including drugs targeting growth factor receptors and their downstream 

signaling pathways, angiogenesis, aberrant metabolism, epigenetic deregulation, and 

aberrant immune microenvironments, have been investigated in preclinical or clinical trials.  

� However, these drugs that significantly inhibited the growth of GBM in the preclinical stage 

have not produced survival benefits in patients with GBM.  

� One reason for their failure is the lack of a definite driver gene to select patients most likely 

to benefit. Another reason is the inadequate pharmacokinetic properties of the drugs owing 

of the blood-brain barrier.  

� In the present review, we discuss progress in the development of target therapeutic strategies. 

Furthermore, we discuss the development of nanomaterials that act as local drug delivery 

systems to penetrate the blood-brain barrier for managing GBM. 



Table1 summarized all clinical results, which is related to targeted therapies against GBM, mentioned in this paper. 

Reference&

&selected 

trails   

Intervention Patient population and  Enrichment Design 

 

Primary  

endpoint 

PFS OS Conclusions 

EGFR 

Weller et al.  

2017[21] 

Rindopepimut Newly diagnosed, 

rindopepimut  plus TMZ/RT 

→ TMZ (371) versus TMZ/RT 

→ TMZ (374) 

EGFRvIII 

expression 

Randomized  

phase III,  

placebo 

controlled 

OS 

 

Median PFS (months) 

Rindopepimut 7.1 

Placebo 5.6 

Median OS  

(months) 

Rindopepimut 20.1 

Placebo 20.0 

Rindopepimut is inactive in  

newly diagnosed glioma 

van den Bent et 

al.  

2018[23] 

Depatuxizumab / 

ABT-414 

Recurrent, ABT-414 plus  

TMZ (88) versus ABT-414  

(86) versus TMZ or CCNU 

(86) 

EGFR 

amplifification 

Randomized  

phase II, open  

label 

OS Median PFS  

(months) 

ABT-414 plus TMZ 3  

ABT-414 1.9  

TMZ/CCNU 2.0 

Median OS  

(months)  

ABT-414 plus TMZ  

9.6  

ABT-414 7.9  

TMZ/CCNU 8.2 

ABT-414 may be active in  

combination with TMZ in 

recurrent glioma 

Reardon DA et 

al. 

2017[22] 

ABT414 Newly 

diagnosed(45)PlusTMZ/RT-T

MZ 

EGFRvIII 

expression 

Singel arm 

phase Ⅰ 

PFS Median PFS(months) 

6.1 

ND ABT414 may be active in 

combination with RT Plus TMZ 

in newly diagnosed glioma 



Gan HK et al. 

2018[24] 

Depatuxizumab/

TMZ 

 newly diagnosed or recurrent 

glioblastoma(38) 

None Randomized 

phaseⅠ,open 

label 

OS PFS-6 

30.8% 

Median OS 

10.7 

Depatux-m alone or in 

combination with temozolomide 

may be safaty and 

pharmacokinetic profile in 

glioblastoma 

Lassman AB et 

al 

2019[25] 

Depatuxizumab/

TMZ 

Recurrent, with prior TMZ 

therapy(60) 

EGFR 

amplifification 

 

Randomized 

phaseⅠ,open 

label 

OS PFS-6 

25.2% 

OS-6 

69.1% 

Depatux-m in combination with 

temozolomide may be active in 

glioma 

Lassman AB et 

al. 

2015[29] 

Dasatinib 

 

Recurrent(17) None  Randomized 

phase Ⅰ 

OS Median PFS 

1.7 

Median OS 

7.9 

Dasatinib 

Is inactive in recurrent glioma 

HER-2 

Ahmed N et al. 

2017[34] 

HER2-CAR VST HER2-positive glioma(17) HER2-positive Singel arm 

phase Ⅰ 

None ND ND HER2-CAR VSTs is safe and can 

be associated with clinical benefit 

for patients with progressive 

glioblastoma 

PI3K 

Wen PY et al. 

2019[35] 

Buparlisib 

 

Recurrent (65) None Randomized 

phase Ⅰ,open 

label  

PFS PFS-6 

8% 

Median PFS(months) 

1.7 

ND Buparlisib 

may be inactive in recurrent 

glioma 



Hainsworth JD 

et al. 

2019[36] 

PKM120 Recurrent with prior surgical 

therapy(88) 

None Single arm 

phase Ⅰ/Ⅰ 

ORR PFS-6 

36.5% 

ND PKM120 is inactive in recurrent 

glioma 

CDK4/CDK6 

Taylor JW et al. 

2018[49] 

palbociclib 

 

Recurrent with RB-positive 

glioma(22) 

None Randomized 

phase Ⅰ 

OS PFS(weeks) 

5.14 

OS(weeks) 

15.4 

 

Palbciclib is inactive in recurrent 

glioma 

VEGFR 

Gilbert MR et 

al. 

2014 [54] 

Bevacizumab Newly diagnosed 

Bevacizumab(312) versus 

Placebo(309) 

None Randomized  

phase III,  

placebo 

controlled 

OS PFS (months)  

control 7.3  

bevacizumab. 10.7 

OS  

control 16.1  

bevacizumab  

15.7 months 

 

Bevacizumab can not prolong OS 

Chinot OL et al. 

2014[55] 

bevacizumab Newly diagnosed 

Bevacizumab(458) versus 

placebo (463) 

None Randomized  

phase III,  

placebo 

controlled 

 

OS PFS (months)  

 

Bevacizumab 

10.6 

Placebo 6.2 

OS(months) 

Bevacizumab 16.8 

Placebo 16.7 

Bevacizumab can not prolong OS 

Gerstner ER et 

al. 

2015[65] 

Cediranib Plus 

Cilengitide 

 

Recurrent with prior 

anti-VEGFR therapy(45) 

None Randomized 

phase Ⅰ 

OS PFS(months） 

1.9 

OS(months) 

6.5 

Cediranib Plus Cilengitide 

Is inactive in recurrent glioma 



Abbreviation: no data (ND); overall survival (OS); progression-free survival (PFS); objective response rate (ORR); temozolomide (TMZ) 

 

Galanis E et al. 

2019[68] 

dasatinib Recurrent  

Bevacizumab plus 

dasatinib(128) 

Bevacizumab(83) 

None Randomized 

phase Ⅰ 

OS PFS-6 

Bevacizumab plus 

dasatinib 26.3% 

Bevacizumab 15.7% 

OS(months) 

Bevacizumab plus dasatinib 

7.3 

Bevacizumab 7.7 

Bevacizumab plus dasatinib does 

not prolong OS 

HDAC 

Iwamoto FM et 

al.  

2011[98] 

Romidepsin 

 

Recurrent （34）Plus 

RT/TMZ-TMZ 

None Singe arm 

phaseⅠ 

OS PFS(weeks) 

8 

OS(weeks) 

34 

Romidepsin 

Is inactive in recurrent glioma 

CD155 

Desjardins et al. 

2018[108] 

PVSRIPO Recurrent(61) 

Plus RT/TMZ-TMZ 

None Randomized 

phase Ⅰ 

OS-24 ND OS-24 

21% 

PVSRIPO may be active in 

recurrent glioma 


















