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REVIEW

Pharmacological strategies for improving the prognosis of glioblastoma
Divyaansh Raja, Pranjal Agrawal a*, Hallie Gaitscha, Elizabeth Wicksa and Betty Tylerb*

aHunterian Neurosurgical Research Laboratory, Department of Neurosurgery, Johns Hopkins School of Medicine, Johns Hopkins University, 
Baltimore, Maryland; bDepartment of Neurosurgery, Johns Hopkins University, Baltimore, Maryland

ABSTRACT
Introduction: Treatments for brain cancer have radically evolved in the past decade due to a better 
understanding of the interplay between the immune system and tumors of the central nervous system 
(CNS). However, glioblastoma multiforme (GBM) remains the most common and lethal CNS malignancy 
affecting adults.
Areas covered: The authors review the literature on glioblastoma pharmacologic therapies with 
a focus on trials of combination chemo-/immunotherapies and drug delivery platforms from 2015 to 
2021.
Expert opinion: Few therapeutic advances in GBM treatment have been made since the Food and 
Drug Administration (FDA) approval of the BCNU-eluting wafer, Gliadel, in 1996 and oral temozo-
lomide (TMZ) in 2005. Recent advances in our understanding of GBM have promoted a wide 
assortment of new therapeutic approaches including combination therapy, immunotherapy, vac-
cines, and Car T-cell therapy along with developments in drug delivery. Given promising preclinical 
data, these novel pharmacotherapies for the treatment of GBM are currently being evaluated in 
various stages of clinical trials.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common type 
of adult primary brain tumor [1,2]. Its aggressive and het-
erogeneous nature presents a tremendous challenge to the 
management of patient care [1,2]. Despite decades of pre-
clinical research and innovations in surgical, radiation and 
chemical therapeutics, the prognosis of GBM remains poor 
with median survival just under two years [1,2]. Several 
tumor characteristics specific to GBM render most standard 
chemotherapeutics ineffective, including its high level of 
invasiveness, elevated proliferative index, immunological 
escape capabilities, genetic heterogeneity, and genetic 
instability [3]. Furthermore, many novel treatment options 
face steep challenges in blood–brain barrier (BBB) perme-
ability [4] and also targeting glioma stem-like cells (GSC) 
[5], a common mechanism of drug resistance. There is 
a desperate need for novel therapeutics and strategies 
that directly address the unique challenges of GBM treat-
ment. Recent studies have focused on optimizing chemo 
and immunotherapeutic interventions, engineering more 
effective drug delivery systems, and implementing perso-
nalized care based on the genomic profile of the tumor. In 
this review, we focus on these innovations to discuss how 
optimizing pharmacological strategies can be translated 
into better patient care.

2. Optimization of current treatment strategies

Current strategies for GBM combine surgical resection and 
radiotherapy with concurrent and neo/adjuvant temozolo-
mide and/or bevacizumab 6. Recent innovations in isocitrate 
dehydrogenase (IDH) inhibitors, nivolumab, and ipilimumab 
serve as interesting prospects in optimizing chemo- and 
immunotherapeutics. Here, we review the literature support-
ing first-line therapies and repurposed treatments, and 
explore their combination with up-and-coming therapeutics.

2.1. Temozolomide

Temozolomide (TMZ) is one of the most common therapeu-
tics offered to patients with glioblastoma [7]. As a small 
lipophilic molecule, it has the ability to cross the blood– 
brain barrier with high fidelity, making it a useful drug for 
the treatment of brain tumors [8]. TMZ can damage DNA and 
trigger death in rapidly proliferating cells. After being rapidly 
converted to 3-methyl-(triazen-1-yl) imidazole-4-carboxamide 
(MTIC) by non-enzymatic chemical conversion, MTIC works by 
alkylating DNA and forcing repair mechanisms to take place 
in order to avert cell death. Temozolomide is responsible for 
increasing the median survival curve for patients with GBM to 
14.6 months and has been shown to increase two year survi-
val from 10.4% to 26.5%[8]. Despite its high fidelity in 
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crossing the blood–brain barrier, TMZ’s short half-life war-
rants high dosages contributing to significant hematologic 
and hepatotoxicity [9]. Modern therapies aim to improve the 
efficacy of TMZ by exploring the efficiency of its delivery 
through liposomes and nanoparticles [10,11] as well as local 
delivery via BCNU wafers through in vitro and in vivo models 
[9]. MTIC methylates, among other sites, the O6-position of 
guanine, yielding the minor DNA adduct O6-methylguanine, 
which is a cytotoxic lesion. This therapy is effective for 45% of 
patients who down regulate expression of 
O6-methylguanine-DNA methyltransferase (MGMT), a gene 
which confers drug resistance by reversing the 06- 
methylation of guanine [6]. Fifty-five percent of patients, 
however, express O-methylguanine-DNA methyltransferase 
(MGMT), a gene which promotes drug resistance in these 
patients [6]. Several strategies are being studied to increase 
efficiency of TMZ via MGMT inhibition in order to decrease 
chemoresistance and improve survival [12].

2.2. Bevacizumab

Bevacizumab (BVZ) is a monoclonal antibody that targets 
vascular endothelial growth factor (VEGF) in order to inhibit 
tumor angiogenesis. The success of BVZ in slowing GBM tumor 
progression and increasing progression-free survival has 
already elevated it to a frontline therapy, though phase III 
clinical trials have yet to be completed [6]. Bevacizumab 
showed significant potential in preclinical work. Studies utiliz-
ing intravital multiphoton microscopy in mouse models 
showed that higher doses of BVZ reduced tumor growth and 
tumor cell viability [13] (Table 2). Furthermore, work done in 
nude mice demonstrated that BVZ checked growth in 
implanted gliomas [14,15] (Table 2) and decreased cerebellar 
edema [16] (Table 2). Taken together, these preclinical results 

and phase II trials indicate the potential use of BVZ in the 
management of GBM. Assessing treatment response to BVZ, 
however, presents significant imaging challenges due to the 
fact that pseudo response and non-enhancing tumor progres-
sion are common in T2-Flair [17] (Table 2). Additionally, neg-
ligible changes in overall patient survival limit the use of BVZ 
as a standalone therapy. More work needs to be done to 
explore its combined success with other chemotherapeutics, 
radiation, and surgery, and to quantify its ability to increase 
progression free survival and overall survival for patients 
with GBM.

2.3. Nivolumab and Ipilimumab

Nivolumab and ipilimumab are two immune checkpoint inhibitors 
that have had recent success treating other difficult, solid tumors 
including non-small-cell lung cancer (NSCLC). Nivolumab is 
a monoclonal antibody that targets programmed death-1 (PD-1), 
a receptor that serves as an inhibitory costimulator in T-helper cell 
activation. By increasing T cell activation, there was an interest in 
increasing the level of T cell-mediated cytotoxicity against GBM 
tumors. Recent results from the CheckMate 143 phase III clinical 
trials, however, have shown that nivolumab is no better than BVZ 
at treating GBM [18] (Table 1). A recent review article [3] posited 
whether resistance mechanisms to common therapies can be 
targeted through checkpoint inhibitors. In fact, current clinical 
trials are now focusing on combining nivolumab with TMZ to 
target tumors that are O-6-methylguanine-DNA methyltransferase 
methylated (NCT02617589) or unmethylated (NCT02667587) 
(Table 1). Because MGMT confers resistance to TMZ, the outcomes 
of these trials may offer insight into tumor response and resistance 
mechanisms. Ipilimumab is a monoclonal antibody that targets 
CTLA-4 with a similar intent to activate T cell mediated responses 
to tumors. Ipilimumab has had similar success against aggressive 
cancers and is being considered for concomitant therapy with 
nivolumab for NSCLC [19]. Current clinical trials for ipilimumab in 
GBM remain in phase I. Many current trials are focused on compar-
ing or combining nivolumab and ipilimumab therapy for GBM in 
combination with TMZ (NCT02311920) or with radiotherapy 
(NCT04396860), with high mutational burden (NCT04145115), 
recurrent GBM (NCT03430791), MGMT unmethylated tumors 
(NCT03367715), or compared to BVZ (NCT02017717) (Table 1). 
These studies focus on defining treatment response and effective-
ness in progression-free survival and overall survival.

2.4. Combination studies

Recent research studies have focused on the success of coupled 
chemo- and immunotherapies. This emerging treatment regi-
men focuses on adjuvant and neoadjuvant immunotherapy 
after resection or radiation in order to boost anti-tumor immune 
response and cytotoxicity. As previously mentioned, many pre-
clinical studies and clinical trials with novel therapeutics are 
similarly focusing on concomitant, neoadjuvant, or adjuvant 
immuno/chemotherapy, especially in situations where there is 
conferred resistance to front-line therapies [3]. Here, we highlight 
interesting combination studies that could potentially shape 
future management of patient care.

Article highlights

● Glioblastoma multiforme (GBM) is a common, heterogeneous, and 
highly aggressive primary adult brain tumor with a median survival of 
less than two years.

● The current standard of care for newly diagnosed GBM includes 
surgical resection, chemotherapy with temozolomide (TMZ), and 
radiotherapy.

● While standalone therapies have not proven effective, current clinical 
trials of novel treatment combinations including TMZ, bevacizumab, 
nivolumab, ipilimumab, and/or radiotherapy are ongoing and are 
being tested in patients with MGMT methylated and MGMT 
unmethylated tumors to determine the effects of combined therapy 
on progression-free and overall survival.

● Immunogenic tumor-specific and tumor-associated antigens 
expressed by GBM cells can serve as targets for dendritic cell vaccines 
and CAR T-cell therapy, both of which have shown promising trial 
results when incorporated into standard treatment regimens.

● Drug delivery challenges including BBB penetration and toxicity to 
surrounding brain tissue can be circumvented through the strategic 
use of intracranial delivery platforms such as Gliadel®, nanoparticles, 
liposomes, and polymersomes.

● While GBM remains a devastating diagnosis, treatment regimens 
combining chemotherapeutics with immunotherapies and innovative 
drug delivery systems may provide the best chance for preventing 
tumor recurrence and increasing survival.

This box summarizes key points contained in the article.
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Recent work done in rat GBM models explored TMZ and 
carmustine BCNU wafers for local delivery of chemotherapeu-
tics. Their results indicated that combination therapy 
increased the median survival rate of rats by 25% compared 
to either therapy alone [2,10] (Table 2). A single institutional 
trial of carmustine wafers and BVZ showed that in humans, 
combination therapy increased survival by 8 months when 
compared to TMZ alone [20]. More clinical and multi- 

institutional research studies are needed to explore these 
effects in a larger patient cohort. Another preclinical study 
explored the combination of monoclonal antibodies against 
PD-1 in combination with TMZ in mouse orthotopic glioma 
models. Results showed that the combination therapy 
increased median survival of the mice from 25 days to 
42 days, while TMZ or anti-PD-1 antibody alone only margin-
ally increased median survival time. These results demonstrate 

Table 1. Summary of Current Clinical Trials in Glioblastoma. Abbreviations: GBM – Glioblastoma, TMZ – Temozolomide, BVZ – Bevacizumab, OS – Overall 
Survival, PFS – Progression Free Survival, PFS6 – 6-month Progression Free Survival, RANO – Response Assessment in Neuro-Oncology Criteria.

Study Therapy Study Type n Condition Primary Outcome
Status/ Initial 

Results

NCT02617589 Nivolumab + 
Radiotherapy vs. TMZ + 
Radiotherapy

Multicenter Randomized Phase III Control 
Trial

560 Newly diagnosed MGMT 
unmethylated type GBM

OS 
(assessed up to 
36 months)

Active, not 
recruiting 
No added 
benefit

NCT02667587 Nivolumab + TMZ + 
Radiotherapy vs. TMZ + 
Radiotherapy

Multicenter Randomized Phase III Single Blind 
Study

693 Newly diagnosed MGMT 
methylated or 
indeterminate tumor 
subtype of GBM

OS and PFS Active, not 
recruiting 
No results

NCT02311920 Nivolumab + TMZ vs. 
Ipilimumab + TMZ vs. 
Nivolumab + 
Ipilimumab + TMZ

Multicenter Randomized Phase I Study 32 Newly diagnosed GBM or 
gliosarcoma

Immune-related 
dose-limiting 
toxicities

Active, not 
recruiting 
No results

NCT04145115 Ipilimumab + Nivolumab Multicenter 
Open-Label Phase II Study

37 Hypermutated recurrent 
GBM

Overall response 
rate (assessed by 
RANO)

Recruiting 
No results

NCT03430791 Nivolumab + Ipilimumab 
vs. Nivolumab

Single Center 
Open-Label Phase I/II study

60 Recurrent GBM Objective response 
rate (assessed by 
modified RANO 
criteria)

Active, not 
recruiting 
No results

NCT03367715 Nivolumab + Ipilimumab 
+ Radiotherapy

Single Center 
Single Arm 
Open-Label Phase II trial

24 Newly diagnosed, MGMT 
unmethylated GBM

OS at 1 year Recruiting 
No results

NCT02017717 Nivolumab vs. BVZ 
Nivolumab + 
Ipilimumab vs. 
Nivolumab

Multicenter Randomized Phase III Open-Label 
study (Nivolumab + BVZ) and Multiple 
Phase 1 studies (Nivolumab vs. Nivolumab 
+ Ipilimumab)

Recurrent GBM (Phase III 
trial) 
Newly diagnosed GBM, 
newly diagnosed 
unmentylated MGMT 
GBM (Phase 1 trial)

Drug-Related 
Adverse Events 
Adverse Events 
Serious Adverse 
Events 
Liver lab 
abnormalities 
Thyroid Lab 
Abnormalities 
OS

Active 
Not 
recruiting

NCT04396860 Nivolumab + Ipilimumab 
+ Radiotherapy vs. TMZ 
+ Radiotherapy

Multicenter Randomized Phase II/III Open- 
Label Study

485 Newly Diagnosed MGMT- 
unmethylated type GBM

PFS (Phase II) 
OS (Phase III)

Recruiting 
No results

NCT00045968 Dendritic Cell 
Immunotherapy 
(DCVax-L) + TMZ vs. 
TMZ + placebo

Multicenter Randomized Phase III Control 
Trial

348 Newly diagnosed, 
unilateral GBM (Grade 
IV)

PFS Active, not 
recruiting 
Feasible 
and safe 
May 
extend 
survival

NCT02455557 SVN53-67/M57-keyhole 
limpet hemocyanin 
(KLH) peptide vaccine 
(SurVaxM) +TMZ

Multicenter Phase II Single-Arm Design Study 66 Newly diagnosed GBM 
with survivin positive 
tumor status

PFS6 Active, not 
recruiting 
95% PFS6

NCT01814813 Heat shock protein 
peptide complex 96 
(HSPPC-96) vaccine + 
BVZ 
vs. BVZ

Multicenter Phase II Randomized Trial 90 Surgically resectable, 
recurrent GBM

OS Active, not 
recruiting 
No 
significant 
difference

NCT02465268 pp65 Dendritic Cell 
vaccine vs. placebo

Multicenter Phase II Randomized Control Trial 120 Newly diagnosed GBM Median OS Change Recruiting 
No results

NCT03395587 Autologous, tumor lysate- 
loaded, mature 
dendritic cells vs. 
Surgical resection, 
radiotherapy, and TMZ

Multicenter Phase II Randomized Control Trial 136 Newly diagnosed GBM OS 
(assessed up to 
34 months)

Recruiting 
No results
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Table 2. Summary of Preclinical Studies on Glioblastoma Treatment.

Title Model Treatment Results

Bevacizumab Has Differential and Dose- 
Dependent Effects on Glioma Blood 
Vessels and Tumor Cells[11]

Orthotopic glioma nude mouse 
model

Bevacizumab 
1) Subclinical dose 
2) Medium clinical dose 
3) High clinical dose

Low (subclinical) doses of bevacizumab 
- reduced total vascular volume, no 
effect on tumor cell viability or overall 
tumor growth rates 
Medium and high doses 
- vascular regression, decreased tumor 
growth and prolonged survival

Anticancer Therapies Combining 
Antiangiogenic and Tumor Cell Cytotoxic 
Effects Reduce the Tumor Stem-Like Cell 
Fraction in Glioma Xenograft Tumors[14]

Xenograft C6 rat glioma cells in 
athymic nude mouse model

1) Targeted antiangiogenic agent 
2) Combination therapies of 
antiangiogenic agents and 
chemotherapy 
3) Cytotoxic schedule of maximum 
tolerated dose chemotherapy using 
cyclophosphamide

Targeted antiangiogenic therapy or 
cytotoxic chemotherapy: 
- no reduction in fraction of tumor 
sphere-forming units (SFU) tumors 
All combination antiangiogenic and 
cytotoxic drug treatments: 
- significant reduction in SFU

Edema Control by Cediranib, a Vascular 
Endothelial Growth Factor Receptor– 
Targeted Kinase Inhibitor, Prolongs 
Survival Despite Persistent Brain Tumor 
Growth in Mice[15]

1) Orthotopic mouse model 
utilizing human glioblastoma 
(GBM) cell line U87 
2) Orthotopic mouse model 
utilizing human GBM cell line 
U118 
3) Orthotopic mouse model 
utilizing rat GBM cell line 
CNS-1

1) Cediranib 
2) Dexamethasone

Cediranib: 
- significantly decreased tumor vessel 
permeability and diameter 
- induced normalization of perivascular 
cell coverage and thinning of the 
basement membrane with increase in 
plasma collagen IV 
- edema alleviation 
- no effect on tumor growth 
- significantly increased survival of mice 
despite persistent tumor growth.

Inhibition of vascular endothelial growth 
factor-induced angiogenesis suppresses 
tumor growth in vivo[16]

Xenograft GBM, 
leiomyosarcoma, and 
rhabdomyosarcoma nude 
mouse models

Anti-VEGF monoclonal antibody Anti-VEGF monoclonal antibody: 
- inhibited growth of tumors, but no 
effect on growth rate of tumor cells 
in vitro 
- decreased density of vessels

Biodegradable wafers releasing 
Temozolomide and Carmustine for the 
treatment of brain cancer[2]

Orthotopic gliosarcoma rat 
model

1) Wafers loaded with 50% 
Temozolomide (TMZ) in poly(lactic 
acid-glycolic acid) (PLGA) 
2) Wafers with a co-loading of TMZ 
and BCNU 
3) Systemic TMZ 
4) BCNU wafer alone 
5) TMZ wafer alone

Untreated/Treated with blank wafer: died 
within 11 days 
Systemic TMZ: median survival of 
18 days. 
BCNU wafer alone: median survival of 
15 days 
TMZ wafer alone: median survival of 
19 days 
BCNU-TMZ wafer: median survival of 
28 days with 25% of animals living 
long term

Temozolomide combined with PD-1 
Antibody therapy for mouse orthotopic 
glioma model[20]

Syngeneic, orthotopic glioma 
mouse model

1) TMZ 
2) anti-PD-1 antibody 
3) TMZ combined with anti-PD-1 
antibody

TMZ + anti-PD-1 antibody: 
- increased median survival of mice 
from 25 days to 42 days 
- tumor volume was significantly 
decreased in comparison to other 
groups 
- number of CD4 and CD8 T cells 
infiltrating the brain tumor was 
increased 
TMZ and anti-PD-1 antibody alone: 
- marginal increase in median survival 
time

Impairing temozolomide resistance driven 
by glioma stem-like cells with adjuvant 
immunotherapy targeting O-acetyl GD2 
ganglioside[21]

Patient derived xenograft (PDX) 
model in Nonobese diabetic/ 
severe combined immune- 
deficient gamma (NSG) mice

O-acetyl GD2 ganglioside inhibitor 
(8B6) + TMZ

8B6 + TMZ: 
- 8B6 worked synergistically with TMZ 
to impair glioma stem-like cell self- 
renewal 
- significant decrease in cell 
proliferation in vitro and flank-tumor 
size in vivo when compared to either 
therapy alone

Proteomic and immunologic analyses of 
brain tumor exosomes[48]

- Syngeneic murine (VM/Dk) 
anaplastic astrocytoma 
model 
- Orthotopic mouse model 
using SMA560VIII cells

SMA560vIII exosomes SMA560vIII exosomes 
- prophylactically protected mice 
against subcutaneous tumor challenge 
- failed to prolong survival in an 
orthotopic, preestablished tumor 
setting

(Continued )
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that prescribing nivolumab, a PD-1 monoclonal antibody, 
along with TMZ may enhance survival outcomes [21] (Table 
2). Additional targets of combination therapy are glioma stem- 
like cells (GSCs), which comprise a subpopulation of cells 
responsible for tumor chemoresistance, and ultimately, 

relapse. A recent study explored targeting O-acetyl GD2 gang-
lioside, a protein overexpressed in GSCs, as a target to mod-
ulate chemoresistance. An O-acetyl GD2 ganglioside inhibitor 
(8B6) and TMZ were used in combination to impair and target 
GSCs in GBM. Results from this study indicated that 8B6 

Table 2. (Continued). 

Title Model Treatment Results

Glioma targeting and blood-brain barrier 
penetration by dual-targeting 
doxorubicin liposomes[61]

Orthotopic, syngeneic GBM rat 
model

1) Doxorubicin liposomes 
2) Doxorubicin liposomes modified 
with folate (F-dox liposome) 
3) Doxorubicin liposomes modified 
with transferrin 
4) Doxorubicin liposomes modified 
with both folate and 
transferrin (Tf(F)-Dox-liposome)

Tf(F) Dox liposome: 
- increased survival time, decreased 
tumor volume 
- less toxic than the Doxorubicin 
solution, showing a dual-targeting 
effect

Brain Targeted Gold Liposomes Improve 
RNAi Delivery for Glioblastoma. 
International Journal of Nanomedicine 
[62]

Orthotopic, syngeneic GBM 
mouse model

1) Spherical nucleic acids (SNAs) [gold 
nanoparticles with oligonucleotide 
miRNA inhibitors] encapsulated 
into ApoE conjugated liposomes 
2) SNAs encapsulated into RVG- 
conjugated liposomes

Conjugated SNA-Liposomes with ApoE or 
RVG peptides: 
- increased systemic delivery of 
liposomes to brain tumors of mice 
SNA-Liposome-ApoE: 
- accumulated at higher extension in 
brain tumor tissues when compared 
with non-treated controls, SNA- 
Liposomes, and SNA-Liposome-RVG

Combating Glioblastoma by Codelivering 
the Small-Molecule Inhibitor of STAT3 
and STAT3siRNA with α5β1 Integrin 
Receptor-Selective Liposomes[63]

Orthotopic mouse GBM model 1) RGDK-liposomes containing only 
WP1066 
2) RGDK-liposomes containing only 
STAT3siRNA 
3) RGDK-liposomes containing both 
WP1066 and STAT3siRNA

RGDK-lipopeptide co-solubilized with 
WP1066 and STAT3siRNA: 
- significant increase in survivability of 
mice leads 
- significant inhibition (>350% 
compared to the untreated mice 
group) mouse glioblastoma

Brain delivery of Plk1 inhibitor via chimeric 
polypeptide polymersomes for safe and 
superb treatment of orthotopic 
glioblastoma[65]

Orthotopic mouse GBM model 1) Angiopep-2-docked chimeric 
polypeptide polymersome (ANG- 
CPP) loaded with Volasertib 
2) Free Volasertib

ANG-CPP loaded with Volasertib: 
- suppressed growth of GBM and 
significantly increased survival rates in 
mice 
-reduced toxicity over free volasertib

Oncoprotein Inhibitor Rigosertib Loaded in 
ApoE-Targeted Smart Polymersomes 
Reveals High Safety and Potency against 
Human Glioblastoma in Mice. Molecular 
Pharmaceutics[66]

Orthotopic mouse GBM model 1) Rigosertib (RGS) loaded in 
apolipoprotein E derived peptide 
(ApoE)-targeted chimeric 
polymersomes (ApoE-CP) 
2) RGS loaded in chimeric 
polymersomes 
3) Free RGS

ApoE-CP loaded with RGS: 
- GBM inhibition 
- greatly prolonged survival time 
- depleted adverse effects

Biodegraded Magnetosomes with Reduced 
Size and Heating Power Maintain 
a Persistent Activity against Intracranial 
U87-Luc Mouse GBM Tumors[69]

Orthotopic mouse model with 
tumors composed of 
Luciferase-tagged U87 
human glioma cells

1) Magnetosomes injected + exposure 
to 15 magnetic sessions (MS) 
2) Magnetosomes injected, no 
exposure to 15 MS

Magnetosomes + 15 MS: 
- full tumor disappearance in 50% of 
treated mice (measured by decrease in 
bioluminescence intensity emitted by 
the U87-Luc tumor)

Development of Non-Pyrogenic 
Magnetosome Minerals Coated with 
Poly-l-Lysine Leading to Full 
Disappearance of Intracranial U87-Luc 
Glioblastoma in 100% of Treated Mice 
Using Magnetic Hyperthermia[70]

Orthotopic mouse model with 
tumors composed of 
Luciferase-tagged U87 
human glioma cells

1) Magnetosomes coated with poly- 
l-lysine (M-PLL) + 27 magnetic 
sessions (MS) 
2) M-PLL + 23 MS

M-PLL + 27 MS: 
- complete reduction in 
bioluminescence emitted by mouse 
tumor GBM cells in 68 days in 100% of 
treated mice 
- all mice were still alive at day 350 
M-PLL + 23 MS: 
- full tumor bioluminescence 
disappearance in 20% of treated mice

Metformin and temozolomide act 
synergistically to inhibit growth of 
glioma cells and glioma stem cells 
(GSCs) in vitro and in vivo[33]

Xenograft U87 human glioma 
stem cells in nude mouse 
model

1) TMZ 
2) Metformin 
3) TMZ + Metformin

TMZ + Metformin: 
- significantly reduced tumor growth 
rates and prolonged median survival of 
tumor-bearing mice 
- inhibited GSCs self-renewal capability 
and partly eliminates GSCs in vitro and 
in vivo

Use of an anti-viral drug, Ribavirin, as an 
anti-glioblastoma therapeutic[37]

1) Orthotopic nude mouse 
model utilizing GBM stem- 
like cells 
2) Orthotopic, syngeneic rat 
model

1) Ribavirin 
2) Ribavirin + TMZ 
3) Ribavirin+ radiation 
4)Ribavirin + TMZ + radiation 
5)TMZ + radiation

Ribavirin only: 
- significantly increased survival 
compared with vehicle-treated animals 
Ribavirin + TMZ + radiation: 
- ribavirin potentiated the effect of TMZ 
and radiation, extending the median 
survival from 25 days (TMZ/Radiation) 
to 29 days (TMZ/Radiation/Ribavirin)
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worked synergistically with TMZ to impair GSC self-renewal. 
Furthermore, in vitro and in vivo mouse models were able to 
significantly decrease cell proliferation and flank-tumor size 
when compared to either therapy alone [22] (Table 2). More 
clinical work needs to be done to explore the viability and 
fidelity of this combination therapy in mouse intracranial 
tumor models and in patients.

2.5. Repurposing drugs

Another promising chemotherapeutic strategy for tackling 
glioma stem cell-like (GSC) resistance is drug repurposing, 
which is the action of using previously approved drugs for 
novel therapeutic benefits [23–25]. This approach has 
gained considerable traction in the last 5 years as an alter-
native to conventional de novo drug identification for use in 
glioma treatment [26–28]. Repurposed drugs have key 
advantages that make them viable alternatives to their de 
novo counterparts, particularly well characterized safety pro-
files that lead to lower probability of drug failure during 
clinical trials [23,24,27]. Repurposed drugs can be analyzed 
through novel-omic-based computational methods leading 
to feasible, cost-effective identification of leading strategies 
[29–31]. Another strategy of identifying repurposed drugs is 
activity-based screening, which looks at the proteomic pro-
file of glioblastoma and identifies treatments based on the 
mechanism of action of the drug [26]. The goals, therefore, 
of repurposed drugs for GBM are not only identifying high 
cytotoxic effect, but also their ability to provide synergistic 
activation of the immune system, target GSC and resistance 
mechanisms, and personalize care for the genetic profile of 
tumors at much lower cost [25–27]. Examples of drugs 
currently being examined for repurpose in GBM are anti 
diabetes medication, antihypertensive drugs, NSAIDS, anti-
psychotic drugs, antimicrobial/antiviral drugs, and even anti- 
depressants.

Drugs that are of increased clinical interest in the future are 
metformin, celecoxib, and ribavirin [27]. Under clinical evalua-
tion now (Table 1), metformin has shown tremendous possi-
bility in preclinical studies. In vitro, it has been shown to 
decrease cellular viability and in higher concentrations cause 
cell death [32,33]. On a molecular level metformin inhibits AKT 
phosphorylation and mTOR signaling in glioma tumor cells, 
which inhibits their progression and leads to reduced prolif-
eration and migration in vitro and in vivo [32–34] (Table 2). 
Metformin was also shown to have synergistic effect with TMZ 
in reducing cell viability [34]. Celecoxib has been shown to 
increase overall survival of patients and progression-free sur-
vival in patients with Grade III astrocytoma. Furthermore, 
when celecoxib was applied as an adjutant to TMZ it was 
shown to have good tolerability [35]. However, without con-
trol groups in these studies, more needs to be done to eval-
uate whether celecoxib is clinically efficacious [35,36]. Ribavirin 
has emerged as a potential candidate for glioblastoma after its 
success in ongoing clinical trials in acute myeloid leukemia, 
oropharyngeal squamous cell carcinoma, and metastatic 
breast cancer [37]. Particularly, ribavirin has antagonism 
against eukaryotic translation initiation factor 4E (eIF4E), 
which decreases cell migration and viability and increases 

cell arrest [38]. Furthermore, this study showed decreased 
cell viability of GSC and in vivo inhibition of tumor growth 
[38] (Table 2).

3. New advances

3.1. Isocitrate dehydrogenase inhibitors

Isocitrate dehydrogenase (IDH) is a crucial enzyme in the 
tricarboxylic acid (TCA) cycle, which is necessary for cellular 
respiration. Mutated IDH1 and IDH2 exhibit gain-of-function 
activity blocking normal cellular differentiation and contribut-
ing to tumorigenesis. Mutations in IDH1 and IDH2 have been 
found in up to 7% and 4–8% of GBMs, respectively [39,40]. 
There are currently two mutant IDH inhibitors, ivosidenib (AG- 
120) and enasidenib (AG-221) FDA-approved for refractory or 
IDH-mutant relapsed acute myeloid leukemia based on phase 
1 data [41]. These drugs are being studied in advanced solid 
tumors and enhancing glioma trials and provide a new oppor-
tunity for advancement in GBM treatment.

3.2. Personalized proteomic immunotherapy

One of the biggest challenges researchers face in curbing the 
aggressive nature of GBM is overcoming its ability to escape 
immune surveillance. Recent innovations in immunotherapy 
have focused on three particular interventions (1) passive, (2) 
active, and (3) adaptive immunity. These three forms of ther-
apy focus on boosting the patient’s immune system to identify 
tumor-associated antigens (TAA) and tumor-specific antigens 
(TSA) [3,42,43]. After identification, therapy will either block 
antigen function (passive), elicit a systemic, innate immune 
response in vivo (active), or develop an anti-tumor immune 
response from ex-vivo (adaptive) [3].

The increasing accessibility of proteomic subtyping of GBM 
provides an interesting avenue of overcoming immune escape 
and tumor heterogeneity by enhancing the personalization of 
immunotherapy to fit the unique protein expression profile of 
a particular tumor [42]. Here we look at novel proteins, trans-
porters, and antigens expressed by GBM that can be utilized to 
target holistic, individualized treatment.

3.3. Tumor-Specific antigens and tumor-associated 
antigens

Identifying receptors that are essential to the function of GBM 
is a primary target for passive immunotherapy. A recent study 
utilized proteomics to identify a receptor tyrosine kinase (RTK) 
mutation as a TSA that is expressed on the surface of GBM 
cells. Immunotherapies targeting RTK could impair GBM cell 
function and limit proliferation [43]. Future work is needed to 
elucidate whether this mutant RTK can be selectively targeted 
and inhibited to curb tumor progression.

Proteomic analysis led to the development of BVZ and 
cetuximab as monoclonal antibodies that are similarly used 
to target VEGF and EGFR receptors that are essential for GBM 
survival [13]. These treatments initially succeed but ultimately 
succumb to recurrent and resistant GBM. Targeting resistance 
is a novel therapeutic strategy in GBM research. Some of the 
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most common subtypes of GBM tumors are IDH-mutant or 
IDH-wildtype, the former being inherently resistant to BVZ 
treatment. Proteomics can be used to address the heteroge-
neity and resistance in GBM tumor subtypes. By identifying 
TAA/TSA present in IDH-mutant GBM cells we can inform more 
effective and efficient target therapeutics. An analysis of IDH- 
mutant GBM cells recently identified five new TAA: CRKII, CFL1, 
CNTN1, NMEZ and TK [43]. Further, the study explored the 
immunogenicity of these TAA and quantified that, in vitro, 
they all triggered an immune response marked by a release 
of interferon-gamma and other inflammatory cytokines [43]. 
Further in vitro and in vivo studies will elucidate the impor-
tance of these TAA for GBM therapeutics. In IDH-mutant pri-
mary GBM a recent study utilized proteomic associations in 
IDH mutant/wild type cells to advise multi-level treatment 
[44]. It was found that expression of PD-L1 was significantly 
associated with IDH-wild type GBM. Results suggested that 
PD-L1 antibodies, when coupled with BVZ, yielded additive 
and synergistic cytotoxicity in this subtype of GBM tumors [44] 
(Table 2). Further preclinical and clinical work is needed to 
explore the proteome-guided combination of these synergistic 
therapies to determine their efficacy.

3.4. Human Leukocyte Antigen (HLA) peptidome

Another antigen of interest is the tumor-specific human leuko-
cyte antigen (HLA) peptidome. Proteome analysis for the HLA 
peptidome specific to GBM revealed 52 allotypes. The HLA 
peptidome was able to identify SOX11 as an antigen with two 
peptide sequences, AHSASEQQL and NFSDLVFTY, that were 
observed uniquely in the plasma (sHLA) and tumor membrane 
(mHLA) of the GBM when compared to healthy controls [45]. 
Developing active or adaptive immunotherapy against these 
specific HLA peptides could serve as a synergistic active and 
adaptive immunotherapeutic target. These allotypes are specific 
to each patient, however, and therefore unique antibodies 
would need to be developed for each tumor allotype- 
a process which has proven to be very expensive [45,46]. More 
research needs to be done in diverse cohorts to identify com-
mon HLA allotypes that could be developed into a more ubiqui-
tous treatment for patients with GBM.

3.5. Responsive immunotherapy

Proteomics can also be uniquely helpful in identifying anti-
gens produced by GBM cells in response to chemotherapy. 
One analysis examined the HLA proteome in GBM patients 
treated with decitabine [46]. Results indicated that HLA 
expression changed in response to decitabine and many 
new tumor HLA were produced. More studies identified pro-
teome changes in GBM in response to the Signal transducer 
and activator of transcription-1 (STAT1) inhibitor S31201 [47]. 
The induction of these antigens in patients treated with dec-
itabine offers a novel therapeutic target that can be utilized 
for synergistic immunotherapy. The possibility of inducing 
antigens that can subsequently be targeted by immunother-
apy serves as a novel therapeutic strategy for GBM that needs 
to be further explored in pre-clinical research studies.

3.6. Glioma stem cell targeting

Another explanation for GBM recurrence and resistance are 
glioma stem-cells (GSC), GBM cells that are pushed into 
a pluripotent state and have robust adaptive immunity to 
chemotherapeutics. A recent study was done to assess the 
proteomic profile of GSCs to identify immunotherapeutic tar-
gets against them. The study identifies three proteins, PPIA, 
ANXA1 and CSTA that are specific and robustly expressed in 
GBM GSC [48]. These novel T cell target antigens could serve 
as targets for immunotherapy in passive, adaptive, and active 
immunotherapy. More research exploring and targeting these 
antigens is underway and could elucidate therapeutics that 
lengthen relapse time and decrease the viability of GSC cells. 
Another interesting approach has used proteomics to develop 
adoptive immunotherapeutics. In these studies, proteomic 
analysis identified antigens that were presented to dendritic 
cells ex vivo. Using murine in vivo models, this therapy was 
shown to increase progression free survival and survival over-
all [49,50] (Table 2). These strategies are further explored and 
delineated below.

3.7. CAR T-Cell therapy

Chimeric antigen receptor (CAR) T-cells are created by engi-
neering donor cells to express surface receptor proteins that 
recognize TAAs with high specificity [51] (Figure 1). Given 
recent successes following the use of CAR T-cells engineered 
to target CD19 in chemotherapy-resistant B-cell malignancies, 
similar strategies have been applied as immunotherapies 
against solid tumors [52]. Successful treatment of CNS tumors 
with CAR T-cell therapy will require overcoming several CNS- 
specific hurdles, including monitoring for T-cell toxicity in 
eloquent tissue and ensuring target tissue infiltration past 
the blood–brain barrier (BBB) [53].

In contrast to the challenges chemotherapeutic agents face 
in reaching tumors of the brain parenchyma, cell-based immu-
notherapies that can traverse the BBB, such as those using 
activated T-cells, may allow for increased migration to the 
tumor location [52]. GBM, for instance, is a highly vascularized 
tumor which has been shown to permit high levels of immune 
cell infiltration into the tumor core [52]. Noninvasive, in vivo 
cell monitoring via 7 T MRI has been used to track nanopar-
ticle-tagged CAR T-cells in mouse GBM models [54]. This type 
of approach may allow for modification of CAR design to 
enhance tumor infiltration and persistence within the tumor 
[54]. Further, the use of chemokines to traffic T-cells to effector 
locations, an alternative to regional delivery, is currently under 
investigation [53].

The issue of tumor heterogeneity must be circumvented by 
identifying tumor-specific, tumor-associated antigens for use 
in the design of CAR T-cells, and by implementing strategies 
to counter the exhaustion of transferred CAR T-cells and to 
overcome antigen loss [52]. CAR T-cells against the following 
TAAs are currently being tested in glioblastoma clinical trials: 
IL13Rα2, EGFRvIII, HER2, EphA2, GD2, B7-H3 and Chlorotoxin 
[51]. Large-scale trials have not demonstrated clinical efficacy 
to date, primarily due to limited T-cell persistence within the 
tumor and antigen-negative relapses [51]. These pitfalls may 
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indicate the need for combination therapies and/or genetic 
modifications of CAR T-cell targets [51]. CRISPR screening of 
CAR T-cells and patient-derived GSC has revealed genes 
necessary for tumor susceptibility to CAR-mediated killing, as 
well as those necessary for CAR T-cell effector function, which 
may be taken into account when designing future CAR 
T therapeutics [55]. Further correlation of glioblastoma orga-
noid (GBO) mutation profiles with responses to CAR T may 

allow for rapid demonstration of the effectiveness of persona-
lized treatments, particularly given the rapidity with which 
GBOs can be generated [56].

Though these efforts have had varying success and largely 
remain in the preclinical stage of development, recent innova-
tions in the process of designing, testing, and delivering CAR 
T therapy may allow for future clinical application in high- 
grade, chemoradiotherapy-resistant gliomas [52].

Figure 1. CAR T-Cell Therapy for Glioblastoma. This therapy is focused on infusion of Chimeric Antigen Receptor (CAR) T-cells into patients. Donor cells are 
engineered to express surface receptor proteins that recognize tumor-associated antigens (TAAs). Once infused back into the patient, these cells then travel to the 
site of the tumor, infiltrate the tumor microenvironment, and act on the cancer cell receptors to cause cancer cell death.

Figure 2. Dendritic Cell Vaccines as Glioblastoma Therapy. Patient-specific dendritic cells that have been exposed to tumor-associated antigens (TAAs) ex vivo 
are then injected back into the patient (image on the left), travel to the brain, and cross the blood-brain barrier to enter the tumor microenvironment (image on 
right).
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3.8. Vaccines

Multiple systematic reviews and meta-analysis studies sug-
gested that the incorporation of dendritic cell vaccines 
(DCVax-L) into standard approved therapeutic regimens 
improved median overall survival and 2- and 3-year survival 
rates in patients with new or recurrent high-grade gliomas [57] 
(Figure 2). In 2018, Liau et al. published the interim results of 
a large randomized (2:1) phase III trial of patients newly diag-
nosed with glioblastoma receiving DCVax-L in addition to 
temozolomide [58] (Table 1). Two hundred and thirty-two 
patients received the vaccine intradermally in combination 
with standard therapy, while 99 received placebo in place of 
the vaccine. After recurrence, all patients were allowed the 
DCVax-L. Due to this and high cross-over rates, about 90% of 
the patient population received the vaccine. At the time of the 
report, 223 patients were >/ = 30 months past their date of 
surgery, and 30% of these patients had a Kaplan–Meier (KM)- 
derived median overall survival (mOS) of 46.5 months. Further, 
at the time of the report, 182 patients were >/ = 36 months 
past surgery, and 24.2% of them had a mOS of 40.5 months. 
Within patients with methylated MGMT, mOS was 37.4 months 
from surgery, with a three-year survival rate of 46.4%[58]. 
Taken together, these results are highly promising. Upon pub-
lication of the interim report, there was criticism of the trial 
design and highly selective patient population [59].

Recently completed trials include a phase II trial studying 
the usage of a peptide mimic immunotherapeutic vaccine 
(SurVaxM) in addition to temozolomide in patients newly 
diagnosed with GBM (NCT02455557) (Table 1). Vaccine ther-
apy containing heat shock protein-peptide complexes from 
a patient’s own tumor has also been tested with or without 
BVZ in patients with recurrent surgical GBM in a phase II trial 
(NCT01814813) (Table 1). These trials are ongoing, and no 
conclusions have been determined. Currently, there are 

a number of other phase II/III vaccine trials to treat GBM, 
such as an ongoing vaccine trial that includes the pp65 (an 
antigen marker in GBM) DC vaccine. This is hypothesized to 
activate the immune system in order to attack GBM tumor 
cells (NCT02465268), and the lysate-loaded mature DC vaccine 
in addition to standard therapy for patients with near- 
complete resection of GBM (NCT03395587) (Table 1). If suc-
cessful, these therapeutics have the potential to change the 
landscape of GBM treatment.

3.9. Drug delivery

Effective therapy for GBM requires a BBB penetrable carrier to 
effectively deliver the drug to site. The FDA-approved poly-
anhydride: sebacic acid polymeric wafer, Gliadel®, that locally 
delivers carmustine at the tumor resection site has shown 
a significant increase in median survival alone and when 
delivered with oral temozolomide and radiation therapy [60]. 
This local intracranial delivery platform has led to various drug 
carriers being investigated as a way to bypass the BBB and to 
safely and more effectively deliver therapeutic concentrations 
at the tumor site. Drug carriers currently being studied include 
liposomes, polymersomes, and iron oxide nanoparticles 
(Figure 3).

Liposomes are artificial phospholipid bilayer vessels with 
easily modifiable surfaces to increase their half-life in circula-
tion and enhance their passage across the BBB to deliver their 
therapeutic payload. They have been widely studied for sev-
eral decades now. Compared to polymeric nanoparticles, lipo-
somes are easier to manipulate in terms of size and can 
demonstrate a larger burst release in the first 48 hours [61]. 
Most likely effective therapy for GBM mandates a dual- 
function carrier that can penetrate the BBB and target glioma 
cells. Dual-targeting doxorubicin (Dox) liposomes produced by 

Figure 3. Liposome vs. Polymersome for Drug Delivery. The basic structure of the liposome is a phospholipid bilayer encompassing a hydrophilic core while the 
polymersome is composed of a bilayer of amphiphilic block copolymers encompassing a hydrophilic core. Both hydrophobic and hydrophilic cargo can be carried by 
the liposome or polymersome.
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conjugating liposomes with transferrin and folate have been 
shown to be effective in targeting tumors and penetrating the 
BBB in a rodent model of GBM [62] (Table 2). This indicates 
that liposomes can be used as drug-carriers for GBM 
chemotherapy.

A recent study by Ruiz et al., demonstrated the usage of 
gold-liposome nanoparticles conjugated with oligonucleotide 
miRNA inhibitors (OMIs) and encapsulated into apolipoprotein 
E (ApoE) or rabies virus glycoprotein (RVG). The liposomes 
were then administered intravenously in mice implanted 
with orthotopic GBM. Liposomes, approximately 30–50 nm in 
size, inhibited the expression of miRNA-92b (an abnormally 
overexpressed miRNA in GBM). Further, conjugation with ApoE 
or RVG increased systemic delivery of liposomes to GBM syn-
geneic mice [63] (Table 2). Another recent study by Vangala 
et al. depicted that intravenous injection of alpha5beta1 integ-
rin receptor-selective liposomes of RGDK-lipopeptide co- 
solubilized with WP1066 (a JAK/STAT pathway inhibitor) and 
STAT3siRNA lead to a significant increase in the survivability of 
orthotopically established glioblastoma mice [64] (Table 2).

Polymersomes are self-assembled from synthetic amphiphi-
lic block copolymers that have the ability to encapsulate 
hydrophobic and hydrophilic drugs. They are considered 
superior to liposomes due to better mechanical and colloidal 
stability, high drug loading capacity, longer half-life, and less 
drug leakage [65]. Their surface, like liposomes, is modifiable 
to increase BBB penetration. A recent study by Fan et al. 
demonstrated that Plk1 inhibitor volasertib delivery to the 
brain via angiopep-2-docked chimeric polypeptide polymer-
some suppressed the growth of orthotopic GBM and signifi-
cantly increased survival rates in mice [66] (Table 2). Another 
study utilized ApoE derived peptide targeted chimeric poly-
mersomes to deliver rigosertib to the brain leading to GBM 
inhibition and increased survival time in an orthotopic 
U-87 MG GBM model [67] (Table 2).

Iron oxide nanoparticles (IONP) are characterized by a core 
of crystallized nanoparticulate iron, whose most stable form is 
maghemite, and are surrounded by an organic stabilizing layer 
such as lipids, proteins, and lipopolysaccharides. This outer 
layer determines the nanoparticle’s surface charge and they 
range in size from 5 to 380 nm [68,69]. Their details have 
largely been studied in the context of IONPs synthesized by 
magnetosomes and magnetotactic bacteria[69]. A recent 
study demonstrated the promising application of IONP mag-
netosomes in U87-Luc murine GBM tumors. Intratumoral injec-
tions of IONP preceding 15 magnetic sessions, each one 
consisting of a 30 minute application of an alternating mag-
netic field (AMF) of 27 mT and 198 kHZ resulted in full tumor 
disappearance in 50% of the treated mice, as measured by the 
decrease in bioluminescence intensity emitted by the U87-Luc 
tumor [70] (Table 2). Poly-L-lysine coated magnetosomes 
injected into U87-Luc tumors and exposed to 27 magnetic 
sessions, each one consisting of a 30 minute application of 
an AMF of 27 mT and 202 kHZ, similarly demonstrated a com-
plete reduction in bioluminescence emitted by living GBM 
cells in 68 days in 100% of the treated mice [71] (Table 2). 
Another study demonstrated the application of IONP for full 
disappearance of GL-261 murine GBM tumors with no 

observable adverse effects by intratumoral injections and sub-
sequent exposure to a series of AMF of 34–47 mT and 198 kHz 
which caused hyperthermic temperatures in the range of 43– 
46 C [72]. Taken together, new delivery vehicles and nanopar-
ticles such as liposomes, polymersomes, and magnetosome 
IONP are paving the way for novel, specific, and nontoxic 
GBM treatments.

4. Conclusion

The inherent characteristics of GBM, including invasiveness, 
high proliferative index, immunological escape capabilities, 
and genetic heterogeneity have led to unique challenges in 
developing successful therapeutic options. Immunotherapies 
that have shown success in other cancers are being tested 
clinically in combination with chemotherapy to increase both 
the anti-tumor immune response and cytotoxicity. 
Personalized approaches to GBM therapy allow for the geno-
mic profiling of the tumor to be taken advantage of with 
regards to treatment choice. CAR T-cell therapy seems to be 
a promising avenue clinically and is currently undergoing 
optimization. In addition, dendritic cell vaccines have been 
shown to improve overall survival in patients with GBM. 
Combination therapy, attacking the tumor through multiple 
mechanisms of action, seems to be necessary to have signifi-
cant results on recurrence. Following in the footsteps of 
Gliadel, locally delivering carmustine at the site of tumor 
resection, various delivery systems have been investigated to 
enhance diffusion and distribution of these chemotherapeutic 
agents throughout the tumor bed. These delivery platforms 
include liposomes and polymersomes and have shown pro-
mise in preclinical models. Notably, GBMs are particularly 
challenging to treat due to their intrinsic heterogeneity, eva-
siveness to treatment, and BBB that often hinders drug deliv-
ery. Nevertheless, research is focused on overcoming these 
barriers, and technical approaches are diverse, allowing multi-
ple therapeutic avenues to be explored.

5. Expert opinion

While the triple combination therapy of Gliadel implanted 
locally at the time of resection, oral temozolomide, and radia-
tion therapy after maximal tumor resection has significantly 
increased the median survival for patients with GBM, chal-
lenges remain to further this effect for all patients diagnosed 
with GBM. There is a desperate need for novel therapeutics 
and strategies which will accurately translate from preclinical 
testing to clinical utility. There are several hurdles that need to 
be overcome for this translational goal to be met. Determining 
optimal drugs of choice, determining the most appropriate 
animal model, and overcoming the BBB through drug delivery 
platforms, viral constructs, or through BBB permeabilization 
are among these obstacles.

The unique selection of drug candidates that are cytotoxic 
to tumor cells yet spare healthy cells is a necessary qualifica-
tion for treating tumors in eloquent areas of the brain. High 
throughput drug screening has led to the identification of 
several small molecule inhibitors thought to play key roles in 
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tumor growth and invasion. These include PI3K inhibitors, 
mTOR inhibitors, AKT inhibitors, HIF inhibitors, and Bcl-2 inhi-
bitors, however, several subsequent clinical trials have shown 
that a multiple pathway attack might be more beneficial. This 
also leads to the question of determining the best in vitro and 
in vivo preclinical models to better gauge clinical outcomes. In 
vitro models and established human and murine models may 
not sufficiently address the diverse characteristics of in vivo 
human GBM. While patient-derived xenografts can represent 
the vast array of common mutations in GBM, they are costly to 
develop and maintain. Similarly, in vivo models, including 
genetically modified mouse models and humanized mouse 
models necessary for studying immunotherapeutic investiga-
tions, are often cost prohibitive and may not recapitulate the 
full human GBM environment.

For some therapeutic interventions, local drug delivery 
through use of nanoparticles, liposomes, and polymersomes 
might be the way to achieve therapeutic drug concentrations 
at the site of residual tumor without additional toxicity. Safety, 
biodistribution and efficacy are unique considerations for each 
drug candidate and carrier combination. In addition, devising 
adequate animal models to test each unique drug delivery 
method poses a further challenge. One possible technological 
solution to enhance drug delivery to the brain is high intensity 
focused ultrasound (HIFU). HIFU, a noninvasive method of 
focusing ultrasound with transducers to highly targeted 
areas and used currently for thermal ablation, can also tem-
porarily permeabilize the BBB allowing larger drug molecules 
and carriers to be delivered in higher concentrations and 
increase effect locally. HIFU can be utilized as a tool that aids 
in multiple ways in the preclinical and clinical settings.

While the challenges seem daunting, the current research 
utilizing inventive drug delivery options, vaccines, and viral 
and non-viral gene therapy for the treatment of GBM has 
shown remarkable preclinical results and needs to be tested 
clinically. Obtaining significant and consistent increases in 
median and overall survival will require continued thinking 
outside the box using novel approaches to arrest the invasive 
growth pattern that is the hallmark of this particular tumor.
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