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Glioblastoma (GBM) is the most common form of primary malignant brain tumor with a devastatingly poor prognosis. The

disease does not discriminate, affecting adults and children of both sexes, and has an average overall survival of 12–15

months, despite advances in diagnosis and rigorous treatment with chemotherapy, radiation therapy, and surgical

resection. In addition, most survivors will eventually experience tumor recurrence that only imparts survival of a few

months. GBM is highly heterogenous, invasive, vascularized, and almost always inaccessible for treatment. Based on all

these outstanding obstacles, there have been tremendous efforts to develop alternative treatment options that allow for

more efficient targeting of the tumor including small molecule drugs and immunotherapies. A number of other strategies in

development include therapies based on nanoparticles, light, extracellular vesicles, and micro-RNA, and vessel co-option.

Advances in these potential approaches shed a promising outlook on the future of GBM treatment.
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1. Introduction

Glioblastoma (GBM) is one of the most common forms of primary malignant brain tumor and has a very poor prognosis

with an average patient survival lasting only 12–15 months . This bleak outlook is due in part to the challenges that are

presented by the anatomical location of the tumor as well as the heterogeneity of GBM cells and their rapid growth rate 

. Although GBM is known to affect both adults and children, the incidence of GBM increases with age peaking in the

1970s . Cancer incidence is roughly 2-3 individuals per 100,000 cases each year in the United States, with rates

increasing slightly based on patient age . There is also a slightly higher rate of incidence in men versus women, with

men being 1.6 times more likely to develop GBM . GBM accounts for approximately 46% of all diagnosed brain tumors

and causes around 2.7% of all cancer-related deaths . In fact, it is ranked as the third most common cause of death

from cancer in patients between 15 and 34 years . There are currently four grades of gliomas classified by the World

Health Organization (grades I-IV) . Grade IV gliomas are the most aggressive and invasive forms and are responsible

for the poorest prognoses . GBM typically refers to these grade IV gliomas and can be subdivided into primary and

secondary types . Although primary and secondary gliomas share similar histological characteristics, they have very

different genetic profiles . Primary GBM constitutes approximately 90% of GBM cases and is considered a de novo

pathway of multistep tumorigenesis from glial cells while secondary GBM develops from lower-grade and pre-existing

tumors such as diffuse astrocytomas . Of the two, primary GBM is generally found to be more malignant than

secondary GBM , and men are somewhat more likely to present with primary GBM while women are more likely to be

diagnosed with secondary GBM .

The standard treatment options for GBM include surgery, chemotherapy, and radiation. However, even with these

interventions, GBM still carries a dismal prognosis . Diverse pathogenetic features and immunosuppression are two

major contributors of current treatment failure. Although many studies have attempted to design effective treatments

around these challenges, none have been developed that are capable of achieving long-term patient survival without

causing unwanted damage to the delicate cells and neuronal tissues of the brain . Over the past several years, targeted

therapies and immunotherapies have shown great achievement in GBM management with promising results in clinical

trials . Other therapies in development include nanotechnology-based innovations, photodynamic strategies,

gene therapy, and local destruction of the tumor via genetically modified bacteria or controlled hyperthermia. In this

review, we discuss the current understanding of GBM’s pathogenetic features (i.e., cellular, molecular, and

immunosuppressive properties) that contribute to treatment resistance. We also outline novel targeted therapies, different

immunotherapeutic approaches, and a number of other promising/emerging treatment strategies for adult GBM that are

currently under development.
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2. Current Treatment

2.1. Standard of Care and Other FDA Approved Treatments

The current standards of care for GBM include maximal resection surgery, radiation, and temozolomide (TMZ) therapy—

with TMZ and radiation being commenced within 30 days post-surgery . Unfortunately, GBM response to TMZ

varies between patients, and many types of GBM carry resistance to the compound. Treatment resistance to standard

therapies is likely due to a combination of upregulated DNA repair mechanisms and the presence of GSCs that maintain

an ability to self-renew and differentiate . TMZ resistance also appears to be driven by the DNA repair enzyme O6-

methylguanine-DNA methyltransferase (MGMT) that repairs DNA alkylation since patients bearing MGMT genes with

methylated promoters seem to be more responsive to TMZ treatment . However, TMZ damages both tumor and normal

cells and does not eliminate GBM, so, options for alternative treatments are desperately needed .

Other treatments approved by the FDA for use in GBM therapy include bevacizumab and tumor-treating fields (TTFs).

Bevacizumab is a humanized monoclonal antibody (mAb) that targets the angiogenic factor VEGF and was the first anti-

angiogenic drug approved for patient use after showing increased overall survival in colorectal and non-small-cell lung

cancers when combined with chemotherapy . In addition, the antibody was observed to be safe in patients and

mediate effective anti-tumor responses in Phase II clinical trial for recurrent GBM when combined with the

chemotherapeutic drug irinotecan . However, in two Phase III trials conducted in newly diagnosed GBM patients,

treatment with bevacizumab in addition to either radiation or radiation plus TMZ showed no significant difference in overall

survival compared to the placebo . Although progression-free survival was better with treatment, patients suffered a

higher frequency of adverse events and poorer quality of life .

TTFs are a non-invasive and anti-mitotic FDA-approved strategy for newly diagnosed cases of GBM (i.e., as adjuvant

therapy) or recurring disease . It involves using alternating electrical fields with a frequency range of 100-300 kHz

and an intensity of 1 to 3 V/cm to interfere with the functions of rapidly dividing cancer cells, causing cessation of cell

division and ultimately leading to cell death . The theory behind this treatment is that the electrical fields create

space between the growing ends of microtubules and tubulin dimers, thus, interfering with microtubule polymerization of

the mitotic spindle . Recently, TTF has been tested in combination with current standard-of-care in newly diagnosed

GBM patients. Concurrent administration of TTF/radiation/TMZ followed by adjuvant TMZ/TTF demonstrated safety and

promising preliminary efficacy , which warrants further clinical investigation in a larger patient cohort. In fact, a clinical

study is currently ongoing utilizing this triple combination in 60 newly diagnosed GBM patients (NCT03869242).

2.2. Hurdles with Current Treatments

There are many aspects that make GBM difficult to effectively treat . One complication is enabling the treatment drug to

cross the BBB and reach the tumor . It was previously thought that the BBB was uniformly disrupted in cases of GBM,

and was, therefore, not an issue when designing treatment plans . However, recent evidence suggests that a large

portion of the BBB remains intact, presenting a challenge to many drug therapies . Considering that drug molecules are

unable to reach the tumor to potentiate effects, BBB transporters often remove most of the molecules that do manage to

pass through .

The infiltrative and invasive growth of GBM also impedes complete surgical resection of tumor cells. Thus, secondary

treatment is usually needed following surgery . In addition, most GBMs that initially respond well to treatment recur

after a period of a few months. Relapsed tumors generally have an even poorer overall survival and do not respond well

to previously used treatments  as they acquire new mutations and evasive properties . Tremendous efforts have

been made to target those mutations by targeted therapies (discussed in more detail below).

Other major reasons for treatment failure can include: (i) GBM is extremely immunosuppressive , (ii) tumor cells

contain a low somatic mutational load , which could explain poor responses to immune checkpoint blockade to the

anti-PD-1 antibody (CheckMate-143), and (iii) presence of GSCs that help drive resistance to radiotherapy ,

chemotherapy , and anti-VEGF therapy . Although TMZ is effective against MGMT-negative GSCs , the drug is

incapable of eliminating MGMT-positive GSCs . Resistance to TMZ in particular and other therapies mediated by GSCs

also rely on an ability to regulate various miRNA molecules that can remodel different signaling pathways in response to

treatment . GSC plasticity also allows differentiation into a slow-cycling and persistent cellular state that can escape

cytotoxicity from different targeted therapies . Treatment-resistant GSCs further induce immunosuppression by

recruiting M2-like tumor-associated macrophages (TAMs) and Tregs into the TME . Lastly (iv), while effective anti-

tumor immunity in GBM is profoundly inhibited, possibly by promoting subsets of dysfunctional T cells through various

[22][23][24]

[25]

[25]

[4]

[26][27]

[28]

[29][30]

[30]

[31][32]

[31][33]

[32]

[34]

[35]

[23]

[23]

[23]

[4]

[36][37]

[38] [39]

[40][41][42]

[43][44]

[45][46]

[47] [48] [49]

[50]

[51][52]

[53]

[54][55]



mechanisms , it is important to note that current standard therapies (including TMZ and high-dose corticosteroids)

might worsen GBM’s immunosuppressive status . Thus, there is a need to develop newer forms of

immunotherapy that overcome immunosuppression and boost the host’s anti-tumor immune responses .

3. Treatments in Development

3.1. Targeted Therapies

Based on dysregulated signaling in GBM, targeted therapies are mainly categorized to ablate: the p53, RB, and receptor

tyrosine kinase (RTK) signaling pathways (Figure 2). In general, intra- and inter-tumoral heterogeneity of mutated

signaling pathways in GBM incite resistant mechanisms to monotherapeutic treatment with targeted agents. While

combination therapies to target multiple pathways is one potential route to overcoming resistance, developing improved

better strategies to impact each individual mutational alteration in GBM are gaining interest .

Figure 2. An overview of targeted therapies in GBM. Classification of current targeted therapies in GBM according to the

three main signaling pathway alterations of the P53, Rb, and RTK pathways.

3.2. Immunotherapy

3.2.1. Immune Checkpoint Inhibitors (ICIs)

Anti-PD-1/PD-L1 Antibodies

A number of newer therapies in development constitute a major area in immunotherapy (Figure 3) . GBM

is an immunosuppressive tumor, with varying degrees of PD-L1 expression in tumor cells in GBM patients ranging from

61% to 88% . Blocking PD-1/PD-L1 interactions unleash anti-tumor immune responses in various cancers such as

melanoma. In GBM, although preclinical experience with PD-1/PD-L1 inhibition is quite promising , the clinical

outcome of PD-1 blockade has been disappointing. For instance, the first large-scale randomized trial in recurrent GBM

(CheckMate-143) revealed no significant difference in overall survival between patients receiving bevacizumab or

nivolumab (an anti-PD-1 mAb), leading to premature termination of the nivolumab arm . The inability of ICIs to cross

the BBB, reduced frequency of immune infiltrates in the GBM TME, and a high level of GBM immunosuppression are

considered major contributors of treatment failure for this approach in general . In addition, the TME of PD-1 blockade

non-responders is enriched with PTEN mutations regardless of GBM subtype, suggesting that combined targeting of

PTEN and PD-1 could provide additive treatment benefits for this lethal disease . Although adjuvant monotherapy of

anti-PD-1 mAb failed to generate effective anti-tumor immunity, neoadjuvant PD-1 blockade led to the activation of GBM-

specific T cells and downregulation of genes associated with the tumor cell-cycle. Therefore, timing of anti-PD-1/PD-L1

interventions in patients is probably crucial for mediating objective response rates and managing GBM .
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Figure 3. A brief overview of immunotherapies in GBM. Current immunotherapeutic approaches in GBM include

checkpoint blockade, oncolytic virus, therapeutic vaccines, adoptive cell therapy, and macrophage-based strategies.

3.2.2. Oncolytic Viruses (OVs)

Oncolytic viruses (OVs) are a major developmental therapy of interest and have gained success in different cancer types,

including GBM . The recent FDA approval of an oncolytic herpes simplex virus

(oHSV) (designated talimogene laherparepvec) has further fueled the field of oncolytic virotherapy. Tumor cells are

noticeably distinct from normal cells by adopting behaviors such as increased proliferation and vascularization. OVs

selectively infect tumor cells, killing them following replication, while leaving normal cells unscathed. At the same time,

OVs trigger a cascade of anti-tumor immune responses , including increased tumor infiltration of immune cells .

OVs including oHSVs have shown promising efficacy in preclinical models of GBM  as well as in GBM patients

. In a recently published case study, four previously treated GBM patients received individualized treatment regimens

comprised of three OVs (wild-type Newcastle disease virus [NDV], wild-type parvovirus [PV], and wild-type vaccinia virus

[VV]). OVs were sequentially administered using the same catheter with a dose of 10  TCID  for each virus in a volume

of 10 mL and demonstrated impressive clinical and radiological responses with long-term survival up to 14 years . OV-

induced anti-tumor immunity can be further enhanced through OV-mediated expression of various cytokines/chemokines

and immunomodulatory molecules . OVs can also be used in combination with standard of care TMZ that produces

synergistic anti-tumor effects in various preclinical cancer models including GBM . However, a recent

preclinical combination study (OV+TMZ) in GBM demonstrated conflicting results. Concurrent OV and TMZ therapy

antagonized the anti-tumor properties of oncolytic virotherapy , indicating that co-applied administration of OV and TMZ

represent a failed synergistic strategy as opposed to the pre-clinical benefits observed when TMZ was administered either

before or after OV treatment . Altogether, OVs serve to beneficially alter the TME to increase tumor

immunogenicity, and synergize with ICIs . Newer clinical studies are aiming to combine OVs and ICIs in order to

improve patient outcomes as listed in Table 3 .

3.2.3. Therapeutic Vaccines

Vaccines are an active form of immunotherapy that has recently gained interest for GBM treatment . The antigens

such as EGFRvIII, heat shock protein (HSP), and any tumor-derived antigens can be loaded to DCs to incite immune

responses against GBM . In a randomized Phase II clinical trial in patients with relapsed EGFRvIII  GBM, the

EGFRvIII vaccine (designated Rindopepimut or CDX-110) delivered intradermally with GM-CSF (NCT01498328) resulted

in the induction of EGFRvIII-specific immune responses, encouraging PFS and OS, and a significant extension of survival

when the vaccine was administered in combination with bevacizumab . The promising results of this trial led to a

Phase III trial with Rindopepimut/GM-CSF in patients with newly diagnosed GBM, where all patients received standard-of-

care TMZ (NCT01480479). Unfortunately, this Phase III trial was discontinued in early 2016 since Rindopepimut failed to

significantly improve survival  and emphasizes the importance of identifying alternate and newer vaccine-based

strategies to tackle GBM .

In contrast to EGFRvIII immunization that elicits immune responses to pre-defined tumor target, HSP vaccines offer

immunity against a broad range of antigens. Induction of anti-tumor immunity against various antigenic targets is

important to help minimize the outgrowth of target null variants, especially for cancer types that have high intra-tumoral

heterogeneity like GBM . The most well-known HSP vaccine is heat-shock protein peptide complex-96 (HSPPC-96)

. The safety and immunogenicity of HSPPC-96 monotherapy were demonstrated in a Phase I clinical trial in newly

diagnosed GBM Patients . HSPPC-96 is currently being tested in two separate Phase II clinical trials; one in

combination with TMZ in patients with newly diagnosed GBM (NCT00905060) and the other in combination with

bevacizumab in surgically resectable recurrent GBMs (NCT01814813) (Table 3).

DCs play a central role in linking innate and adaptive anti-tumor immune responses . The principle of dendritic cell

vaccines (DCV) is based on the ability of primed DCs to process/present tumor antigens and activate cytotoxic

lymphocytes . DCVs are prepared by isolating CD14  monocytes from patient peripheral blood and further culturing

cells ex vivo with granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin 4 (IL-4), and tumor antigens,

prior to injecting the cells back into patients . Although interest in DCV is further compelled by an FDA-approved DCV

for the treatment of prostate cancer (Sipuleucel-T), most DCV-based clinical trials in GBM are still under phase I and II

evaluations. For example, DCVax, an approved DCV for treatment of GBM in Switzerland, is currently being assessed in

the US in patients with newly diagnosed GBM (NCT00045968) . In a recent phase III study, DCVax was used

alongside standard options and resulted in the extended survival of patients by 8 months compared to the control cohort

. Personalized neoantigen vaccine has also recently been tested in GBM clinical trials. For instance, in a Phase

I/Ib study in newly diagnosed MGMT-unmethylated GBM, patients who did not receive dexamethasone had better

neoantigen-specific CD4  and CD8  T cell responses with a higher number of TILs .
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3.3. Nanomedicine

The neoplastic vasculature network is typically defective and leaky, which enhances the permeability and retention of

nanoparticles in the TME . Nanomedicine has been validated to enhance the efficacy of chemotherapies  and

radiotherapy , but the safety and delivery of this approach have always been a major concern since nanoparticles

preferentially deposit in the reticuloendothelial tissues of the kidneys, liver, and spleen . Despite these issues,

various anti-cancer nanoparticle therapies can produce superior efficacy versus non-nanoparticle formulation. For

example, paclitaxel (PTX) or doxorubicin when administered as nanoparticles potentiate improved cytotoxicity against

GBM compared to their parental compounds . Several clinical trials are evaluating the therapeutic properties of

different nanomedicine formulations such as nanoliposome (NCT00734682, NCT00944801, NCT01906385), Spherical

Nucleic Acid (SNA) gold nanoparticles (NCT03020017), and nanocells (NCT02766699). To further advance this field in

GBM and improve safety, an improved understanding of the long-term stability, biodistribution, and clearance mechanisms

of nanoparticles is required.
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