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Abstract: Glioblastoma is one of the most common and detrimental forms of solid brain tumor, with
over 10,000 new cases reported every year in the United States. Despite aggressive multimodal
treatment approaches, the overall survival period is reported to be less than 15 months after diagnosis.
A widely used approach for the treatment of glioblastoma is surgical removal of the tumor, followed
by radiotherapy and chemotherapy. While there are several drugs available that are approved by the
Food and Drug Administration (FDA), significant efforts have been made in recent years to develop
new chemotherapeutic agents for the treatment of glioblastoma. This review describes the molecular
targets and pathogenesis as well as the current progress in chemotherapeutic development and other
novel therapies in the clinical setting for the treatment of glioblastoma.
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1. Introduction

Gliomas refer to all forms of intra-axial tumors that originate from glial cells of the central
nervous system (CNS). They are the most common type of CNS tumors, representing about 80% of all
malignant brain tumors [1,2]. Historically, they include types of cells that share similar histological
characteristics, such as astrocytomas (high-grade astrocytomas are denominated glioblastomas), brain
stem gliomas, ependymomas, oligodendrogliomas, optic pathway gliomas, and mixed gliomas [3,4].
This method of categorization helps to understand the histological features of gliomas; however, it
does not provide information on the malignancy of a tumor. Meanwhile, rapid exploration in the past
decade has provided significant insight not only for understanding the mechanisms of the neoplasm on
a molecular basis, but also in designing new anticancer treatments. Therefore, in 2014, the International
Society of Neuropathology included molecular information on top of the histological characteristics in
brain tumor diagnoses [5–7]. This led to substantial modifications to the World Health Organization
Classification of Tumors of the CNS (CNS WHO) in 2016 [5,6]. The updated CNS WHO further
classified gliomas into grades (Grade I, II, III, and IV) based on pathological evaluation using molecular
information on the malignancy level of the neoplasm. This subcategorization is particularly influential
in clinical settings, as it can assist in determining the type of treatment(s) for patients. Grade I tumors
are neoplasms with low proliferation rates that can be cured by surgery alone. On the other hand,
grade II tumors are invasive and often recur despite low proliferative potential. Grade III tumors are
generally malignant tumors with histological confirmation that exhibit anaplasia and rapid mitotic cell
division, while grade IV gliomas are of the most advanced grade and are malignant tumors that have
the poorest prognosis, with high potential for fatal outcome [5,6,8].
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The most common and yet most deleterious grade IV glioma subtype is glioblastoma [9].
According to the Central Brain Tumor Registry of the United States (CBTRUS) Statistical Report
2011–2015, glioblastomas constitute about 57% of the average annual age-adjusted incidence rate of
all neuroepithelial tumors and about 48% of all malignant brain and CNS tumors. It has been noted
that the incidence rate of glioblastoma tumors is 1.58 times higher in the male population compared
to females in the United States [1]. Despite aggressive multimodal treatment, due to the detrimental
nature and quick progression (median survival of about 15 months) of glioblastomas, it is almost
impossible to cure these patients [2]. Moreover, the heterogeneous nature of glioblastomas makes it
extremely challenging to develop an effective therapeutic approach with a uniform outcome for all
patients [2,10].

Current standard glioblastoma treatment is multimodal in nature, involving surgery, radiotherapy,
and chemotherapy. Surgery for glioblastoma aims for a maximal and safe resection of the tumor.
Maximal resection not only helps to relieve the mass pressure in the brain but also prolong
overall survival (OS) rate, as shown in a recent study by Yamaguchi et al. [11]. They reported
that maximal resection for glioblastoma increases OS compared to incomplete resection [11–14].
Furthermore, the technological advancement of surgical therapy aided by fluorescence visualization
with 5-aminolevulinic acid, the navigation-guided fence post procedure, and intraoperative MRI has
facilitated maximal and almost complete resection of tumors [12–14]. After surgery, most patients
undergo radiotherapy and chemotherapy concurrently. The current standard radiotherapy dosage
regimen is 2 Gy per fraction per day for 5 days a week, continuously for 6 weeks, with a total dosage of
60 Gy [2]. Early radiotherapy soon after surgery has shown to increase progression-free survival (PFS).
However, for OS no significant improvement has been shown [14]. Surgical and radiotherapeutic
management of the disease has been extensively reviewed elsewhere [15–22].

Despite a moderate effect and controversial efficiency, chemotherapy has become a part of
the standard treatment procedure for glioblastoma. Nowadays, the role of chemotherapy in the
management of glioblastoma has become significant, with many studies dedicated to developing
more efficient and effective chemotherapeutic treatments. Herewith, we review the current focus on
therapeutic targets, how these targets are manipulated in chemotherapeutic development, and other
novel therapeutic approaches for the treatment of glioblastoma.

2. Pathogenesis

Understanding the pathogenesis plays a key role not only in identifying disease biomarkers
but also in designing and developing potential chemotherapeutic agents. Herein, we discuss the
nine most promising signaling pathways that are involved in pathogenesis, and the possibility of
targeting specific components of these pathways for the development of chemotherapeutic agents
for glioblastoma.

2.1. IDH Mutation

Isocitrate dehydrogenase (IDH) is an enzyme that plays a central role in the citric acid cycle.
IDH has three isoforms: IDH1, IDH2, and IDH3. IDH1 is found in peroxisomes and the cytoplasm,
while IDH2 and IDH3 are found in the mitochondrial matrix. Through oxidative decarboxylation
by IDH1 and IDH2, isocitrate and NADP+ are converted to α-ketoglutarate (α-KG), NADPH, and
carbon dioxide [23]. This takes place in a reversible, multistep process that starts with the oxidation of
isocitrate to form oxalosuccinate, which is then decarboxylated to form α-KG, a cofactor for several
enzymes (Figure 1) [24].

Mutations in IDH were found to be in almost all cases of secondary glioblastoma, as reported by
Parsons et al. IDH mutations exist in high numbers in secondary glioblastomas and grade II and III
gliomas but are rare in primary glioblastomas [25]. The IDH mutation involves both a loss and gain of
regular enzymatic function [26]. It leads to a decrease in its binding affinity for isocitrate, preventing
the conversion of isocitrate to α-KG. In addition, IDH mutation also increases its binding affinity for
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NADPH, which results in incomplete reaction by only reducing α-KG without carboxylation, forming
2-hydroxyglutarate (2-HG) instead of α-KG. The abnormal accumulation of 2-HG, an oncometabolite,
is responsible for cancerogenesis [27]. This discovery resulted in mutant IDH (mIDH) inhibitors
being identified as a new group of targeted cancer therapies which help to separate proliferating
cancer cells. Popovici-Muller et al. reported that the mIDH1 inhibitor AGI-5198 was successful
in 2-HG inhibition, and hindered the growth of mIDH1 glioma cells in vivo [28]. Optimization of
AGI-5198 led to the finding of AG-120, which became the first mIDH1 inhibitor to achieve clinical
proof-of-concept in human trials [28]. A selective R132H-IDH1 inhibitor, AG-5198, was discovered
to almost completely block the ability of mIDH1 to produce 2-HG, and induced expression of genes
involved in gliogenesis [29].
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Figure 1. The IDH1/2 enzyme converts isocitrate into α-ketoglutarate (shown in the blue) while the
mutant IDH1/2 enzyme converts α-ketoglutarate into 2-hydroxyglutarate (shown in orange). IDH:
isocitrate dehydrogenase.

Results from clinical studies show that AG-221 (a selective inhibitor of mIDH2) has a promising
inhibitory effect against advanced solid tumors [30]. There is an ongoing phase I clinical trial
(NCT03343197) with AG-120 (mIDH1 inhibitor) and AG881 (non-specific IDH inhibitor). The objective
of this trial is to understand the role of AG-120 and AG881 in the suppression of 2-HG by comparing
the concentration of 2-HG in resected and treated tumors from IDH1 mutant glioma patients with the
concentration of 2-HG in untreated tumor. Currently, two other chemotherapeutic agents, FT-2102
(a selective mIDH1 inhibitor) and IDH305 (an IDH1(R132H) inhibitor), are also in clinical trials
(NCT03684811, NCT02381886). The objective of these clinical trials is to determine the dose-limiting
toxicities (DLTs). More information on these clinical trials are available in Supplementary Table S1
(labeled with superscript 136, 148).

2.2. Notch Pathway

The Notch signaling plays an important role in cell differentiation, proliferation, and apoptotic
events in different cell types and tissues, including neurons of the CNS. It is necessary to ensure
that neural stem cells are promoted towards becoming glial cells instead of differentiating into
another form [31]. Due to its key role in cell processes, it is easy for Notch signaling to deviate
towards tumorigenesis.

There are four receptors involved in this pathway; Notch-1, Notch-2, Notch-3, and Notch-4.
Notch-1 is found to be either a tumor suppressor or an oncogene based on the tissue type. Moreover,
it has been found to be associated with glioma progression to determine the malignant phenotype
of glioma. Notch-2, on the other hand, was identified as a prognostic marker for glioma along with
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Notch-3, which also promotes glioma cell proliferation. Lastly, Notch-4 was found to correlate with
tumor aggressiveness [32].

Studies have shown the Notch pathway to be a potential and effective target in stem-like glioma
cells, which were found to express Notch family genes [33]. In general, drugs inhibiting the Notch
pathway are classified into three categories: α-secretase inhibitors, γ-secretase inhibitors, and other
molecules. A detailed discussion of different classes of inhibitors and their biological effects has been
published by Bazzoni et al. [34]. Ying et al. studied glioblastoma stem-like cell response to all-trans
retinoic acid (RA) treatment. They found that RA can downregulate neurosphere cell expression of the
Notch pathway targets Hes2, Hey1, and Hey2. When treated with RA, Notch receptor intracellular
domain (NICD1) is forced to rescue glioblastoma neurospheres, thus causing inhibition of Hes2, Hey1,
and Hey2. They concluded that this is an indication of RA affecting glioblastoma stem-like cells
towards cell growth arrest, differentiation, and stem cell pool loss [35].

Similarly, Hovinga et al. performed a study on the relationship of neurosphere formation and
CD133+ cells. It has been shown in the past that CD133+ cells are capable of self-renewal via the
Notch pathway. Consequently, they discovered that Notch inhibition led to a decrease of neurosphere
formation and CD133+ cells in glioblastoma while promoting an increased sensitivity to radiation [36].
Fan et al. studied glioblastoma neurosphere formation and Notch-2, which increases tumor cell
growth. They demonstrated that inhibition of the Notch pathway, using gamma-secretase inhibitors,
reduced glioblastoma neurosphere engraftment in vivo, which caused mice to live longer [33]. These
studies indicate that inhibition of the Notch pathway is a potential therapeutic strategy to treat
glioblastoma [33,36]. Currently there is one Notch inhibiting agent, CB-103, in a phase I/IIA clinical
trial (NCT03422679) against metastatic solid tumors. The current primary outcome measures of the
trial are to determine DLTs and antitumor efficacy.

2.3. Ceramide Signaling

Acid ceramidase (ASAH1) is an enzyme that metabolizes ceramides into sphingosine and
free fatty acids (Figure 2). Ceramides promote senescence and cell death [37]. On the contrary,
sphingosine-1-phosphate (S1P), the immediate product due to metabolism, fosters cell survival and
proliferation [38]. Histologically confirmed glioma cells have shown a change from ceramides to S1P,
leading to higher S1P concentrations than ceramide. With lower amounts of ceramides, apoptosis
occurs less, which allows the glioma cells to spread more freely [38]. In addition, modification of
ASAH1 in glioblastoma enables it to be secreted to interstitial tissues, allowing it to transfer their
malignant potential to nearby cells [39].

Previous studies have shown that glioblastomas express ASAH1 in high numbers. Doan et al.
demonstrated that irradiated cell culture and tumor tissues have higher expression levels of ASAH1
compared to non-irradiated culture and tumor tissues, therefore leading to apoptotic resistance and
glioblastoma recurrence [38]. This led to the identification of overexpression of ASAH1 as a potential
biomarker associated with glioblastomas and the development of anticancer therapy. Although
there are no drugs in clinical trials targeting ceramide signaling for glioblastomas, ASAH1 inhibitors
(carmofur, N-oleoylethanolamine, and ARN14988) have been studied against multiple glioblastoma
stem cell lines, U87, and patient-derived cell lines. In vitro studies of ASAH1 inhibitors have shown to
be more effective against glioblastoma tumor cell lines compared to the Food and Drug Administration
(FDA)-approved drug temozolomide (TMZ), therefore suggesting that ASAH1 inhibitors can restrain
ASAH1 activity and increase tissue ceramide levels to induce apoptosis [40,41].

2.4. Vascular Endothelial Growth Factor (VEGF) Signaling Pathway

Vascular endothelial growth factor (VEGF), a potent angiogenic cytokine, stimulates the growth of
new blood vessels to restore oxygen supply. The normal VEGF pathway starts when cells are lacking
oxygen, which leads to the production of the hypoxia-inducible factor. This leads to releasing of
VEGF followed by binding of the VEGF to VEGF receptors (VEGFRs), stimulating the tyrosine kinase
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pathway and ultimately resulting in angiogenesis. The normal signaling completes angiogenesis
during embryonic development, collateral circulation, and following muscle injury and wounds [42].
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Figure 2. Reaction of acid ceramidase (ASAH1), a lysosomal enzyme that converts ceramides into
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Ceramide promotes apoptosis while S1P stimulates cell survival and proliferation.

Unfortunately, VEGF also plays a key role in promoting angiogenesis in glioma stem cells and
optimizing the function and survival of its microenvironment. For survival of glioblastoma, a vascular
supply must be maintained, and early extensions in the growing tumor receive this vascular supply by
angiogenesis [43]. Hence, blocking the VEGF pathway and thereby inhibiting angiogenesis would be
an effective strategy to treat the disease. Various anti-angiogenic agents have been shown to be effective
in blocking the VEGF pathway, thereby treating several different cancers [44]. Though anti-VEGF
therapy has been widely used and has shown benefits in the reduction of vasogenic edema associated
with this disease, the overall survival benefit and resistance to therapy are yet to be improved. However,
several approaches using combination therapy with radiotherapy, immunotherapy, cytotoxic drugs
etc., in addition to anti-VEGF therapy showed improved results [45,46]. A recent study on combination
therapy with platelet-derived growth factor (PDGF) inhibitors showed more promising results when
combined with anti-VEGF therapy in terms of survival benefit and sensitization to therapy [47].

In the clinical setting, several receptor tyrosine kinase inhibitors (TKIs) such as tivozanib, cediranib,
lenvatinib, sorafenib, sunitinib, and pazopanib are currently being studied for VEGFR inhibition. In
addition, other therapeutic agents such as the TTAC-001 antibody, the VXM01 vaccine, and combination
treatment with bevacizumab are also currently being studied. There are about 10 ongoing clinical trials
and three recently published major clinical trials (Table 2) that are based on VEGF and VEGFR as the
therapeutic targets for glioblastomas. The list of the ongoing trials is shown in Supplementary Table S1
(labeled with superscripts 59, 66, 93, 128, 160, 163, 186, 187, 197, and 219).

2.5. PDGF Signaling

Platelet-derived growth factor (PDGF) became a target for therapy for glioblastoma due to its
ability to promote glioblastoma proliferation and survival [48]. In normal glial cells, PDGF signaling
starts with the binding of the PDGF ligands such as PDGFA, PDGFB, and PDGFC to the platelet-derived
growth factor receptor (PDGFRα or PDGFRβ). The PDGFR is classified as a cell surface receptor tyrosine
kinase (RTK). Upon binding, the PDGFRs dimerize, allowing the subunits to cross phosphorylate
several tyrosine residues in the receptor. This activated form acts as a docking site for multiple protein
complexes to activate many signal transduction cascades, ultimately leading to DNA synthesis and
cell proliferation [49,50].

On the contrary, a PDGF autocrine loop is exhibited in glioblastomas which should be absent in
normal brain tissue [36]. Multiple observations have found PDGF overexpression in glioblastomas.
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PDGFA and PDGFB are highly expressed in comparison to the other ligands, with PDGFC being
expressed the least [51]. Westermark noticed that the PDGFRα gene is amplified, mutated, or rearranged
in glioblastoma tumors, playing a role in oncogenesis [52]. Similarly, Shih et al. found PDGF and
PDGFR to be overexpressed in glial tumor cell lines and samples correlating with higher tumor grade.
Autocrine signaling in tumor proliferation was tested in cell culture where PDGF inhibitors were able to
limit colony activity and cell growth [49]. Popescu et al. investigated a PDGFR inhibitor, AG1433, and
discovered that both the growth factor and its receptors can control cell proliferation, differentiation,
and apoptosis in glioblastoma. They remarked that it was able to reduce cell survival to 56.5% with
the highest concentration (100 µM) at 72 h [53]. Another study by Hong et al. found the TKI imatinib
to be successful at enhancing the radiosensitivity and chemosensitivity of gliomas. Moreover, it has
been observed that it can radiosensitize the cells and inhibit tyrosine phosphorylation of numerous
intracellular proteins in a dose-dependent manner [54]. Another PDGFRα inhibition study conducted
by Mangiola et al. found a significant decrease in cell proliferation in core cancer stem cells, by about
38 ± 9.5%. They also observed a decrease in the modulation of PDGFRα expression [55]. These studies
indicate that PDGF is a well-studied pathway that could lead to possible treatments for glioblastoma.

In clinical settings, several TKIs such as tandutinib, crenolanib, sorafenib, sunitinib, and pazopanib
are currently being studied. There are about six ongoing clinical trials and two recently published major
clinical trials (Table 2) that are based on PDGF and PDGFR as the therapeutic targets for glioblastoma.
The current ongoing trials are listed in Supplementary Table S1 (labeled with superscripts 104, 128,
163,186,197, and 219).

2.6. Epidermal Growth Factor Receptor (EGFR) Pathway

The epidermal growth factor receptor (EGFR) is a transmembrane cell RTK that binds extracellular
signaling ligands such as epidermal growth factors and transforming growth factor-α to its extracellular
domain. In normal glial cells, the EGFR pathway starts when the receptor binds to its signaling ligand
and becomes activated, undergoing transitions to an active homodimer from an inactive monomer.
This dimerization induces intracellular protein-tyrosine kinase activity and results in tyrosine residues
being autophosphorylated in the C-terminal domain of EGFR. Such autophosphorylation stimulates
the initiation of many signal transduction cascades, which ultimately lead to DNA synthesis, cell
proliferation, migration, and adhesion [56].

Mutations in EGFR have been widely recognized to be involved in the pathogenesis of
glioblastomas. The amplification of EGFR was found to be more commonly present in primary
glioblastomas (40%), and rarely present in secondary glioblastomas [57]. Furthermore, EGFR
amplification was found to be rare or nonexistent in pediatric glioblastomas [58]. In a population-based
study conducted by Ohgaki et al., EGFR amplification was found to be detected only in glioblastoma
patients older than 35 years, confirming the results of the previous study [59]. For tumors with
amplified EGFR expression, about half of those cases have the EGFRvIII variant, which is an ideal
target for therapies [60,61].

Though EGFR was one of the first molecule linked to oncogenesis of glioblastoma, targeting it
has been challenging in this disease. Hence, recent studies have focused on both immunotherapy
as well as tyrosine kinase inhibitors (TKIs). For example, OSI-774, an EGFR-TKI, has shown to be
promising in a study conducted by Halatsch et al. They showed that it induces apoptosis in malignant
glioblastoma and is a promising agent against secondary glioblastoma [62]. However, phase I/II
clinical trials of another TKI, lapatinib, showed limited antitumor activity in patients. Though TKIs
are promising, EGFR inhibitors in the pre-clinical settings as well as drug delivery and activity must
be evaluated further [63]. EGFR-targeting therapeutic agents such as dacomitinib, nimotuzumab,
ABBV-321, AMG596, CART-EGFRvIII T cells, EGFR(v)-EDV-DOX, axitinib, cabozantinib, neratinib,
afatinib, alectinib, and tesevatinib are currently in clinical studies. From January 2017 to September
2019, about six major clinical trials were published (Table 2), while currently there are about 19
ongoing clinical trials based on EGFR-targeting therapeutic agents and tyrosine kinase inhibition for
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glioblastomas. A list of ongoing clinical trials is provided in Supplementary Table S1 (labeled with
superscripts 5, 36, 38, 80, 88, 99,122, 124, 125, 137, 157, 158, 207 for EGFR-targeting therapeutic agents
and 8, 21, 28, 41, 81, 163 for TKIs).

2.7. PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway (Figure 3) is a vital intracellular signaling pathway for regulating
the cell cycle. Phosphatidylinositol 3-kinases (PI3Ks) are intracellular signal transducer enzymes that
can activate serine/threonine-specific protein kinase (AKT) through phosphorylation. Subsequently,
AKT can activate the mammalian target of rapamycin (mTOR). mTOR forms two complexes which
are characterized by different binding partners; mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2) [64]. mTORC1 is rapamycin-sensitive and is activated by at least five cues (growth factors,
stress, energy status, oxygen, and amino acid concentration), and promotes glial cell growth upon
activation by eukaryotic translation initiation factor 4E binding protein 1(E4BP1) and ribosomal protein
S6 kinase (S6K) [64,65]. Conversely, mTORC2 is insensitive to rapamycin, which drives the glial cell
proliferation, motility, and survival through the activation of AGC protein kinases [64–66]. However, it
is found that overactivation of the PI3K/AKT/mTOR pathway reduces in the survival of glioblastoma
patients and increases in the aggression of the tumor as it overstimulates processes responsible for cell
proliferation, survival and migration in glioblastoma [67,68]. Therefore, researchers have identified
PI3K, AKT, and mTOR as molecular targets for glioblastomas.
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Recently, a few preclinical trials have found mTOR inhibitors to be successful. For example,
Mecca et al. found that CC214-1 and CC214-2, mTOR kinase inhibitors, were capable of inhibiting
glioblastoma growth by blocking mTOR2C2 activity both in vitro and in vivo [65]. In the clinical
setting, PI3K inhibitors such as BKM120, regorafenib, GDC-0084, and fimepinostat as well as mTOR
inhibitors such as temsirolimus, everolimus, CC-115, ABI-009, AZD2014, sapanisertib, and siroquine
are currently being studied. From January 2017 to September 2019, about four major clinical trials
were published (Table 2), while currently, there are about 11 ongoing clinical trials based on P13K and
mTOR inhibition for glioblastomas. The list of ongoing clinical trials is provided in Supplementary
Table S1 (labeled with superscripts 72, 133, 138 for P13K inhibitors and 7, 9, 33, 63, 90, 126, 202, 205 for
mTOR inhibitors).

2.8. Phosphate and Tensin Homolog (PTEN) Signaling

Another key element associated with glioblastoma in the PI3K pathway is phosphate and tensin
homolog (PTEN). PTEN is a tumor suppressor that antagonizes PI3K signaling and prevents AKT
activation via its lipid phosphatase activity (Figure 3) [69]. In glioblastomas, it has been reported that
PTEN is inactivated due to mutations. A single mutation in one of the homolog genes is insufficient to
initiate tumor growth; however, the deletion of one or both results in uncontrollable cell growth [70].
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It has also been found that PTEN can sensitize glioma cells to chemotherapy and radiation therapy [71],
hence making PTEN a molecular target for glioblastoma immunotherapy.

Recent developments in the preclinical setting have focused on correction to PTEN mutation.
A study reported the correction of PTEN in glioblastoma using the adeno-associated virus-mediated
gene that reduced the cellular proliferation in the glioblastoma cell lines, indicating that it could be a
potential treatment for this disease [72]. Furthermore, another study illustrated that correction of the
mutant allele of PTEN in glioblastoma cells lines (42MGBA and T98G) using gene editing resulted in
reduced cell proliferation [73].

2.9. SHH Signaling

In normal glial cells, signaling starts with the sonic hedgehog (SHH) glycoprotein binding
to and inactivating the protein Patched1 and co-receptors, leading to inactivation of the protein
Smoothened (SMO). However, when SMO is activated, the nuclear localization of glioma-associated
(GLI) transcription factors takes place. Once GLI enters the nucleus it leads to the activation of GLI1
and GLI2 transcription factors. Such activation promotes target activation in SHH signaling, leading to
proliferation, angiogenesis, epithelial-to-mesenchymal transition, and stem cell self-renewal [74,75]. In
glioblastomas, the abnormal activation of SHH signaling typically by mutation in Patched1 and/or
activating mutations in SMO leads to the transformation of adult stem cells into glioblastoma stem cells.

Therefore, SHH signaling has become one of the focal points for glioblastoma treatment since
mutations in the pathway play a key role in cell proliferation and tumorigenesis. Since SMO inhibition
prevents downstream activation of GLI, SMO is an important molecular target for the development
of SHH pathway inhibitors [76]. SMO inhibitors such as vismodegib, trametinib, and glasdegib
have been under investigation for glioblastoma [77]. Currently, there are three ongoing clinical trials
based on SMO inhibition for glioblastomas. These are listed in Supplementary Table S1 (labeled with
superscripts 34, 131, and 139).

3. Current Chemotherapeutic Development

Identifying the molecular targets of glioblastomas and understanding pathogenesis is one part of
the puzzle, and the next is developing the chemotherapeutic agents. Therefore, herewith we discuss
the current FDA-approved chemotherapeutic agents (Table 1), as well as recently published (Table 2)
and ongoing (Supplementary Table S1) drug candidates that are in the pipeline at different stages of
clinical development.

3.1. FDA-Approved Chemotherapeutic Agents

Currently, three chemotherapeutic agents (TMZ, bevacizumab, and carmustine) are available to
patients with glioblastoma [78,79]. Results from randomized clinical study in 573 patients demonstrate
that the addition of TMZ to radiotherapy significantly increases OS (27.2% vs. 10.9% in radiotherapy
alone at 2 years). The same study found that O6-methylguanine-DNA methyl-transferase (MGMT) gene
methylation is a positive prognostic indicator for TMZ chemotherapy for newly diagnosed patients [80].
On the other hand, bevacizumab is an anti-VEGF monoclonal antibody (refer to Section 2.4. for
pathogenesis) that has been approved by the FDA for the treatment of recurrent glioblastoma. It has
been clinically observed that bevacizumab has anti-glioma activity with improvement in PFS; however,
it has no significant activity in terms of OS [81]. A clinical trial on newly diagnosed glioblastoma
patients with bevacizumab has shown to have no significant activity in terms of OS but longer PFS
compared to the placebo group (10.7 months vs. 7.3 months) [82]. Carmustine, a nitrosourea compound
which is used in the treatment of the disease, is now avoided due to clear demonstration of severe bone
marrow, liver and kidney toxicity [2]. However, local delivery of carmustine in the form of an implant
in the resection cavity followed by surgery can reduce systemic adverse events, and can improve
median survival of the patients both in recurrent and newly diagnosed glioblastoma [83]. The required
doses and dosage regimens of the chemotherapeutic agents are summarized in Table 1.
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Table 1. Dosage regimen of approved drugs for the treatment of adult glioblastoma. (Source: Dailymed/ Food and Drug Administration (FDA) label). RT: radiotherapy.

Therapeutic Agent Disease Type Dosage Regimen

Temozolomide (TMZ) Newly diagnosed

Concurrent: 75 mg/m2 daily for six weeks with focal RT.
Adjuvant *: Starts followed by a 4-week rest period after concurrent therapy. 1st cycle,
150 mg/m2 daily for five days in a 28-day cycle. 150–200 mg/m2 daily for 5 days in a 28-day
cycle, 2nd–6th cycles.

Bevacizumab Recurrent 10 mg/kg as intravenous infusion every 2 weeks **.

Carmustine (BiCNU) for injection - 150–200 mg/m2 (single or divided into two successive days) intravenously every 6 weeks.

Carmustine (BiCNU) implant Newly diagnosed/Recurrent Eight 7.7 mg wafers with a total of 61.6 mg implanted intracranially.

* Dose could be reduced based on the appearance of toxicity. ** Treatment to be continued until disease progression or unacceptable toxicity.
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Table 2. Published major clinical trials of targeted therapies from January 2017 to December 2019.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference
1 Alisertib + RT Recurrent I 17 OS-6: 88.2%; Median survival: 11.1 months; PFS-6: 35.5%. [84]

2 Lomustine + 52 TMZ vs. 52TMZ Primary III 141
Median OS: 48.1 months (32.6—not assessable) vs.
31.4 months (95% CI, 27.7—47.1);
AEs: 59% vs. 51% of patients.

[85]

3 Disulfiram + copper Recurrent II 21 ORR: 0%; Clinical benefit: 14%; Median PFS: 1.7 months;
Median OS: 7.1 months; DLTs: 4%. [86]

4 Ortataxel Recurrent II 40 PFS-6: 11.4%; AEs: Neutropenia and hepatotoxicity
(13.2%) and leukopenia (15.8%). [87]

5 Buparlisib Recurrent II 15+50

Reduction of phosphorylated AKT: 42.8%; PFS-6: 8%;
Median PFS: 1.7 months (95% CI, 1.4 to 1.8 months); AEs:
Lipase elevation (10.8%), fatigue (6.2%), hyperglycemia
(4.6%), elevated ALT (4.6%).

[88]

6 Regorafenib vs.
2 Lomustine

Recurrent II 119

Patients died at cut-off: 71% vs 95%;
Median OS: 7.4 months (95% CI, 5.8—12.0) vs. 5.6 months
(95% CI, 4.7–7.3); AEs: 56% (hand–foot skin reaction,
increased lipase, blood bilirubin) vs. 40% (decreased
platelet count, decreased lymphocyte count, neutropenia).

[89]

52 TMZ + RT→ 52 TMZ + 7 irinotecan
(CPT-11)

Primary II 152
Median OS: 16.9 months vs 13. 7 months (p = 0.03) in
historical control; Grade 3/4 hematologic toxicity: 38% vs.
14% in Stupp trial.

[90]

8 Valproic acid + 52 TMZ + RT Primary II 6 Late toxicity in long-term survivors: neurological, pain,
and blood/bone marrow toxicity (mostly grade 1/2). [91]

52 TMZ + 9 memantine + 10 mefloquine + 11

metformin (adjuvant)
Primary I 81

DLTs: Dizziness (memantine), gastrointestinal effects
(metformin); AEs: Lymphopenia (66%); Median survival:
21 months; 2-year survival: 43%; MTDs (doublet, triplet,
quadruplet): Memantine (20 mg b.i.d., 10 mg b.i.d., 10 mg
b.i.d.), mefloquine (250 mg 3 times weekly, 250 mg 3 times
weekly, 250 mg 3 times weekly), metformin (850 mg b.i.d.,
850 mg b.i.d., 500 mg b.i.d.).

[92]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

RT + 52 TMZ + 12 bevacizumab (BEV)→
2 CCNU + 12 BEV/
2 CCNU + placebo→
12 BEV/placebo + chemotherapy

Recurrent II 296 No survival benefit and no safety concerns. [93]

13 ERC1671 + 12 bevacizumab vs. 12

bevacizumab + placebo
Recurrent II 9 Median OS: 12 months vs. 7.5 months. [94]

14 Palbociclib (with and without resection) Recurrent II 22 Median PFS: 5.14 weeks (5 days–142 weeks); Median OS:
15.4 weeks (2–274 weeks). [95]

15 Iniparib + RT +
52 TMZ

Primary II 81 Median OS: 22 months (95% CI, 17-24); 2- and 3-year
survival: 38% and 25%; Grade 3 AEs: 27% of patients. [96]

16 Depatuxizumab mafodotin + 52 TMZ Recurrent I 60
AEs: blurred vision (63%), fatigue (38%), and
photophobia (35%); Grade 3/4 AEs: Ocular (22%),
non-ocular (22%); ORR: 14.3%; PFS-6: 25.2%; OS-6: 69.1%.

[97]

17 Fotemustine (120 or 140 mg/m) Recurrent I/II 37
Toxicity: Grade 3 and 4 thrombocytopenia (4 of 6 patients
at 140 mg/m vs. 3 of 31 patients at 120 mg/m); Median
PFS: 12.1 (1–40.2) weeks; OS: 19.7 (1–102) weeks.

[98]

18 AZD1775 Recurrent 0 20 BBB permeability; Median unbound tumor to plasma
concentration ratio: 3.2. [99]

19 Bortezomib +
52 TMZ + RT

Primary II 24 Median PFS: 6.2 months (95% CI 3.7–8.8); Median OS:
19.1 months (95% CI, 6.7–31.4); no unexpected AEs. [100]

20 Carboxyam-
idotriazole orotate + 52TMZ

Recurrent/
Primary Ib 47 DLTs: none; Recommended phase II dose: 600 mg/day. [101]

12 Bevacizumab + RT vs. RT Primary II 75 Median PFS: 7.6 vs. 4.8 months, p = 0.003; OS: 12.1 vs.
12.2 months, p = 0.77. [102]

21 Interferon β + 52 TMZ + RT vs.
52TMZ + RT

Primary II 122
OS: 24.0 vs. 20.3 months; Median PFS: 8.5 vs. 10.1 months;
Neutropenia: 20.7 vs. 12.7 % (concomitant) and 9.3% vs.
3.6% (maintenance).

[103]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

12 Bevacizumab + 52 TMZ Primary II 66

Median OS: 23.9 weeks (95% CI 19–27.6); Median PFS:
15.3 weeks (95% CI, 12.9–19.3); AEs: Grade ≥ 3
hematological events (20%), high blood pressure (24%),
venous thromboembolism (4.5%), cerebral hemorrhage
(3%), and Intestinal perforation (3%).

[104]

3 Disulfiram (with or without copper) +
adjuvant 52 TMZ

Primary I 18

MTD: Disulfiram 500 mg daily was well tolerated, 1000
mg daily was not;
Median PFS: 4.5 months (95% CI 0.8–8.2); Median OS:
14.0 months (95% CI 8.3–19.6).

[7]

22 Temsirolimus +
23 sorafenib

Recurrent I/II 41

MTD (Phase I): sorafenib (200 mg twice daily) and
Temsirolimus (20 mg weekly); Median PFS and OS (Phase
II): 2.6 months vs. 1.9 months (VEGF inhibitor-naïve vs.
prior VEGF inhibitor patients) and 6.3 months vs.
3.9 months (VEGF inhibitor-naïve vs. prior VEGF
inhibitor patients).

[105]

24 Trebananib vs. 24 trebananib + 12

bevacizumab
Recurrent II 48

Trebananib: Well tolerated as monotherapy; Trebananib +
Bevacizumab: PFS-6 (24.3%, 95% CI, 12.1%-38.8%),
Median OS (9.5 months, 95% CI, 7.5–4.7 months), OS-12
(37.8%, 95% CI, 22.6%–53.0%).

[106]

25 Vorinostat +
12 bevacizumab + 52 TMZ

Recurrent I/II 9+39 MTD (phase I): 400 mg for vorinostat; PFS-6 (phase II):
53.8% (95% CI, 37.2–67.9). [107]

25 Vorinostat +
12 bevacizumab

Recurrent II 40

PFS-6: 30.0% (95% CI, 16.8%–44.4%); Median OS:
10.4 months (95% CI, 7.6–12.8 months); AEs (grade 2):
Lymphopenia (55%), leukopenia (45%), neutropenia
(35%), and hypertension (33%). AEs (grade 4):
Leukopenia (3%), neutropenia (3%), sinus bradycardia
(3%), and venous thromboembolism (3%).

[108]

26 Everolimus + RT + 52 TMZ vs. RT +
52TMZ

Primary II 171 Median PFS: 8.2 vs. 10.2 months, p = 0.79); Median OS:
16.5 vs. 21.2 months, p = 0.008) [109]

27 AXL1717 Recurrent I 9 Tumor response: 44%; AEs: Neutropenia. [110]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

28 ONC201 Recurrent II 17
Median OS: 41.6 weeks; PFS-6: 11.8%; Drug-related
serious AEs: None; Plasma pharmacokinetics (2-h
post-dose): 2.6 µg/mL.

[111]

29 Nivolumab (with or without 30

ipilimumab)
Recurrent I 40

Nivolumab monotherapy better tolerated; AEs: fatigue,
and diarrhea; Tumor-cell programmed death ligand-1
expression ≥1% (68%).

[112]

31 Cabozantinib Recurrent II 70

ORR: 4.3%; Median duration of response: 4.2 months;
PFS-6: 8.5%; Median PFS: 2.3 months; Median OS:
4.6 months. AEs: Fatigue, diarrhea, increased alanine
aminotransferase, headache, hypertension, and nausea.
48.6% resulted in dose reductions (140 mg/day to
100 mg/day).

[113]

31 Cabozantinib (140 mg/day vs.
100 mg/day)

Recurrent II 152

ORR: 17.6% vs. 14.5%; PFS-6: 22.3% vs. 27.8%; Median
PFS: 3.7 months in both; Median OS: 7.7 vs. 10.4 months;
AEs (grade 3/4): 79.4% vs. 84.7%; Dose reduction due to
AEs: 61.8% vs. 72.0%.

[114]

25 Vorinostat + 52 TMZ + RT Primary I/II 15+107

MTD: 300 mg/day; DLTs: Grade 4 neutropenia and
thrombocytopenia and grade 3 aspartate
aminotransferase elevation, hyperglycemia, fatigue, and
wound dehiscence; Phase II OS-15 months: 55.1% (median
OS 16.1 month); Phase II toxicities: Lymphopenia (32.7%),
thrombocytopenia (28.0%), and neutropenia (21.5%).

[115]

23 Sorafenib + 32 tipifarnib Recurrent I 24
Study stopped because of excessive toxicities. Last dose
reached: 200 mg and 100 mg twice a day for sorafenib and
tipifarnib, respectively.

[116]

33 Axitinib vs. 33 axitinib +
2 lomustine

Recurrent II 79

ORR: 28% vs. 38%; PFS-6: 26% (95% CI, 14–38) vs. 17%
(95% CI, 2–32); Median OS: 29 weeks (95% CI, 20–38) vs.
27.4 weeks (95% CI 18.4–36.5); Toxicities: Grade 3

4
neutropenia (0 vs. 21%) and thrombocytopenia
(4 vs. 29%).

[117]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

34 Rindopepimut + 52 TMZ vs. 52 TMZ Primary III 745

OS for patients with MRD: 20.1 months (95% CI,
18.5–22.1) vs. 20.0 months (18.1–21.9); Grade 3/4 AEs:
Thrombocytopenia (9% vs. 6%), fatigue (2% vs. 5%), brain
edema (2% vs. 3%), seizure (2% vs. 2%), and headache
(2% vs. 3%); Mortality by AEs: 4% vs. 3%.

[118]

12 Bevacizumab + 52 TMZ Recurrent II 30 ORR: 51 weeks; PFS-6: 52%; Median time to tumor
progression: 5.5 months. [119]

52 TMZ (150–200 mg/m2/day) +
RT (60 Gy in 5 days)

Primary II 35 OS: 22 months; Hematologic toxicities: ≤grade 2. [120]

35 Lapatinib + 52TMZ + RT Primary II 12 Higher dose correlates to lymphopenia; Common AEs:
fatigue, rashes, and diarrhea [121]

36 Dacomitinib Recurrent II 30 + 19
PFS-6: 10.6%; Median PFS: 2.7 months; Median OS: 7.4;
Best overall response: 4.1%; Common AEs: Diarrhea and
rash; Drug-related AEs: 40.8% (grade 3/4).

[122]

37 HER2-CAR VSTs (HER2 specific
CAR-modified virus-specific T cells)

Recurrent I 17+7

No dose-limiting toxic effects; Presence in peripheral
blood: up to 12 months; Stable disease: 7 out of 16
patients for 8 weeks to 29 months; Disease progression: 8
out of 16 patients; Median OS: 11.1 months (95% CI,
4.1–27.2 months) after infusion.

[123]

38 Irinotecan liposome injection (nal-IRI) Recurrent I 16 + 18 MTD: 120 mg/m2 (WT cohort), 150 mg/m2 (HT cohort);
DLTs: Diarrhea, dehydration and/or fatigue.

[124]

39 CpGODN→RT + 52 TMZ vs. RT + 52 TMZ Primary II 81 2 years OS: 31% vs. 26%; Median PFS: 9 vs. 8.5 months. [125]

40 Aflibercept + RT + 52 TMZ→
52 TMZ

Primary I 59

MTD: 4 mg/kg for 2 weeks; DLTs: G3 deep vein
thrombosis, G4 neutropenia, G4 biopsy-confirmed
thrombotic microangiopathy, G3 rash, G4
thrombocytopenia; Treatment discontinuation: disease
progression (47%), toxicities (36%), others (14%), full
course (3%).

[126]

41 Onartuzumab + 12 bevacizumab vs.
placebo + 12 bevacizumab

Recurrent II 129 Median PFS: 3.9 vs. 2.9 months; Median OS: 8.8 vs.
12.6 months; AEs (G ≥ 3): 38.5% vs. 35.9%. [127]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

42 Tivozanib Recurrent II 10 Progressive disease: 80%; Median PFS: 2.3 months;
Median OS: 8.1 months. [128]

43 MEDI-575 Recurrent II 56

PFS-6: 15.4% (90% CI 8.1–24.9 months); Stable disease:
41.1%; Median PFS: 1.4 months (90% CI 1.4–1.8); Median
OS: 9.7 months (90% CI, 6.5–11.8); Treatment-related AEs:
Diarrhea (16%), nausea (13%), and fatigue (13%).

[129]

44 Bortezomib + 52 TMZ + 12 bevacizumab Recurrent I 12 MTD: 75 mg/m2 for TMZ; PFS: 3.27 months: Mean OS:
20.75 months.

[130]

45 Nimustine + 52 TMZ Recurrent I/II 15 + 40

MTD: TMZ (150 mg/m2), nimustine (40 mg/m2); ORS:
11%; Stable disease: 68%; PFS-6 and PFS-12: 24% (95% CI,
12–35%) and 8% (95% CI, 4–15%); Median PFS: 13 months
(95% CI, 9.2–17.2 months); OS-6 and OS-12: 78% (95% CI,
67–89%) and 49% (95% CI, 33–57%); Median OS:
11.8 months (95% CI, 8.2–14.5 months).

[131]

46 Tandutinib Recurrent I/II 19+30 MTD: 600 mg twice daily; Phase II terminated as PFS-6
not achieved. [132]

47 Imatinib + RT vs. 47 imatinib +
re-irradation

Recurrent II 51

Median OS: 5.0 months (95% CI, 0-24.1 months) vs.
6.5 months (95% CI 0–32.5 months; Median PFS:
2.8 months (95% CI 0–8.7 months) vs. 2.1 months (95% CI
0–11.8 months).

[133]

48 BKM120 + 12 bevacizumab Recurrent I/II 88 MTD: 60 mg PO (orally) daily; PFS-6: 36.5%; ORR: 26%;
TRTs: 57%. [134]

49 Perifosine Recurrent II 30 PFS-6: 0%; PFS: 1.58 months (95% CI, 1.08–1.84 months);
Median OS: 3.68 months (95% CI, 2.50–7.79 months). [135]

50 Dovitinib (naïve vs. progressed on prior
antiangiogenic therapy)

Recurrent II 19+14 PFS-6: 12% vs. 0%; TTP: median 1.8 months vs.
0.7–1.8 months. [136]

51 Nimotuzumab + 52 TMZ + RT Primary II 39 ORR: 72.2%; Median OS: 24.5 months; Median PFS:
11.9 months. [137]
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Table 2. Cont.

Treatment Disease Type Clinical Trial Phase No. of Patients Result (s) Reference

53 Ponatinib Recurrent II 15 PFS-3: 0; Median PFS: 28 days (95% CI, 27–30); Median
OS: 98 days (95% CI 56–257). [138]

2 Lomustine + 52 TMZ vs. 52 TMZ Primary III 129

Health-related quality of life: No significant differences;
Neurocognitive function: Mini-mental state examination
(favors the TMZ group); Neurocognitive test battery: No
significant differences.

[139]

54Vistusertib + 52TMZ Recurrent I 15 Tolerability: Vistusertib 125 mg b.i.d. + TMZ 150 mg/m2

for 5 days; PFS-6: 26.6%; AEs: G1/G2.
[140]

55 Ascorbate + RT + 52 TMZ Primary I 11 DLTs: None; AEs: Dry mouth and chills; Median PFS:
9.4 months; Median OS: 18 months. [141]

56 Plerixafor Primary I/II 9+20
Tolerability: No drug-attributable G3 toxicities; Median
OS: 21.3 months (95% CI, 15.9-NA); PFS: 14.5 months
(95% CI, 11.9-NA).

[142]

16 Depatux-M (+52 TMZ) vs. 52 TMZ/
2 lomustine

Recurrent II 260
Efficacy: Monotherapy is comparable to control (hazard
ratio: 1.04, 95% CI, 0.73–1.48); Toxicities: Reversible
corneal epitheliopathy; AEs: G3–G4 (25–30%)

[143]

57 VB-111 +
12 bevacizumab vs. 12 bevacizumab

Recurrent III 256
Median OS: 6.8 months (combination) vs. 7.9 months
(control); ORR: 27.3% (combination) vs. 21.9% (control);
AEs (G3–G5): 67% (combination) vs. 40% (control).

[144]

1 Aurora kinase inhibitor; 2 Nitrosourea, also known as CCNU; 3 Proteasome inhibitor; 4 Taxane-derived antineoplastic agent; 5 Pan-class I phosphoinositide 3-kinase inhibitor; 6 Receptor
tyrosine kinase inhibitor; 7 Topoisomerase I inhibitor; 8 Histone deacetylase inhibitor; 9 NMDA receptor inhibitor; 10 Phospholipid-interacting antimalarial drug; 11 Anti-diabetic drug
12 Anti-angiogenic agent; 13 Allogeneic/Autologous vaccine; 14 CDK4/6 inhibitor; 15 Poly ADP ribose polymerase (PARP) inhibitor; 16 Antibody–drug conjugate; 17 Third-generation
nitrosourea; 18 Wee1 inhibitor; 19 Proteasome inhibitor; 20 Non-voltage-dependent calcium channel inhibitor; 21 Interferon-binding protein; 22 Rapamycin (mTOR) inhibitor; 23 Raf kinase
and vascular endothelial growth factor receptor 2 inhibitor; 24 Angiopoietin blocking peptibody; 25 Histone deacetylase (HDAC) inhibitor; 26 Rapamycin (mTOR) inhibitor; 27 IGF-1R
pathway modulator; 28 G protein-coupled receptor DRD2 antagonist; 29, 30 Monoclonal antibody; 31 Tyrosine kinase inhibitor; 32Farnesyltransferase inhibitor; 33 Tyrosine kinase inhibitor;
34 Vaccine; 35 Epidermal growth factor receptor (EGFR) inhibitor; 36 Pan-human EGRF tyrosine kinase inhibitor; 37 Human epidermal growth factor receptor 2 (HER2)-specific chimeric
antigen receptor (CAR)-modified virus-specific T cells (VSTs); 38 Topoisomerase I inhibitor; 39 Oligodeoxynucleotide-containing unmethylated cytosine-guanosine motifs (CpG-ODN);
40 Recombinant human fusion protein; 41 Monovalent mesenchymal epithelial transition factor (MET) inhibitor; 42 Pan-VEGF receptor tyrosine kinase inhibitor; 43 Anti platelet-derived
growth factor-α antibody; 44 Proteasome inhibitor; 45 Nitrosourea; 46 Platelet-derived growth factor receptor-β tyrosine kinase inhibitor; 47 Tyrosine kinase inhibitor; 48 Oral PI3K inhibitor;
49 AKT inhibitor; 50 Inhibitor of fibroblast growth factor receptor (FGFR) and vascular endothelial growth factor receptor (VEGFR); 51 Humanized anti-epidermal growth factor receptor
(EGFR) antibody; 52 Alkylating agent; 53 Tyrosine kinase inhibitor; 54Dual mTORC1/2 inhibitor; 55 Causes oxidative stress; 56 Reversible C-X-C chemokine receptor type 4 (CXCR4) inhibitor;
57 Non-replicating adenovirus, also known as Ofranergene obadenovec. Abbreviations: RT: radiotherapy; CI: confidence Interval; OS: overall survival; OS-6: overall survival at 6 months;
OS-12: overall survival at 12 months; AEs: adverse events; median PFS: median progression-free survival; PFS-3: progression-free survival at 3 months; PFS-6: progression-free survival at
6 months; ALT: alanine aminotransferase; ORR: overall response rate; DLTs: dose-limiting toxicity; MTD: maximum tolerated dose; b.i.d.: twice a day; MRD: minimal residual disease;
TMZ: temozolomide; G1: grade 1; G2: grade 2; G3: grade 3; G4: grade 4; TRTs: treatment-related toxicities; TTP: time to progression; BBB: blood–brain barrier.
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3.2. Published Clinical Trials

Currently, several drug candidates are in the pipeline at different stages of clinical development.
Table 2 lists the data of 62 clinical trials of some major drugs and biologicals published from January
2017 to December 2019, revealing both encouraging and not-so-encouraging outcomes.

3.3. Ongoing Clinical Trials

Currently, there are several ongoing clinical trials of various candidates at different stages of
clinical development. Supplementary Table S1 includes a comprehensive list of therapeutic agents, the
mechanism of action, clinical trial phase, estimated completion date, and the clinical trial identifier for
286 ongoing clinical trials summarized from www.clinicaltrials.gov.

4. Novel Therapies

A common setback with chemotherapy is that it induces severe side effects such as nausea,
vomiting, hair loss, and a weakened immune system. Therefore, studies have been conducted to look
for alternate therapies. Listed below are few novel therapies that have been emerging for the treatment
of glioblastoma.

4.1. Laser Interstitial Thermal Therapy (LITT)

When surgical removal of a tumor is unsuitable, LITT offers treatment in glioblastoma patients
by destroying the tumor cells with localized elevated temperature [145]. Thermal therapy can
also be achieved using radiofrequency, ultrasound, microwave, and magnetic nanoparticle (MNP)
treatments [146]. However, laser-induced thermotherapy offers the advantage of minimal invasiveness.
Studies have found that MRI-guided LITT is safe [145] and can also disrupt peritumoral blood–brain
barrier (BBB) for therapeutic permeability [147]; however, it should be used with caution. Most patients
can be discharged within 24 h of post operation [148]. A study of a small group of patients has observed
the efficacy of LITT in recurrent glioblastoma as an alternative to surgery [149]. Retrospective analysis
also found that LITT enhances the PFS of difficult-to-access high-grade gliomas [150]. However,
comprehensive studies are needed to be performed to establish LITT as a substitute to standard surgical
removal of the tumor. Currently, there are several clinical trials (NCT02880410, NCT03022578) ongoing
both in newly diagnosed and recurrent glioblastoma as well as in combination with chemotherapy
(NCT03341806, NCT03277638).

4.2. Tumor Treating Fields (TTFields)

TTFields is a technology which creates alternating electric fields of low-intensity (1–3 V/cm) and
intermediate frequency (100–300 KHz), interrupting the prolific cell division of cancerous cells and
leaving the quiescent and non-dividing cells in the human body unaffected [151]. Optune®, a device
made by Novocure, is the commercial example of TTFields. It was approved by the FDA for the
treatment of recurrent and newly diagnosed, supratentorial, and histologically confirmed glioblastomas
in 2011 and 2015, respectively. For recurrent glioblastomas, it is intended to be used as monotherapy
while for newly diagnosed glioblastomas it is used along with adjuvant chemotherapy [81,152,153]. The
device is patient-operated and mounted on the shaved scalp with the support of an insulated transducer
array [152]. Results from randomized clinical trials demonstrate that incorporation of TTFields along
with adjuvant TMZ chemotherapy significantly increases OS (20.9 months vs. 16.0 months) and PFS
(6.7 months vs. 4.0 months) without any serious negative impact other than itchy skin with respect to
patient health-related quality of life [154,155]. With fewer side effects, TTFields is likely to be of benefit
to patients; however, its use is limited because of the high cost of the technology [152]. Currently, there
are several ongoing clinical trials (NCT01925573, NCT03780569) in combination with chemotherapy
for new and recurrent glioblastomas.

www.clinicaltrials.gov
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4.3. Immunotherapy

Immunotherapy selectively targets and kills tumor cells. There are numerous strategies towards
the development of an immune response such as immune checkpoint inhibitors (CPIs), oncolytic virus
therapy, vaccine therapies, modified T cell therapies, and gene therapies [156,157]. These are cell-based
and non-cell-based therapies which are categorized as active or passive immunotherapy, grounded on
their mechanism of actions [157]. Discussed below are the different types of immunotherapy.

4.3.1. Immune Checkpoint Inhibitors

Inspired from the results in treating other cancers and with the capability to cross BBB, CPIs
such as nivolumab, pembrolizumab, durvalumab, atezolizumab, and pidilizumab have been under
investigation against recurrent glioblastomas. Although the results from preliminary clinical trials are
not very exciting, significant efforts are ongoing to develop CPIs both as monotherapy and combination
therapy [158,159].

4.3.2. T-Cell Therapy

T cell therapy has been demonstrated as a promising and emerging therapeutic strategy against
glioblastomas, where T cells are engineered to express chimeric antigen receptors (CARs). Unlike
hematologic malignancies, there is no FDA-approved T cell therapy for glioblastoma. Recent studies on
CAR T cells have been focused on targeting EphA2, EGFR, CD70, HER2, and IL-13Rα (Interleukin-13
receptor α) [158,160]. Because of extensive tumor heterogeneity, T cell therapy is intended as a
combination therapy instead of a single therapy for the treatment of glioblastomas [158].

4.3.3. Viral Therapy

This is considered the part of immunotherapy in which an immunogenic oncolytic virus exerts its
effect in a variety of mechanisms which include direct oncolysis, virus-induced anti-tumor immunity,
immunoregulatory inserts, etc. [161]. Due to the highly immunosuppressive nature of the glioblastoma
tumor, the immunostimulatory effect of oncolytic viruses has become the concentration of current
design of viral therapy [158]. Results from clinical trials demonstrate that the combination treatments
of viral therapy with immunotherapy, radiotherapy, or chemotherapy result in better patient outcomes.
Although there is currently no FDA-approved viral construct for the treatment of glioblastomas, many
studies are ongoing at different stages of clinical trials, both as monotherapy and multimodal therapy.
Eleven of the current ongoing clinical trials based on viral therapy are mentioned in Supplementary
Table S1 (labeled with superscripts 12, 13, 14, 56, 79, 87, 103, 116, 117, 145, and 179). The current status
of oncolytic viral therapy has been reviewed by Martikainen and Essand [161].

4.3.4. Vaccine Therapy

Vaccines in glioblastoma are not preventive but considered as a form of active immunotherapy
that can stimulate and adapt immune responses against tumor-associated antigens [162]. They are
cell-based, for example patient-derived dendritic cells and autologous tumor cell vaccines, and/or
non cell-based, for example peptide and heat shock protein vaccines. Peptide vaccines are specifically
engineered peptide sequences that induce targeted immunity against major histocompatibility complex
bound tumor associated antigens. They are co-administered with an immunostimulant adjuvant for
antigen cross-presentation. Other versions of the vaccine therapy are heat shock protein vaccines,
which are designed to create a highly specific antitumor inflammatory response. Autologous tumor
cell vaccines are a technique where cytotoxic T lymphocytes are induced in patient-derived tumor cells
and reintroduced to the patient in order to create an antitumor immune response [163]. Dendritic cell
vaccines are the final variation of vaccine therapy. Dendritic cells are antigen-representing cells that
are extracted from the patient, cultured, loaded with glioma cell antigens, and reintroduced to the
patient, thus activating the CD8+ and CD4+ T cells, resulting in tumor cell death [156]. Vaccines as
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immunotherapy provide high specificity and low toxicity. Some of the current ongoing clinical trials
based on vaccine therapy are provided in Supplementary Table S1 (labeled with superscripts 105, 113,
114, 119, 140, 144, and 224). The summary of recent studies from clinical trials can be found in the
corresponding references [158,162,164].

5. Conclusions

Tumor heterogeneity, patient-to-patient variability, and different stages of disease progression
at the time of diagnosis foster complexity in the treatment of glioblastoma. While there are a few
FDA-approved multimodal-approach treatments for glioblastoma, survival is still poor in the majority
of the patients. As discussed in this manuscript, exploration for understanding the molecular-level
information on the mechanistics of neoplasms has led to the design of multiple new compounds
which are now under investigation at different stages of clinical development. Based on the ongoing
clinical trials discussed here, new treatment options are likely to evolve in coming years. In addition,
extensive research is ongoing to develop other novel strategies to better combat the disease. Ultimately,
the overall goal is to lessen patient suffering by providing a better standard of life and increasing
overall survival.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/937/s1,
Table S1: Ongoing clinical trials of targeted therapeutic agents summarized from www.clinicaltrials.gov. The
details are collected from corresponding clinical trials and www.cancer.gov. The superscript numbers are unique
for the therapeutic agents listed in Table S1 and are used to identify an agent in case of repeated presence in the
table. They are unrelated to the superscript numbering used in Table 2.

Author Contributions: V.R. and M.M.I. contributed equally in the manuscript writing. S.P.M. contributed to the
original conceptualization of the manuscript. Several authors were instrumental in preparing the manuscript. V.R.
wrote Section 1. V.R., M.Y., and R.S. wrote Section 2. M.M.I. wrote Section 3. M.M.I. and H.M.R. wrote Section 4.
M.M.I. and V.R. wrote the abstract and Section 5. S.P.M. supervised the writing, critically reviewed the document,
and amended the final manuscript. All authors read and approved the final manuscript.

Funding: This project was funded by the University of Wisconsin-Milwaukee, Research Growth Initiative (UWM
grant number 101x394).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical
Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in
2011-2015. Neuro Oncol. 2018, 20, iv1–iv86. [CrossRef] [PubMed]

2. Anjum, K.; Shagufta, B.I.; Abbas, S.Q.; Patel, S.; Khan, I.; Shah, S.A.A.; Akhter, N.; Hassan, S.S.U. Current
status and future therapeutic perspectives of glioblastoma multiforme (GBM) therapy: A review. Biomed.
Pharmacother. 2017, 92, 681–689. [CrossRef]

3. Ferguson, S.; Lesniak, M.S. Percival Bailey and the classification of brain tumors. Neurosurg. Focus 2005,
18, e7. [CrossRef]

4. Zulch, K.J.; Wechsler, W. Pathology and Classification of Gliomas. In Progress in Neurological Surgery; Karger
Publisher: Basel, Switzerland, 1968; Volume 2, pp. 1–84.

5. Louis, D.N.; Perry, A.; Burger, P.; Ellison, D.W.; Reifenberger, G.; von Deimling, A.; Aldape, K.; Brat, D.;
Collins, V.P.; Eberhart, C.; et al. International Society Of Neuropathology–Haarlem consensus guidelines for
nervous system tumor classification and grading. Brain Pathol. 2014, 24, 429–435. [CrossRef] [PubMed]

6. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of
the Central Nervous System: A summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

7. Huang, J.; Campian, J.L.; Gujar, A.D.; Tsien, C.; Ansstas, G.; Tran, D.D.; DeWees, T.A.; Lockhart, A.C.;
Kim, A.H. Final results of a phase I dose-escalation, dose-expansion study of adding disulfiram with or
without copper to adjuvant temozolomide for newly diagnosed glioblastoma. J. Neurooncol. 2018, 138,
105–111. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6694/12/4/937/s1
www.clinicaltrials.gov
www.cancer.gov
http://dx.doi.org/10.1093/neuonc/noy131
http://www.ncbi.nlm.nih.gov/pubmed/30445539
http://dx.doi.org/10.1016/j.biopha.2017.05.125
http://dx.doi.org/10.3171/foc.2005.18.4.8
http://dx.doi.org/10.1111/bpa.12171
http://www.ncbi.nlm.nih.gov/pubmed/24990071
http://dx.doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://dx.doi.org/10.1007/s11060-018-2775-y
http://www.ncbi.nlm.nih.gov/pubmed/29374809


Cancers 2020, 12, 937 20 of 28

8. Cancer, I.A.f.R.o. WHO Classification of Tumours of the Central Nervous System; WTO: Geneva, Switzerland,
2016; Volume 1.

9. Stöppler, M.C.; Shiel, W.C.; Credo Reference (Firm); WebMD (Firm). Webster’s New World Medical Dictionary,
3rd ed.; redo Reference: Boston, MA, USA; Wiley: Hoboken, NJ, USA, 2014; p. 1.

10. Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol.
2018, 15, 81–94. [CrossRef]

11. Yamaguchi, S.; Kobayashi, H.; Terasaka, S.; Ishii, N.; Ikeda, J.; Kanno, H.; Nishihara, H.; Tanaka, S.; Houkin, K.
The impact of extent of resection and histological subtype on the outcome of adult patients with high-grade
gliomas. Jpn. J. Clin. Oncol. 2012, 42, 270–277. [CrossRef]

12. Wrensch, M.; Minn, Y.; Chew, T.; Bondy, M.; Berger, M.S. Epidemiology of primary brain tumors: Current
concepts and review of the literature. Neuro Oncol. 2002, 4, 278–299. [CrossRef]

13. Preusser, M.; de Ribaupierre, S.; Wohrer, A.; Erridge, S.C.; Hegi, M.; Weller, M.; Stupp, R. Current concepts
and management of glioblastoma. Ann. Neurol. 2011, 70, 9–21. [CrossRef]

14. Aoki, T.; Hashimoto, N.; Matsutani, M. Management of glioblastoma. Expert Opin. Pharmacother. 2007, 8,
3133–3146. [CrossRef] [PubMed]

15. Sanai, N.; Berger, M.S. Recent surgical management of gliomas. Adv. Exp. Med. Biol. 2012, 746, 12–25.
[CrossRef] [PubMed]

16. Young, R.M.; Jamshidi, A.; Davis, G.; Sherman, J.H. Current trends in the surgical management and treatment
of adult glioblastoma. Ann. Transl. Med. 2015, 3, 121. [CrossRef] [PubMed]

17. Ryken, T.C.; Frankel, B.; Julien, T.; Olson, J.J. Surgical management of newly diagnosed glioblastoma in
adults: Role of cytoreductive surgery. J. Neurooncol. 2008, 89, 271–286. [CrossRef]

18. Barbagallo, G.M.; Jenkinson, M.D.; Brodbelt, A.R. ’Recurrent’ glioblastoma multiforme, when should we
reoperate? Br. J. Neurosurg. 2008, 22, 452–455. [CrossRef]

19. Cabrera, A.R.; Kirkpatrick, J.P.; Fiveash, J.B.; Shih, H.A.; Koay, E.J.; Lutz, S.; Petit, J.; Chao, S.T.; Brown, P.D.;
Vogelbaum, M.; et al. Radiation therapy for glioblastoma: Executive summary of an American Society for
Radiation Oncology Evidence-Based Clinical Practice Guideline. Pract. Radiat. Oncol. 2016, 6, 217–225.
[CrossRef]

20. Minniti, G.; Filippi, A.R.; Osti, M.F.; Ricardi, U. Radiation therapy for older patients with brain tumors.
Radiat. Oncol. 2017, 12, 101. [CrossRef]

21. Mann, J.; Ramakrishna, R.; Magge, R.; Wernicke, A.G. Advances in Radiotherapy for Glioblastoma. Front.
Neurol. 2017, 8, 748. [CrossRef]

22. Corso, C.D.; Bindra, R.S.; Mehta, M.P. The role of radiation in treating glioblastoma: Here to stay. J. Neurooncol.
2017, 134, 479–485. [CrossRef]

23. Fedoy, A.E.; Yang, N.; Martinez, A.; Leiros, H.K.; Steen, I.H. Structural and functional properties of isocitrate
dehydrogenase from the psychrophilic bacterium Desulfotalea psychrophila reveal a cold-active enzyme
with an unusual high thermal stability. J. Mol. Biol. 2007, 372, 130–149. [CrossRef]

24. Kaminska, B.; Czapski, B.; Guzik, R.; Krol, S.K.; Gielniewski, B. Consequences of IDH1/2 Mutations in
Gliomas and an Assessment of Inhibitors Targeting Mutated IDH Proteins. Molecules 2019, 24, 968. [CrossRef]
[PubMed]

25. Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter, H.; Siu, I.M.;
Gallia, G.L.; et al. An integrated genomic analysis of human glioblastoma multiforme. Science 2008, 321,
1807–1812. [CrossRef] [PubMed]

26. Cohen, A.L.; Holmen, S.L.; Colman, H. IDH1 and IDH2 mutations in gliomas. Curr. Neurol. Neurosci. Rep.
2013, 13, 345. [CrossRef] [PubMed]

27. Turkalp, Z.; Karamchandani, J.; Das, S. IDH mutation in glioma: New insights and promises for the future.
JAMA Neurol. 2014, 71, 1319–1325. [CrossRef]

28. Popovici-Muller, J.; Lemieux, R.M.; Artin, E.; Saunders, J.O.; Salituro, F.G.; Travins, J.; Cianchetta, G.; Cai, Z.;
Zhou, D.; Cui, D.; et al. Discovery of AG-120 (Ivosidenib): A First-in-Class Mutant IDH1 Inhibitor for the
Treatment of IDH1 Mutant Cancers. ACS Med. Chem. Lett. 2018, 9, 300–305. [CrossRef]

29. Rohle, D.; Popovici-Muller, J.; Palaskas, N.; Turcan, S.; Grommes, C.; Campos, C.; Tsoi, J.; Clark, O.; Oldrini, B.;
Komisopoulou, E.; et al. An inhibitor of mutant IDH1 delays growth and promotes differentiation of glioma
cells. Science 2013, 340, 626–630. [CrossRef]

http://dx.doi.org/10.1038/nrclinonc.2017.166
http://dx.doi.org/10.1093/jjco/hys016
http://dx.doi.org/10.1093/neuonc/4.4.278
http://dx.doi.org/10.1002/ana.22425
http://dx.doi.org/10.1517/14656566.8.18.3133
http://www.ncbi.nlm.nih.gov/pubmed/18035958
http://dx.doi.org/10.1007/978-1-4614-3146-6_2
http://www.ncbi.nlm.nih.gov/pubmed/22639156
http://dx.doi.org/10.3978/j.issn.2305-5839.2015.05.10
http://www.ncbi.nlm.nih.gov/pubmed/26207249
http://dx.doi.org/10.1007/s11060-008-9614-5
http://dx.doi.org/10.1080/02688690802182256
http://dx.doi.org/10.1016/j.prro.2016.03.007
http://dx.doi.org/10.1186/s13014-017-0841-9
http://dx.doi.org/10.3389/fneur.2017.00748
http://dx.doi.org/10.1007/s11060-016-2348-x
http://dx.doi.org/10.1016/j.jmb.2007.06.040
http://dx.doi.org/10.3390/molecules24050968
http://www.ncbi.nlm.nih.gov/pubmed/30857299
http://dx.doi.org/10.1126/science.1164382
http://www.ncbi.nlm.nih.gov/pubmed/18772396
http://dx.doi.org/10.1007/s11910-013-0345-4
http://www.ncbi.nlm.nih.gov/pubmed/23532369
http://dx.doi.org/10.1001/jamaneurol.2014.1205
http://dx.doi.org/10.1021/acsmedchemlett.7b00421
http://dx.doi.org/10.1126/science.1236062


Cancers 2020, 12, 937 21 of 28

30. Huang, J.; Yu, J.; Tu, L.; Huang, N.; Li, H.; Luo, Y. Isocitrate Dehydrogenase Mutations in Glioma: From Basic
Discovery to Therapeutics Development. Front. Oncol. 2019, 9, 506. [CrossRef]

31. Lino, M.M.; Merlo, A.; Boulay, J.L. Notch signaling in glioblastoma: A developmental drug target? BMC
Med. 2010, 8, 72. [CrossRef]

32. Yan, D.; Hao, C.; Xiao-Feng, L.; Yu-Chen, L.; Yu-Bin, F.; Lei, Z. Molecular mechanism of Notch signaling with
special emphasis on microRNAs: Implications for glioma. J. Cell. Physiol. 2018, 234, 158–170. [CrossRef]

33. Fan, X.; Khaki, L.; Zhu, T.S.; Soules, M.E.; Talsma, C.E.; Gul, N.; Koh, C.; Zhang, J.; Li, Y.M.; Maciaczyk, J.; et al.
NOTCH pathway blockade depletes CD133-positive glioblastoma cells and inhibits growth of tumor
neurospheres and xenografts. Stem Cells 2010, 28, 5–16. [CrossRef]

34. Bazzoni, R.; Bentivegna, A. Role of Notch Signaling Pathway in Glioblastoma Pathogenesis. Cancers (Basel)
2019, 11, 292. [CrossRef] [PubMed]

35. Ying, M.; Wang, S.; Sang, Y.; Sun, P.; Lal, B.; Goodwin, C.R.; Guerrero-Cazares, H.; Quinones-Hinojosa, A.;
Laterra, J.; Xia, S. Regulation of glioblastoma stem cells by retinoic acid: Role for Notch pathway inhibition.
Oncogene 2011, 30, 3454–3467. [CrossRef] [PubMed]

36. Hovinga, K.E.; Shimizu, F.; Wang, R.; Panagiotakos, G.; Van Der Heijden, M.; Moayedpardazi, H.; Correia, A.S.;
Soulet, D.; Major, T.; Menon, J.; et al. Inhibition of notch signaling in glioblastoma targets cancer stem cells
via an endothelial cell intermediate. Stem Cells 2010, 28, 1019–1029. [CrossRef] [PubMed]

37. Morad, S.A.; Cabot, M.C. Ceramide-orchestrated signalling in cancer cells. Nat. Rev. Cancer 2013, 13, 51–65.
[CrossRef]

38. Doan, N.B.; Nguyen, H.S.; Al-Gizawiy, M.M.; Mueller, W.M.; Sabbadini, R.A.; Rand, S.D.; Connelly, J.M.;
Chitambar, C.R.; Schmainda, K.M.; Mirza, S.P. Acid ceramidase confers radioresistance to glioblastoma cells.
Oncol. Rep. 2017, 38, 1932–1940. [CrossRef]

39. Nguyen, H.S.; Awad, A.J.; Shabani, S.; Doan, N. Molecular Targeting of Acid Ceramidase in Glioblastoma: A
Review of Its Role, Potential Treatment, and Challenges. Pharmaceutics 2018, 10, 45. [CrossRef]

40. Doan, N.B.; Alhajala, H.; Al-Gizawiy, M.M.; Mueller, W.M.; Rand, S.D.; Connelly, J.M.; Cochran, E.J.;
Chitambar, C.R.; Clark, P.; Kuo, J.; et al. Acid ceramidase and its inhibitors: A de novo drug target and
a new class of drugs for killing glioblastoma cancer stem cells with high efficiency. Oncotarget 2017, 8,
112662–112674. [CrossRef]

41. Doan, N.B.; Nguyen, H.S.; Montoure, A.; Al-Gizawiy, M.M.; Mueller, W.M.; Kurpad, S.; Rand, S.D.;
Connelly, J.M.; Chitambar, C.R.; Schmainda, K.M.; et al. Acid ceramidase is a novel drug target for pediatric
brain tumors. Oncotarget 2017, 8, 24753–24761. [CrossRef]

42. Alifieris, C.; Trafalis, D.T. Glioblastoma multiforme: Pathogenesis and treatment. Pharmacol. Ther. 2015, 152,
63–82. [CrossRef]

43. Wick, W.; Weller, M.; Weiler, M.; Batchelor, T.; Yung, A.W.; Platten, M. Pathway inhibition: Emerging
molecular targets for treating glioblastoma. Neuro Oncol. 2011, 13, 566–579. [CrossRef]

44. Zirlik, K.; Duyster, J. Anti-Angiogenics: Current Situation and Future Perspectives. Oncol. Res. Treat. 2018,
41, 166–171. [CrossRef] [PubMed]

45. Okuda, T.; Tasaki, T.; Nakata, S.; Yamashita, K.; Yoshioka, H.; Izumoto, S.; Kato, A.; Fujita, M. Efficacy of
Combination Therapy with MET and VEGF Inhibitors for MET-overexpressing Glioblastoma. Anticancer Res.
2017, 37, 3871–3876. [CrossRef]

46. Weathers, S.P.; de Groot, J. VEGF Manipulation in Glioblastoma. Oncology (Williston Park) 2015, 29, 720–727.
[PubMed]

47. Liu, T.; Ma, W.; Xu, H.; Huang, M.; Zhang, D.; He, Z.; Zhang, L.; Brem, S.; O’Rourke, D.M.; Gong, Y.; et al.
PDGF-mediated mesenchymal transformation renders endothelial resistance to anti-VEGF treatment in
glioblastoma. Nat. Commun. 2018, 9, 3439. [CrossRef] [PubMed]

48. Mischel, P.S.; Cloughesy, T.F. Targeted molecular therapy of GBM. Brain Pathol. 2003, 13, 52–61. [CrossRef]
49. Shih, A.H.; Holland, E.C. Platelet-derived growth factor (PDGF) and glial tumorigenesis. Cancer Lett. 2006,

232, 139–147. [CrossRef]
50. Heldin, C.H. Targeting the PDGF signaling pathway in tumor treatment. Cell Commun. Signal. 2013, 11, 97.

[CrossRef]
51. Cantanhede, I.G.; de Oliveira, J.R.M. PDGF Family Expression in Glioblastoma Multiforme: Data Compilation

from Ivy Glioblastoma Atlas Project Database. Sci. Rep. 2017, 7, 15271. [CrossRef]

http://dx.doi.org/10.3389/fonc.2019.00506
http://dx.doi.org/10.1186/1741-7015-8-72
http://dx.doi.org/10.1002/jcp.26775
http://dx.doi.org/10.1002/stem.254
http://dx.doi.org/10.3390/cancers11030292
http://www.ncbi.nlm.nih.gov/pubmed/30832246
http://dx.doi.org/10.1038/onc.2011.58
http://www.ncbi.nlm.nih.gov/pubmed/21383690
http://dx.doi.org/10.1002/stem.429
http://www.ncbi.nlm.nih.gov/pubmed/20506127
http://dx.doi.org/10.1038/nrc3398
http://dx.doi.org/10.3892/or.2017.5855
http://dx.doi.org/10.3390/pharmaceutics10020045
http://dx.doi.org/10.18632/oncotarget.22637
http://dx.doi.org/10.18632/oncotarget.15800
http://dx.doi.org/10.1016/j.pharmthera.2015.05.005
http://dx.doi.org/10.1093/neuonc/nor039
http://dx.doi.org/10.1159/000488087
http://www.ncbi.nlm.nih.gov/pubmed/29562226
http://dx.doi.org/10.21873/anticanres.11767
http://www.ncbi.nlm.nih.gov/pubmed/26470893
http://dx.doi.org/10.1038/s41467-018-05982-z
http://www.ncbi.nlm.nih.gov/pubmed/30150753
http://dx.doi.org/10.1111/j.1750-3639.2003.tb00006.x
http://dx.doi.org/10.1016/j.canlet.2005.02.002
http://dx.doi.org/10.1186/1478-811X-11-97
http://dx.doi.org/10.1038/s41598-017-15045-w


Cancers 2020, 12, 937 22 of 28

52. Westermark, B. Platelet-derived growth factor in glioblastoma-driver or biomarker? Ups. J. Med. Sci. 2014,
119, 298–305. [CrossRef]

53. Popescu, A.M.; Alexandru, O.; Brindusa, C.; Purcaru, S.O.; Tache, D.E.; Tataranu, L.G.; Taisescu, C.; Dricu, A.
Targeting the VEGF and PDGF signaling pathway in glioblastoma treatment. Int. J. Clin. Exp. Pathol. 2015, 8,
7825–7837.

54. Hong, J.D.; Wang, X.; Peng, Y.P.; Peng, J.H.; Wang, J.; Dong, Y.P.; He, D.; Peng, Z.Z.; Tu, Q.S.; Sheng, L.F.; et al.
Silencing platelet-derived growth factor receptor-beta enhances the radiosensitivity of C6 glioma cells in vitro
and in vivo. Oncol. Lett. 2017, 14, 329–336. [CrossRef] [PubMed]

55. Cenciarelli, C.; Marei, H.E.; Zonfrillo, M.; Pierimarchi, P.; Paldino, E.; Casalbore, P.; Felsani, A.; Vescovi, A.L.;
Maira, G.; Mangiola, A. PDGF receptor alpha inhibition induces apoptosis in glioblastoma cancer stem cells
refractory to anti-Notch and anti-EGFR treatment. Mol. Cancer 2014, 13, 247. [CrossRef] [PubMed]

56. Ohgaki, H.; Kleihues, P. Genetic pathways to primary and secondary glioblastoma. Am. J. Pathol. 2007, 170,
1445–1453. [CrossRef] [PubMed]

57. Watanabe, K.; Tachibana, O.; Sata, K.; Yonekawa, Y.; Kleihues, P.; Ohgaki, H. Overexpression of the EGF
receptor and p53 mutations are mutually exclusive in the evolution of primary and secondary glioblastomas.
Brain Pathol. 1996, 6, 217–223, discussion 223–214. [CrossRef]

58. Kraus, J.A.; Felsberg, J.; Tonn, J.C.; Reifenberger, G.; Pietsch, T. Molecular genetic analysis of the TP53, PTEN,
CDKN2A, EGFR, CDK4 and MDM2 tumour-associated genes in supratentorial primitive neuroectodermal
tumours and glioblastomas of childhood. Neuropathol. Appl. Neurobiol. 2002, 28, 325–333. [CrossRef]

59. Ohgaki, H.; Dessen, P.; Jourde, B.; Horstmann, S.; Nishikawa, T.; Di Patre, P.L.; Burkhard, C.; Schuler, D.;
Probst-Hensch, N.M.; Maiorka, P.C.; et al. Genetic pathways to glioblastoma: A population-based study.
Cancer Res. 2004, 64, 6892–6899. [CrossRef]

60. Westphal, M.; Maire, C.L.; Lamszus, K. EGFR as a Target for Glioblastoma Treatment: An Unfulfilled Promise.
CNS Drugs 2017, 31, 723–735. [CrossRef]

61. Felsberg, J.; Hentschel, B.; Kaulich, K.; Gramatzki, D.; Zacher, A.; Malzkorn, B.; Kamp, M.; Sabel, M.;
Simon, M.; Westphal, M.; et al. Epidermal Growth Factor Receptor Variant III (EGFRvIII) Positivity in
EGFR-Amplified Glioblastomas: Prognostic Role and Comparison between Primary and Recurrent Tumors.
Clin. Cancer Res. 2017, 23, 6846–6855. [CrossRef]

62. Halatsch, M.E.; Gehrke, E.E.; Vougioukas, V.I.; Botefur, I.C.; A-Borhani, F.; Efferth, T.; Gebhart, E.; Domhof, S.;
Schmidt, U.; Buchfelder, M. Inverse correlation of epidermal growth factor receptor messenger RNA induction
and suppression of anchorage-independent growth by OSI-774, an epidermal growth factor receptor tyrosine
kinase inhibitor, in glioblastoma multiforme cell lines. J. Neurosurg. 2004, 100, 523–533. [CrossRef]

63. Reardon, D.A.; Groves, M.D.; Wen, P.Y.; Nabors, L.; Mikkelsen, T.; Rosenfeld, S.; Raizer, J.; Barriuso, J.;
McLendon, R.E.; Suttle, A.B.; et al. A phase I/II trial of pazopanib in combination with lapatinib in adult
patients with relapsed malignant glioma. Clin. Cancer Res. 2013, 19, 900–908. [CrossRef]

64. Conciatori, F.; Bazzichetto, C.; Falcone, I.; Pilotto, S.; Bria, E.; Cognetti, F.; Milella, M.; Ciuffreda, L. Role of
mTOR Signaling in Tumor Microenvironment: An Overview. Int. J. Mol. Sci. 2018, 19, 2453. [CrossRef]
[PubMed]

65. Mecca, C.; Giambanco, I.; Donato, R.; Arcuri, C. Targeting mTOR in Glioblastoma: Rationale and
Preclinical/Clinical Evidence. Dis. Markers 2018, 2018, 9230479. [CrossRef] [PubMed]

66. Carballo, G.B.; Honorato, J.R.; de Lopes, G.P.F.; Spohr, T. A highlight on Sonic hedgehog pathway. Cell
Commun. Signal. 2018, 16, 11. [CrossRef] [PubMed]

67. Mantamadiotis, T. Towards Targeting PI3K-Dependent Regulation of Gene Expression in Brain Cancer.
Cancers (Basel) 2017, 9, 60. [CrossRef]

68. Lino, M.M.; Merlo, A. PI3Kinase signaling in glioblastoma. J. Neurooncol. 2011, 103, 417–427. [CrossRef]
69. Janbazian, L.; Karamchandani, J.; Das, S. Mouse models of glioblastoma: Lessons learned and questions to

be answered. J. Neurooncol. 2014, 118, 1–8. [CrossRef]
70. Romano, C.; Schepis, C. PTEN gene: A model for genetic diseases in dermatology. ScientificWorldJournal

2012, 2012, 252457. [CrossRef]
71. Lester, A.; Rapkins, R.; Nixdorf, S.; Khasraw, M.; McDonald, K. Combining PARP inhibitors with radiation

therapy for the treatment of glioblastoma: Is PTEN predictive of response? Clin. Transl. Oncol. 2017, 19,
273–278. [CrossRef]

http://dx.doi.org/10.3109/03009734.2014.970304
http://dx.doi.org/10.3892/ol.2017.6143
http://www.ncbi.nlm.nih.gov/pubmed/28693172
http://dx.doi.org/10.1186/1476-4598-13-247
http://www.ncbi.nlm.nih.gov/pubmed/25380967
http://dx.doi.org/10.2353/ajpath.2007.070011
http://www.ncbi.nlm.nih.gov/pubmed/17456751
http://dx.doi.org/10.1111/j.1750-3639.1996.tb00848.x
http://dx.doi.org/10.1046/j.1365-2990.2002.00413.x
http://dx.doi.org/10.1158/0008-5472.CAN-04-1337
http://dx.doi.org/10.1007/s40263-017-0456-6
http://dx.doi.org/10.1158/1078-0432.CCR-17-0890
http://dx.doi.org/10.3171/jns.2004.100.3.0523
http://dx.doi.org/10.1158/1078-0432.CCR-12-1707
http://dx.doi.org/10.3390/ijms19082453
http://www.ncbi.nlm.nih.gov/pubmed/30126252
http://dx.doi.org/10.1155/2018/9230479
http://www.ncbi.nlm.nih.gov/pubmed/30662577
http://dx.doi.org/10.1186/s12964-018-0220-7
http://www.ncbi.nlm.nih.gov/pubmed/29558958
http://dx.doi.org/10.3390/cancers9060060
http://dx.doi.org/10.1007/s11060-010-0442-z
http://dx.doi.org/10.1007/s11060-014-1401-x
http://dx.doi.org/10.1100/2012/252457
http://dx.doi.org/10.1007/s12094-016-1547-4


Cancers 2020, 12, 937 23 of 28

72. Valdes-Rives, S.A.; Casique-Aguirre, D.; German-Castelan, L.; Velasco-Velazquez, M.A.; Gonzalez-Arenas, A.
Apoptotic Signaling Pathways in Glioblastoma and Therapeutic Implications. Biomed. Res. Int. 2017, 2017,
7403747. [CrossRef]

73. Hill, V.K.; Kim, J.S.; James, C.D.; Waldman, T. Correction of PTEN mutations in glioblastoma cell lines via
AAV-mediated gene editing. PLoS ONE 2017, 12, e0176683. [CrossRef]

74. Liu, Y.; Liu, X.; Chen, L.; Du, W.; Cui, Y.; Piao, X.; Li, Y.; Jiang, C. Targeting glioma stem cells via the Hedgehog
signaling pathway. Neuroimmunol. Neuroinflammation 2014, 1, 9. [CrossRef]

75. Takezaki, T.; Hide, T.; Takanaga, H.; Nakamura, H.; Kuratsu, J.; Kondo, T. Essential role of the Hedgehog
signaling pathway in human glioma-initiating cells. Cancer Sci. 2011, 102, 1306–1312. [CrossRef] [PubMed]

76. Rimkus, T.K.; Carpenter, R.L.; Qasem, S.; Chan, M.; Lo, H.W. Targeting the Sonic Hedgehog Signaling
Pathway: Review of Smoothened and GLI Inhibitors. Cancers (Basel) 2016, 8, 22. [CrossRef]

77. Nanta, R.; Shrivastava, A.; Sharma, J.; Shankar, S.; Srivastava, R.K. Inhibition of sonic hedgehog and
PI3K/Akt/mTOR pathways cooperate in suppressing survival, self-renewal and tumorigenic potential of
glioblastoma-initiating cells. Mol. Cell. Biochem. 2019, 454, 11–23. [CrossRef] [PubMed]

78. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.;
Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N. Engl. J. Med. 2005, 352, 987–996. [CrossRef] [PubMed]

79. Cohen, M.H.; Shen, Y.L.; Keegan, P.; Pazdur, R. FDA drug approval summary: Bevacizumab (Avastin) as
treatment of recurrent glioblastoma multiforme. Oncologist 2009, 14, 1131–1138. [CrossRef]

80. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.;
Fisher, B.; Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the
EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466. [CrossRef]

81. Davis, M.E. Glioblastoma: Overview of Disease and Treatment. Clin. J. Oncol. Nurs. 2016, 20, S2–S8.
[CrossRef] [PubMed]

82. Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.;
Chakravarti, A.; Pugh, S.; Won, M.; et al. A randomized trial of bevacizumab for newly diagnosed
glioblastoma. N. Engl. J. Med. 2014, 370, 699–708. [CrossRef]

83. Chowdhary, S.A.; Ryken, T.; Newton, H.B. Survival outcomes and safety of carmustine wafers in the
treatment of high-grade gliomas: A meta-analysis. J. Neurooncol. 2015, 122, 367–382. [CrossRef]

84. Song, A.; Andrews, D.W.; Werner-Wasik, M.; Kim, L.; Glass, J.; Bar-Ad, V.; Evans, J.J.; Farrell, C.J.; Judy, K.D.;
Daskalakis, C.; et al. Phase I trial of alisertib with concurrent fractionated stereotactic re-irradiation for
recurrent high grade gliomas. Radiother. Oncol 2019, 132, 135–141. [CrossRef]

85. Herrlinger, U.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Sabel, M.; Hau, P.; Kortmann, R.D.; Krex, D.;
Grauer, O.; et al. Lomustine-temozolomide combination therapy versus standard temozolomide therapy
in patients with newly diagnosed glioblastoma with methylated MGMT promoter (CeTeG/NOA-09): A
randomised, open-label, phase 3 trial. Lancet 2019, 393, 678–688. [CrossRef]

86. Huang, J.; Chaudhary, R.; Cohen, A.L.; Fink, K.; Goldlust, S.; Boockvar, J.; Chinnaiyan, P.; Wan, L.; Marcus, S.;
Campian, J.L. A multicenter phase II study of temozolomide plus disulfiram and copper for recurrent
temozolomide-resistant glioblastoma. J. Neurooncol. 2019, 142, 537–544. [CrossRef] [PubMed]

87. Silvani, A.; De Simone, I.; Fregoni, V.; Biagioli, E.; Marchioni, E.; Caroli, M.; Salmaggi, A.; Pace, A.; Torri, V.;
Gaviani, P.; et al. Multicenter, single arm, phase II trial on the efficacy of ortataxel in recurrent glioblastoma.
J. Neurooncol. 2019, 142, 455–462. [CrossRef] [PubMed]

88. Wen, P.Y.; Touat, M.; Alexander, B.M.; Mellinghoff, I.K.; Ramkissoon, S.; McCluskey, C.S.; Pelton, K.;
Haidar, S.; Basu, S.S.; Gaffey, S.C.; et al. Buparlisib in Patients With Recurrent Glioblastoma Harboring
Phosphatidylinositol 3-Kinase Pathway Activation: An Open-Label, Multicenter, Multi-Arm, Phase II Trial.
J. Clin. Oncol. 2019, 37, 741–750. [CrossRef] [PubMed]

89. Lombardi, G.; De Salvo, G.L.; Brandes, A.A.; Eoli, M.; Ruda, R.; Faedi, M.; Lolli, I.; Pace, A.; Daniele, B.;
Pasqualetti, F.; et al. Regorafenib compared with lomustine in patients with relapsed glioblastoma (REGOMA):
A multicentre, open-label, randomised, controlled, phase 2 trial. Lancet Oncol. 2019, 20, 110–119. [CrossRef]

http://dx.doi.org/10.1155/2017/7403747
http://dx.doi.org/10.1371/journal.pone.0176683
http://dx.doi.org/10.4103/2347-8659.139715
http://dx.doi.org/10.1111/j.1349-7006.2011.01943.x
http://www.ncbi.nlm.nih.gov/pubmed/21453386
http://dx.doi.org/10.3390/cancers8020022
http://dx.doi.org/10.1007/s11010-018-3448-z
http://www.ncbi.nlm.nih.gov/pubmed/30251117
http://dx.doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1634/theoncologist.2009-0121
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1188/16.CJON.S1.2-8
http://www.ncbi.nlm.nih.gov/pubmed/27668386
http://dx.doi.org/10.1056/NEJMoa1308573
http://dx.doi.org/10.1007/s11060-015-1724-2
http://dx.doi.org/10.1016/j.radonc.2018.12.019
http://dx.doi.org/10.1016/S0140-6736(18)31791-4
http://dx.doi.org/10.1007/s11060-019-03125-y
http://www.ncbi.nlm.nih.gov/pubmed/30771200
http://dx.doi.org/10.1007/s11060-019-03116-z
http://www.ncbi.nlm.nih.gov/pubmed/30726533
http://dx.doi.org/10.1200/JCO.18.01207
http://www.ncbi.nlm.nih.gov/pubmed/30715997
http://dx.doi.org/10.1016/S1470-2045(18)30675-2


Cancers 2020, 12, 937 24 of 28

90. Lieberman, F.S.; Wang, M.; Robins, H.I.; Tsien, C.I.; Curran, W.J., Jr.; Werner-Wasik, M.; Smith, R.P.; Schultz, C.;
Hartford, A.C.; Zhang, P.; et al. Phase 2 Study of Radiation Therapy Plus Low-Dose Temozolomide Followed
by Temozolomide and Irinotecan for Glioblastoma: NRG Oncology RTOG Trial 0420. Int. J. Radiat. Oncol.
Biol. Phys. 2019, 103, 878–886. [CrossRef]

91. Krauze, A.V.; Mackey, M.; Rowe, L.; Chang, M.G.; Holdford, D.J.; Cooley, T.; Shih, J.; Tofilon, P.J.;
Camphausen, K. Late toxicity in long-term survivors from a phase 2 study of concurrent radiation therapy,
temozolomide and valproic acid for newly diagnosed glioblastoma. Neurooncol. Pract. 2018, 5, 246–250.
[CrossRef]

92. Maraka, S.; Groves, M.D.; Mammoser, A.G.; Melguizo-Gavilanes, I.; Conrad, C.A.; Tremont-Lukats, I.W.;
Loghin, M.E.; O’Brien, B.J.; Puduvalli, V.K.; Sulman, E.P.; et al. Phase 1 lead-in to a phase 2 factorial study of
temozolomide plus memantine, mefloquine, and metformin as postradiation adjuvant therapy for newly
diagnosed glioblastoma. Cancer 2019, 125, 424–433. [CrossRef]

93. Brandes, A.A.; Gil-Gil, M.; Saran, F.; Carpentier, A.F.; Nowak, A.K.; Mason, W.; Zagonel, V.; Dubois, F.;
Finocchiaro, G.; Fountzilas, G.; et al. A Randomized Phase II Trial (TAMIGA) Evaluating the Efficacy
and Safety of Continuous Bevacizumab Through Multiple Lines of Treatment for Recurrent Glioblastoma.
Oncologist 2019, 24, 521–528. [CrossRef]

94. Bota, D.A.; Chung, J.; Dandekar, M.; Carrillo, J.A.; Kong, X.T.; Fu, B.D.; Hsu, F.P.; Schonthal, A.H.;
Hofman, F.M.; Chen, T.C.; et al. Phase II study of ERC1671 plus bevacizumab versus bevacizumab plus
placebo in recurrent glioblastoma: Interim results and correlations with CD4(+) T-lymphocyte counts. CNS
Oncol. 2018, 7, CNS22. [CrossRef]

95. Taylor, J.W.; Parikh, M.; Phillips, J.J.; James, C.D.; Molinaro, A.M.; Butowski, N.A.; Clarke, J.L.;
Oberheim-Bush, N.A.; Chang, S.M.; Berger, M.S.; et al. Phase-2 trial of palbociclib in adult patients
with recurrent RB1-positive glioblastoma. J. Neurooncol. 2018, 140, 477–483. [CrossRef] [PubMed]

96. Blakeley, J.O.; Grossman, S.A.; Chi, A.S.; Mikkelsen, T.; Rosenfeld, M.R.; Ahluwalia, M.S.; Nabors, L.B.;
Eichler, A.; Ribas, I.G.; Desideri, S.; et al. Phase II Study of Iniparib with Concurrent Chemoradiation in
Patients with Newly Diagnosed Glioblastoma. Clin. Cancer Res. 2019, 25, 73–79. [CrossRef] [PubMed]

97. Lassman, A.B.; van den Bent, M.J.; Gan, H.K.; Reardon, D.A.; Kumthekar, P.; Butowski, N.; Lwin, Z.;
Mikkelsen, T.; Nabors, L.B.; Papadopoulos, K.P.; et al. Safety and efficacy of depatuxizumab mafodotin +

temozolomide in patients with EGFR-amplified, recurrent glioblastoma: Results from an international phase
I multicenter trial. Neuro Oncol. 2019, 21, 106–114. [CrossRef] [PubMed]

98. Marinelli, A.; Lamberti, G.; Cerbone, L.; Cordua, N.; Buonerba, C.; Peluso, G.; Di Lorenzo, G.; De Placido, S.
High-dose fotemustine in temozolomide-pretreated glioblastoma multiforme patients: A phase I/II trial.
Medicine (Baltimore) 2018, 97, e11254. [CrossRef] [PubMed]

99. Sanai, N.; Li, J.; Boerner, J.; Stark, K.; Wu, J.; Kim, S.; Derogatis, A.; Mehta, S.; Dhruv, H.D.; Heilbrun, L.K.; et al.
Phase 0 Trial of AZD1775 in First-Recurrence Glioblastoma Patients. Clin. Cancer Res. 2018, 24, 3820–3828.
[CrossRef] [PubMed]

100. Kong, X.T.; Nguyen, N.T.; Choi, Y.J.; Zhang, G.; Nguyen, H.N.; Filka, E.; Green, S.; Yong, W.H.; Liau, L.M.;
Green, R.M.; et al. Phase 2 Study of Bortezomib Combined With Temozolomide and Regional Radiation
Therapy for Upfront Treatment of Patients With Newly Diagnosed Glioblastoma Multiforme: Safety and
Efficacy Assessment. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 1195–1203. [CrossRef]

101. Omuro, A.; Beal, K.; McNeill, K.; Young, R.J.; Thomas, A.; Lin, X.; Terziev, R.; Kaley, T.J.; DeAngelis, L.M.;
Daras, M.; et al. Multicenter Phase IB Trial of Carboxyamidotriazole Orotate and Temozolomide for Recurrent
and Newly Diagnosed Glioblastoma and Other Anaplastic Gliomas. J. Clin. Oncol. 2018, 36, 1702–1709.
[CrossRef]

102. Wirsching, H.G.; Tabatabai, G.; Roelcke, U.; Hottinger, A.F.; Jorger, F.; Schmid, A.; Plasswilm, L.; Schrimpf, D.;
Mancao, C.; Capper, D.; et al. Bevacizumab plus hypofractionated radiotherapy versus radiotherapy alone
in elderly patients with glioblastoma: The randomized, open-label, phase II ARTE trial. Ann. Oncol. 2018,
29, 1423–1430. [CrossRef]

103. Wakabayashi, T.; Natsume, A.; Mizusawa, J.; Katayama, H.; Fukuda, H.; Sumi, M.; Nishikawa, R.; Narita, Y.;
Muragaki, Y.; Maruyama, T.; et al. JCOG0911 INTEGRA study: A randomized screening phase II trial of
interferonbeta plus temozolomide in comparison with temozolomide alone for newly diagnosed glioblastoma.
J. Neurooncol. 2018, 138, 627–636. [CrossRef]

http://dx.doi.org/10.1016/j.ijrobp.2018.11.008
http://dx.doi.org/10.1093/nop/npy009
http://dx.doi.org/10.1002/cncr.31811
http://dx.doi.org/10.1634/theoncologist.2018-0290
http://dx.doi.org/10.2217/cns-2018-0009
http://dx.doi.org/10.1007/s11060-018-2977-3
http://www.ncbi.nlm.nih.gov/pubmed/30151703
http://dx.doi.org/10.1158/1078-0432.CCR-18-0110
http://www.ncbi.nlm.nih.gov/pubmed/30131387
http://dx.doi.org/10.1093/neuonc/noy091
http://www.ncbi.nlm.nih.gov/pubmed/29982805
http://dx.doi.org/10.1097/MD.0000000000011254
http://www.ncbi.nlm.nih.gov/pubmed/29979390
http://dx.doi.org/10.1158/1078-0432.CCR-17-3348
http://www.ncbi.nlm.nih.gov/pubmed/29798906
http://dx.doi.org/10.1016/j.ijrobp.2018.01.001
http://dx.doi.org/10.1200/JCO.2017.76.9992
http://dx.doi.org/10.1093/annonc/mdy120
http://dx.doi.org/10.1007/s11060-018-2831-7


Cancers 2020, 12, 937 25 of 28

104. Reyes-Botero, G.; Cartalat-Carel, S.; Chinot, O.L.; Barrie, M.; Taillandier, L.; Beauchesne, P.; Catry-Thomas, I.;
Barriere, J.; Guillamo, J.S.; Fabbro, M.; et al. Temozolomide Plus Bevacizumab in Elderly Patients with Newly
Diagnosed Glioblastoma and Poor Performance Status: An ANOCEF Phase II Trial (ATAG). Oncologist 2018,
23, 524–e544. [CrossRef] [PubMed]

105. Schiff, D.; Jaeckle, K.A.; Anderson, S.K.; Galanis, E.; Giannini, C.; Buckner, J.C.; Stella, P.; Flynn, P.J.;
Erickson, B.J.; Schwerkoske, J.F.; et al. Phase 1/2 trial of temsirolimus and sorafenib in the treatment of
patients with recurrent glioblastoma: North Central Cancer Treatment Group Study/Alliance N0572. Cancer
2018, 124, 1455–1463. [CrossRef] [PubMed]

106. Reardon, D.A.; Lassman, A.B.; Schiff, D.; Yunus, S.A.; Gerstner, E.R.; Cloughesy, T.F.; Lee, E.Q.; Gaffey, S.C.;
Barrs, J.; Bruno, J.; et al. Phase 2 and biomarker study of trebananib, an angiopoietin-blocking peptibody, with
and without bevacizumab for patients with recurrent glioblastoma. Cancer 2018, 124, 1438–1448. [CrossRef]
[PubMed]

107. Peters, K.B.; Lipp, E.S.; Miller, E.; Herndon, J.E., 2nd; McSherry, F.; Desjardins, A.; Reardon, D.A.;
Friedman, H.S. Phase I/II trial of vorinostat, bevacizumab, and daily temozolomide for recurrent malignant
gliomas. J. Neurooncol. 2018, 137, 349–356. [CrossRef] [PubMed]

108. Ghiaseddin, A.; Reardon, D.; Massey, W.; Mannerino, A.; Lipp, E.S.; Herndon, J.E., 2nd; McSherry, F.;
Desjardins, A.; Randazzo, D.; Friedman, H.S.; et al. Phase II Study of Bevacizumab and Vorinostat for
Patients with Recurrent World Health Organization Grade 4 Malignant Glioma. Oncologist 2018, 23, 157–e121.
[CrossRef]

109. Chinnaiyan, P.; Won, M.; Wen, P.Y.; Rojiani, A.M.; Werner-Wasik, M.; Shih, H.A.; Ashby, L.S.; Michael
Yu, H.H.; Stieber, V.W.; Malone, S.C.; et al. A randomized phase II study of everolimus in combination with
chemoradiation in newly diagnosed glioblastoma: Results of NRG Oncology RTOG 0913. Neuro Oncol. 2018,
20, 666–673. [CrossRef]

110. Aiken, R.; Axelson, M.; Harmenberg, J.; Klockare, M.; Larsson, O.; Wassberg, C. Phase I clinical trial of
AXL1717 for treatment of relapsed malignant astrocytomas: Analysis of dose and response. Oncotarget 2017,
8, 81501–81510. [CrossRef]

111. Arrillaga-Romany, I.; Chi, A.S.; Allen, J.E.; Oster, W.; Wen, P.Y.; Batchelor, T.T. A phase 2 study of the first
imipridone ONC201, a selective DRD2 antagonist for oncology, administered every three weeks in recurrent
glioblastoma. Oncotarget 2017, 8, 79298–79304. [CrossRef]

112. Omuro, A.; Vlahovic, G.; Lim, M.; Sahebjam, S.; Baehring, J.; Cloughesy, T.; Voloschin, A.; Ramkissoon, S.H.;
Ligon, K.L.; Latek, R.; et al. Nivolumab with or without ipilimumab in patients with recurrent glioblastoma:
Results from exploratory phase I cohorts of CheckMate 143. Neuro Oncol. 2018, 20, 674–686. [CrossRef]

113. Cloughesy, T.F.; Drappatz, J.; de Groot, J.; Prados, M.D.; Reardon, D.A.; Schiff, D.; Chamberlain, M.;
Mikkelsen, T.; Desjardins, A.; Ping, J.; et al. Phase II study of cabozantinib in patients with progressive
glioblastoma: Subset analysis of patients with prior antiangiogenic therapy. Neuro Oncol. 2018, 20, 259–267.
[CrossRef]

114. Wen, P.Y.; Drappatz, J.; de Groot, J.; Prados, M.D.; Reardon, D.A.; Schiff, D.; Chamberlain, M.; Mikkelsen, T.;
Desjardins, A.; Holland, J.; et al. Phase II study of cabozantinib in patients with progressive glioblastoma:
Subset analysis of patients naive to antiangiogenic therapy. Neuro Oncol. 2018, 20, 249–258. [CrossRef]
[PubMed]

115. Galanis, E.; Anderson, S.K.; Miller, C.R.; Sarkaria, J.N.; Jaeckle, K.; Buckner, J.C.; Ligon, K.L.; Ballman, K.V.;
Moore, D.F., Jr.; Nebozhyn, M.; et al. Phase I/II trial of vorinostat combined with temozolomide and radiation
therapy for newly diagnosed glioblastoma: Results of Alliance N0874/ABTC 02. Neuro Oncol. 2018, 20,
546–556. [CrossRef]

116. Nghiemphu, P.L.; Ebiana, V.A.; Wen, P.; Gilbert, M.; Abrey, L.E.; Lieberman, F.; DeAngelis, L.M.; Robins, H.I.;
Yung, W.K.A.; Chang, S.; et al. Phase I study of sorafenib and tipifarnib for recurrent glioblastoma: NABTC
05-02. J. Neurooncol. 2018, 136, 79–86. [CrossRef] [PubMed]

117. Duerinck, J.; Du Four, S.; Bouttens, F.; Andre, C.; Verschaeve, V.; Van Fraeyenhove, F.; Chaskis, C.; D’Haene, N.;
Le Mercier, M.; Rogiers, A.; et al. Randomized phase II trial comparing axitinib with the combination of
axitinib and lomustine in patients with recurrent glioblastoma. J. Neurooncol. 2018, 136, 115–125. [CrossRef]
[PubMed]

http://dx.doi.org/10.1634/theoncologist.2017-0689
http://www.ncbi.nlm.nih.gov/pubmed/29472310
http://dx.doi.org/10.1002/cncr.31219
http://www.ncbi.nlm.nih.gov/pubmed/29313954
http://dx.doi.org/10.1002/cncr.31172
http://www.ncbi.nlm.nih.gov/pubmed/29266174
http://dx.doi.org/10.1007/s11060-017-2724-1
http://www.ncbi.nlm.nih.gov/pubmed/29264836
http://dx.doi.org/10.1634/theoncologist.2017-0501
http://dx.doi.org/10.1093/neuonc/nox209
http://dx.doi.org/10.18632/oncotarget.20662
http://dx.doi.org/10.18632/oncotarget.17837
http://dx.doi.org/10.1093/neuonc/nox208
http://dx.doi.org/10.1093/neuonc/nox151
http://dx.doi.org/10.1093/neuonc/nox154
http://www.ncbi.nlm.nih.gov/pubmed/29016998
http://dx.doi.org/10.1093/neuonc/nox161
http://dx.doi.org/10.1007/s11060-017-2624-4
http://www.ncbi.nlm.nih.gov/pubmed/28988377
http://dx.doi.org/10.1007/s11060-017-2629-z
http://www.ncbi.nlm.nih.gov/pubmed/28988341


Cancers 2020, 12, 937 26 of 28

118. Weller, M.; Butowski, N.; Tran, D.D.; Recht, L.D.; Lim, M.; Hirte, H.; Ashby, L.; Mechtler, L.; Goldlust, S.A.;
Iwamoto, F.; et al. Rindopepimut with temozolomide for patients with newly diagnosed, EGFRvIII-expressing
glioblastoma (ACT IV): A randomised, double-blind, international phase 3 trial. Lancet Oncol. 2017, 18,
1373–1385. [CrossRef]

119. Badruddoja, M.A.; Pazzi, M.; Sanan, A.; Schroeder, K.; Kuzma, K.; Norton, T.; Scully, T.; Mahadevan, D.;
Ahmadi, M.M. Phase II study of bi-weekly temozolomide plus bevacizumab for adult patients with recurrent
glioblastoma. Cancer Chemother. Pharmacol. 2017, 80, 715–721. [CrossRef]

120. Fariselli, L.; Cuppini, L.; Gaviani, P.; Marchetti, M.; Pinzi, V.; Milanesi, I.; Simonetti, G.; Tramacere, I.;
DiMeco, F.; Salmaggi, A.; et al. Short course radiotherapy concomitant with temozolomide in GBM patients:
A phase II study. Tumori 2017, 103, 457–463. [CrossRef]

121. Yu, A.; Faiq, N.; Green, S.; Lai, A.; Green, R.; Hu, J.; Cloughesy, T.F.; Mellinghoff, I.; Nghiemphu, P.L.
Report of safety of pulse dosing of lapatinib with temozolomide and radiation therapy for newly-diagnosed
glioblastoma in a pilot phase II study. J. Neurooncol. 2017, 134, 357–362. [CrossRef]

122. Sepulveda-Sanchez, J.M.; Vaz, M.A.; Balana, C.; Gil-Gil, M.; Reynes, G.; Gallego, O.; Martinez-Garcia, M.;
Vicente, E.; Quindos, M.; Luque, R.; et al. Phase II trial of dacomitinib, a pan-human EGFR tyrosine kinase
inhibitor, in recurrent glioblastoma patients with EGFR amplification. Neuro Oncol. 2017, 19, 1522–1531.
[CrossRef]

123. Ahmed, N.; Brawley, V.; Hegde, M.; Bielamowicz, K.; Kalra, M.; Landi, D.; Robertson, C.; Gray, T.L.; Diouf, O.;
Wakefield, A.; et al. HER2-Specific Chimeric Antigen Receptor-Modified Virus-Specific T Cells for Progressive
Glioblastoma: A Phase 1 Dose-Escalation Trial. JAMA Oncol. 2017, 3, 1094–1101. [CrossRef]

124. Clarke, J.L.; Molinaro, A.M.; Cabrera, J.R.; DeSilva, A.A.; Rabbitt, J.E.; Prey, J.; Drummond, D.C.; Kim, J.;
Noble, C.; Fitzgerald, J.B.; et al. A phase 1 trial of intravenous liposomal irinotecan in patients with recurrent
high-grade glioma. Cancer Chemother. Pharmacol. 2017, 79, 603–610. [CrossRef] [PubMed]

125. Ursu, R.; Carpentier, A.; Metellus, P.; Lubrano, V.; Laigle-Donadey, F.; Capelle, L.; Guyotat, J.; Langlois, O.;
Bauchet, L.; Desseaux, K.; et al. Intracerebral injection of CpG oligonucleotide for patients with de novo
glioblastoma-A phase II multicentric, randomised study. Eur. J. Cancer 2017, 73, 30–37. [CrossRef]

126. Nayak, L.; de Groot, J.; Wefel, J.S.; Cloughesy, T.F.; Lieberman, F.; Chang, S.M.; Omuro, A.; Drappatz, J.;
Batchelor, T.T.; DeAngelis, L.M.; et al. Phase I trial of aflibercept (VEGF trap) with radiation therapy and
concomitant and adjuvant temozolomide in patients with high-grade gliomas. J. Neurooncol. 2017, 132,
181–188. [CrossRef] [PubMed]

127. Cloughesy, T.; Finocchiaro, G.; Belda-Iniesta, C.; Recht, L.; Brandes, A.A.; Pineda, E.; Mikkelsen, T.;
Chinot, O.L.; Balana, C.; Macdonald, D.R.; et al. Randomized, Double-Blind, Placebo-Controlled, Multicenter
Phase II Study of Onartuzumab Plus Bevacizumab Versus Placebo Plus Bevacizumab in Patients With
Recurrent Glioblastoma: Efficacy, Safety, and Hepatocyte Growth Factor and O(6)-Methylguanine-DNA
Methyltransferase Biomarker Analyses. J. Clin. Oncol. 2017, 35, 343–351. [CrossRef] [PubMed]

128. Kalpathy-Cramer, J.; Chandra, V.; Da, X.; Ou, Y.; Emblem, K.E.; Muzikansky, A.; Cai, X.; Douw, L.; Evans, J.G.;
Dietrich, J.; et al. Phase II study of tivozanib, an oral VEGFR inhibitor, in patients with recurrent glioblastoma.
J. Neurooncol. 2017, 131, 603–610. [CrossRef] [PubMed]

129. Phuphanich, S.; Raizer, J.; Chamberlain, M.; Canelos, P.; Narwal, R.; Hong, S.; Miday, R.; Nade, M.;
Laubscher, K. Phase II study of MEDI-575, an anti-platelet-derived growth factor-alpha antibody, in patients
with recurrent glioblastoma. J. Neurooncol. 2017, 131, 185–191. [CrossRef]

130. McCracken, D.J.; Celano, E.C.; Voloschin, A.D.; Read, W.L.; Olson, J.J. Phase I trial of dose-escalating
metronomic temozolomide plus bevacizumab and bortezomib for patients with recurrent glioblastoma. J.
Neurooncol. 2016, 130, 193–201. [CrossRef]

131. Aoki, T.; Arakawa, Y.; Ueba, T.; Oda, M.; Nishida, N.; Akiyama, Y.; Tsukahara, T.; Iwasaki, K.; Mikuni, N.;
Miyamoto, S. Phase I/II Study of Temozolomide Plus Nimustine Chemotherapy for Recurrent Malignant
Gliomas: Kyoto Neuro-oncology Group. Neurol. Med. Chir. (Tokyo) 2017, 57, 17–27. [CrossRef]

132. Batchelor, T.T.; Gerstner, E.R.; Ye, X.; Desideri, S.; Duda, D.G.; Peereboom, D.; Lesser, G.J.; Chowdhary, S.;
Wen, P.Y.; Grossman, S.; et al. Feasibility, phase I, and phase II studies of tandutinib, an oral platelet-derived
growth factor receptor-beta tyrosine kinase inhibitor, in patients with recurrent glioblastoma. Neuro Oncol.
2017, 19, 567–575. [CrossRef]

http://dx.doi.org/10.1016/S1470-2045(17)30517-X
http://dx.doi.org/10.1007/s00280-017-3405-7
http://dx.doi.org/10.5301/tj.5000672
http://dx.doi.org/10.1007/s11060-017-2533-6
http://dx.doi.org/10.1093/neuonc/nox105
http://dx.doi.org/10.1001/jamaoncol.2017.0184
http://dx.doi.org/10.1007/s00280-017-3247-3
http://www.ncbi.nlm.nih.gov/pubmed/28233053
http://dx.doi.org/10.1016/j.ejca.2016.12.003
http://dx.doi.org/10.1007/s11060-016-2357-9
http://www.ncbi.nlm.nih.gov/pubmed/28116649
http://dx.doi.org/10.1200/JCO.2015.64.7685
http://www.ncbi.nlm.nih.gov/pubmed/27918718
http://dx.doi.org/10.1007/s11060-016-2332-5
http://www.ncbi.nlm.nih.gov/pubmed/27853960
http://dx.doi.org/10.1007/s11060-016-2287-6
http://dx.doi.org/10.1007/s11060-016-2234-6
http://dx.doi.org/10.2176/nmc.oa.2016-0162
http://dx.doi.org/10.1093/neuonc/now185


Cancers 2020, 12, 937 27 of 28

133. Sautter, L.; Hofheinz, R.; Tuettenberg, J.; Grimm, M.; Vajkoczy, P.; Groden, C.; Schmieder, K.; Hochhaus, A.;
Wenz, F.; Giordano, F.A. Open-Label Phase II Evaluation of Imatinib in Primary Inoperable or Incompletely
Resected and Recurrent Glioblastoma. Oncology 2019, 98, 1–7. [CrossRef]

134. Hainsworth, J.D.; Becker, K.P.; Mekhail, T.; Chowdhary, S.A.; Eakle, J.F.; Wright, D.; Langdon, R.M.; Yost, K.J.;
Padula, G.D.A.; West-Osterfield, K.; et al. Phase I/II study of bevacizumab with BKM120, an oral PI3K
inhibitor, in patients with refractory solid tumors (phase I) and relapsed/refractory glioblastoma (phase II). J.
Neurooncol. 2019, 144, 303–311. [CrossRef] [PubMed]

135. Kaley, T.J.; Panageas, K.S.; Mellinghoff, I.K.; Nolan, C.; Gavrilovic, I.T.; DeAngelis, L.M.; Abrey, L.E.;
Holland, E.C.; Lassman, A.B. Phase II trial of an AKT inhibitor (perifosine) for recurrent glioblastoma. J.
Neurooncol. 2019, 144, 403–407. [CrossRef] [PubMed]

136. Sharma, M.; Schilero, C.; Peereboom, D.M.; Hobbs, B.P.; Elson, P.; Stevens, G.H.J.; McCrae, K.; Nixon, A.B.;
Ahluwalia, M.S. Phase II study of Dovitinib in recurrent glioblastoma. J. Neurooncol. 2019, 144, 359–368.
[CrossRef] [PubMed]

137. Du, X.J.; Li, X.M.; Cai, L.B.; Sun, J.C.; Wang, S.Y.; Wang, X.C.; Pang, X.L.; Deng, M.L.; Chen, F.F.; Wang, Z.Q.;
et al. Efficacy and safety of nimotuzumab in addition to radiotherapy and temozolomide for cerebral
glioblastoma: A phase II multicenter clinical trial. J. Cancer 2019, 10, 3214–3223. [CrossRef]

138. Lee, E.Q.; Muzikansky, A.; Duda, D.G.; Gaffey, S.; Dietrich, J.; Nayak, L.; Chukwueke, U.N.; Beroukhim, R.;
Doherty, L.; Laub, C.K.; et al. Phase II trial of ponatinib in patients with bevacizumab-refractory glioblastoma.
Cancer Med. 2019, 8, 5988–5994. [CrossRef]

139. Weller, J.; Tzaridis, T.; Mack, F.; Steinbach, J.P.; Schlegel, U.; Hau, P.; Krex, D.; Grauer, O.; Goldbrunner, R.;
Bahr, O.; et al. Health-related quality of life and neurocognitive functioning with lomustine-temozolomide
versus temozolomide in patients with newly diagnosed, MGMT-methylated glioblastoma (CeTeG/NOA-09):
A randomised, multicentre, open-label, phase 3 trial. Lancet Oncol. 2019, 20, 1444–1453. [CrossRef]

140. Lapointe, S.; Mason, W.; MacNeil, M.; Harlos, C.; Tsang, R.; Sederias, J.; Luchman, H.A.; Weiss, S.; Rossiter, J.P.;
Tu, D.; et al. A phase I study of vistusertib (dual mTORC1/2 inhibitor) in patients with previously treated
glioblastoma multiforme: A CCTG study. Investig. New Drugs 2019. [CrossRef]

141. Allen, B.G.; Bodeker, K.L.; Smith, M.C.; Monga, V.; Sandhu, S.; Hohl, R.; Carlisle, T.; Brown, H.; Hollenbeck, N.;
Vollstedt, S.; et al. First-in-Human Phase I Clinical Trial of Pharmacologic Ascorbate Combined with Radiation
and Temozolomide for Newly Diagnosed Glioblastoma. Clin. Cancer Res. 2019, 25, 6590–6597. [CrossRef]

142. Thomas, R.P.; Nagpal, S.; Iv, M.; Soltys, S.G.; Bertrand, S.; Pelpola, J.S.; Ball, R.; Yang, J.; Sundaram, V.;
Lavezo, J.; et al. Macrophage Exclusion after Radiation Therapy (MERT): A First in Human Phase I/II Trial
using a CXCR4 Inhibitor in Glioblastoma. Clin. Cancer Res. 2019, 25, 6948–6957. [CrossRef]

143. Van den Bent, M.; Eoli, M.; Sepulveda, J.M.; Smits, M.; Walenkamp, A.; Frenel, J.S.; Franceschi, E.;
Clement, P.M.; Chinot, O.; de Vos, F.; et al. INTELLANCE 2/EORTC 1410 randomized phase II study
of Depatux-M alone and with temozolomide vs temozolomide or lomustine in recurrent EGFRamplified
glioblastoma. Neuro Oncol. 2019. [CrossRef]

144. Cloughesy, T.F.; Brenner, A.; de Groot, J.F.; Butowski, N.A.; Zach, L.; Campian, J.L.; Ellingson, B.M.;
Freedman, L.S.; Cohen, Y.C.; Lowenton-Spier, N.; et al. A randomized controlled phase III study of VB-111
combined with bevacizumab vs. bevacizumab monotherapy in patients with recurrent glioblastoma (GLOBE).
Neuro Oncol. 2019. [CrossRef] [PubMed]

145. Kamath, A.A.; Friedman, D.D.; Akbari, S.H.A.; Kim, A.H.; Tao, Y.; Luo, J.; Leuthardt, E.C. Glioblastoma
Treated With Magnetic Resonance Imaging-Guided Laser Interstitial Thermal Therapy: Safety, Efficacy, and
Outcomes. Neurosurgery 2019, 84, 836–843. [CrossRef] [PubMed]

146. Mahmoudi, K.; Bouras, A.; Bozec, D.; Ivkov, R.; Hadjipanayis, C. Magnetic hyperthermia therapy for the
treatment of glioblastoma: A review of the therapy’s history, efficacy and application in humans. Int. J.
Hyperth. 2018, 34, 1316–1328. [CrossRef] [PubMed]

147. Leuthardt, E.C.; Duan, C.; Kim, M.J.; Campian, J.L.; Kim, A.H.; Miller-Thomas, M.M.; Shimony, J.S.; Tran, D.D.
Hyperthermic Laser Ablation of Recurrent Glioblastoma Leads to Temporary Disruption of the Peritumoral
Blood Brain Barrier. PLoS ONE 2016, 11, e0148613. [CrossRef]

148. Patel, P.; Patel, N.V.; Danish, S.F. Intracranial MR-guided laser-induced thermal therapy: Single-center
experience with the Visualase thermal therapy system. J. Neurosurg. 2016, 125, 853–860. [CrossRef]

149. Thomas, J.G.; Rao, G.; Kew, Y.; Prabhu, S.S. Laser interstitial thermal therapy for newly diagnosed and
recurrent glioblastoma. Neurosurg. Focus 2016, 41, E12. [CrossRef]

http://dx.doi.org/10.1159/000502483
http://dx.doi.org/10.1007/s11060-019-03227-7
http://www.ncbi.nlm.nih.gov/pubmed/31392595
http://dx.doi.org/10.1007/s11060-019-03243-7
http://www.ncbi.nlm.nih.gov/pubmed/31325145
http://dx.doi.org/10.1007/s11060-019-03236-6
http://www.ncbi.nlm.nih.gov/pubmed/31292802
http://dx.doi.org/10.7150/jca.30123
http://dx.doi.org/10.1002/cam4.2505
http://dx.doi.org/10.1016/S1470-2045(19)30502-9
http://dx.doi.org/10.1007/s10637-019-00875-4
http://dx.doi.org/10.1158/1078-0432.CCR-19-0594
http://dx.doi.org/10.1158/1078-0432.CCR-19-1421
http://dx.doi.org/10.1093/neuonc/noz222
http://dx.doi.org/10.1093/neuonc/noz232
http://www.ncbi.nlm.nih.gov/pubmed/31844890
http://dx.doi.org/10.1093/neuros/nyy375
http://www.ncbi.nlm.nih.gov/pubmed/30137606
http://dx.doi.org/10.1080/02656736.2018.1430867
http://www.ncbi.nlm.nih.gov/pubmed/29353516
http://dx.doi.org/10.1371/journal.pone.0148613
http://dx.doi.org/10.3171/2015.7.JNS15244
http://dx.doi.org/10.3171/2016.7.FOCUS16234


Cancers 2020, 12, 937 28 of 28

150. Mohammadi, A.M.; Hawasli, A.H.; Rodriguez, A.; Schroeder, J.L.; Laxton, A.W.; Elson, P.; Tatter, S.B.;
Barnett, G.H.; Leuthardt, E.C. The role of laser interstitial thermal therapy in enhancing progression-free
survival of difficult-to-access high-grade gliomas: A multicenter study. Cancer Med. 2014, 3, 971–979.
[CrossRef]

151. Davies, A.M.; Weinberg, U.; Palti, Y. Tumor treating fields: A new frontier in cancer therapy. Ann. N. Y. Acad.
Sci. 2013, 1291, 86–95. [CrossRef]

152. Rick, J.; Chandra, A.; Aghi, M.K. Tumor treating fields: A new approach to glioblastoma therapy. J. Neurooncol.
2018, 137, 447–453. [CrossRef]

153. Optune®Elevate Expectations. INSTRUCTIONS FOR USE. Available online: https://www.optune.com/

Content/pdfs/Optune_IFU_8.5x11.pdf (accessed on 10 March 2020).
154. Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.;

Fink, K.; et al. Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance
Temozolomide Alone on Survival in Patients With Glioblastoma: A Randomized Clinical Trial. JAMA 2017,
318, 2306–2316. [CrossRef]

155. Taphoorn, M.J.B.; Dirven, L.; Kanner, A.A.; Lavy-Shahaf, G.; Weinberg, U.; Taillibert, S.; Toms, S.A.;
Honnorat, J.; Chen, T.C.; Sroubek, J.; et al. Influence of Treatment With Tumor-Treating Fields on
Health-Related Quality of Life of Patients With Newly Diagnosed Glioblastoma: A Secondary Analysis of a
Randomized Clinical Trial. JAMA Oncol. 2018, 4, 495–504. [CrossRef]

156. Desjardins, A.; Vlahovic, G.; Friedman, H.S. Vaccine Therapy, Oncolytic Viruses, and Gliomas. Oncology
(Williston Park) 2016, 30, 211–218. [PubMed]

157. Tivnan, A.; Heilinger, T.; Lavelle, E.C.; Prehn, J.H. Advances in immunotherapy for the treatment of
glioblastoma. J. Neurooncol. 2017, 131, 1–9. [CrossRef] [PubMed]

158. Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev. Clin.
Oncol. 2018, 15, 422–442. [CrossRef] [PubMed]

159. Huang, J.; Liu, F.; Liu, Z.; Tang, H.; Wu, H.; Gong, Q.; Chen, J. Immune Checkpoint in Glioblastoma:
Promising and Challenging. Front. Pharmacol. 2017, 8, 242. [CrossRef]

160. Bagley, S.J.; Desai, A.S.; Linette, G.P.; June, C.H.; O’Rourke, D.M. CAR T-cell therapy for glioblastoma: Recent
clinical advances and future challenges. Neuro Oncol. 2018, 20, 1429–1438. [CrossRef]

161. Martikainen, M.; Essand, M. Virus-Based Immunotherapy of Glioblastoma. Cancers (Basel) 2019, 11, 186.
[CrossRef]

162. Srivastava, S.; Jackson, C.; Kim, T.; Choi, J.; Lim, M. A Characterization of Dendritic Cells and Their Role in
Immunotherapy in Glioblastoma: From Preclinical Studies to Clinical Trials. Cancers (Basel) 2019, 11, 537.
[CrossRef]

163. Sayegh, E.T.; Oh, T.; Fakurnejad, S.; Bloch, O.; Parsa, A.T. Vaccine therapies for patients with glioblastoma. J.
Neurooncol. 2014, 119, 531–546. [CrossRef]

164. McGranahan, T.; Therkelsen, K.E.; Ahmad, S.; Nagpal, S. Current State of Immunotherapy for Treatment of
Glioblastoma. Curr. Treat. Options Oncol. 2019, 20, 24. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cam4.266
http://dx.doi.org/10.1111/nyas.12112
http://dx.doi.org/10.1007/s11060-018-2768-x
https://www.optune.com/Content/pdfs/Optune_IFU_8.5x11.pdf
https://www.optune.com/Content/pdfs/Optune_IFU_8.5x11.pdf
http://dx.doi.org/10.1001/jama.2017.18718
http://dx.doi.org/10.1001/jamaoncol.2017.5082
http://www.ncbi.nlm.nih.gov/pubmed/26984213
http://dx.doi.org/10.1007/s11060-016-2299-2
http://www.ncbi.nlm.nih.gov/pubmed/27743144
http://dx.doi.org/10.1038/s41571-018-0003-5
http://www.ncbi.nlm.nih.gov/pubmed/29643471
http://dx.doi.org/10.3389/fphar.2017.00242
http://dx.doi.org/10.1093/neuonc/noy032
http://dx.doi.org/10.3390/cancers11020186
http://dx.doi.org/10.3390/cancers11040537
http://dx.doi.org/10.1007/s11060-014-1502-6
http://dx.doi.org/10.1007/s11864-019-0619-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pathogenesis 
	IDH Mutation 
	Notch Pathway 
	Ceramide Signaling 
	Vascular Endothelial Growth Factor (VEGF) Signaling Pathway 
	PDGF Signaling 
	Epidermal Growth Factor Receptor (EGFR) Pathway 
	PI3K/AKT/mTOR Pathway 
	Phosphate and Tensin Homolog (PTEN) Signaling 
	SHH Signaling 

	Current Chemotherapeutic Development 
	FDA-Approved Chemotherapeutic Agents 
	Published Clinical Trials 
	Ongoing Clinical Trials 

	Novel Therapies 
	Laser Interstitial Thermal Therapy (LITT) 
	Tumor Treating Fields (TTFields) 
	Immunotherapy 
	Immune Checkpoint Inhibitors 
	T-Cell Therapy 
	Viral Therapy 
	Vaccine Therapy 


	Conclusions 
	References

