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Abstract: Glioblastoma multiforme (GBM) is the deadliest and the most heterogeneous brain cancer.
The median survival time of GBM patients is approximately 8 to 15 months after initial diagnosis.
GBM development is determined by numerous signaling pathways and is considered one of the most
challenging and complicated-to-treat cancer types. Standard GBM therapy consist of surgery followed
by radiotherapy or chemotherapy, and combined treatment. Current standard of care (SOC) does
not offer a significant chance for GBM patients to combat cancer, and the selection of available drugs
is limited. For almost 20 years, there has been only one drug, Temozolomide (TMZ), approved as a
first-line GBM treatment. Due to the limited efficacy of TMZ and the high rate of resistant patients, the
implementation of new chemotherapeutics is highly desired. However, due to the unique properties
of GBM, many challenges still need to be overcome before reaching a ‘breakthrough’. This review
article describes the most recent compounds introduced into clinical trials as drug candidates for
GBM chemotherapy.
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1. Introduction
1.1. Glioblastoma Multiforme—An Overview

Glioblastoma multiforme (GBM) is one of the most complex, deadly, and treatment-
resistant cancers. The five-year survival rate for glioblastoma patients is about 5 percent.
The average length of survival is estimated to be only 12 to 18 months with treatment and
3 to 4 months without treatment [1]. The first-line SOC treatment is based on complete
surgical resection, followed by concomitant administration of radio-and chemotherapy
and adjuvant chemotherapy (Stupp protocol) [2]. According to statistics, age, Karnofsky
Performance Scale (KPS), and methylguanine-DNA methyltransferase (MGMT) status are
the major predictors of survival [3,4]. Unfortunately, in most cases, recurrence occurs
within 8-10 months of initial resection [5]. The median survival for patients with recurrent
GBM is around 9 months [5]. According to recent studies by Sacko et al. [2], repeat surgery
was beneficial in more than 30% of the patients who underwent repeat resection. However,
it should be underlined that repeat surgery is only possible in patients with a high KPS
score, which is not often the case for advanced GBM patients. Nevertheless, regardless
of the applied treatment protocol, the prognosis for GBM patients is extremely poor, and
novel, more effective therapeutic strategies are highly desired.

1.2. Standard Therapy—Chemotherapy

Chemotherapy is one of the main therapeutic procedures in GBM patients. Usually,
chemotherapy is introduced two to four weeks after surgery, combined with or shortly
after radiotherapy (RT). If the tumor cannot be surgically removed, chemotherapy is a
primary treatment [6].
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Standard chemotherapy consists of Temozolomide (TMZ) (75 mg/ m? daily) during
radiotherapy, followed by a further six cycles of TMZ (150-200 mg/m? on days 1-5 every
28 days) [6]. It should be underlined that TMZ was approved in 2005 [7] and is still the
only available first-line drug in GBM treatment. In recent decades, several promising novel
molecules have been investigated, but most of them failed clinical trials due to systemic
toxicity and poor drug delivery to the brain. The major obstacle in the treatment of GBM is
the blood-brain barrier (BBB), which limits the penetration of relatively high molecular
weight compounds to the tumor site. Thus, regardless of current achievements in advanced
anticancer therapies, the progress of GBM therapy has been dismal and almost unchanged
for almost two decades [8].

TMZ is an imidazotetrazinone derivative. TMZ is hydrolyzed inside the cells into
active metabolite 5-(3-methyl-1-triazen-1-yl)imidazole-4-carboxamide, which further de-
grades into methyl diazonium ion [9]. Methyl diazonium ion transfers a methyl group
at the N-7 and O-6 positions of guanine and the O-3 position of adenine in the DNA
structure. The methylation of the O-6 position of guanine is the most cytotoxic, which
results in a ‘mismatch’ incorporation of thymidine instead of cytosine [10]. Consequently,
proper DNA replication is altered, leading to cell death induction. On the other hand,
thymidine incorporation is recognized by the mismatch repair (MMR) enzymes, such as o-
6-methylguanine-DNA methyltransferase (MGMT), which repair the guanine methylation,
leading to the escape of GBM cells from TMZ-dependent apoptosis [11]. It is estimated
that at least 50% of GBM patients do not respond to TMZ, due to the overexpression of the
MGMT enzyme [12]. Regardless of MGMT status, other molecular mechanisms of drug
resistance determining the limited response to TMZ treatment are also reported, such as
ferroptosis [13] and the upregulation of MGMT-independent DNA repair mechanisms,
such as Base Excision Repair (BER) [14], Multidrug Resistance Protein 1/P-glycoprotein
(MDR1/Pgp) activity [15], and the presence of cancer stem cells [CSC] [16].

Apart from TMZ'’s insufficient clinical efficacy, the severe limitation of TMZ is its
toxicity, including nausea, vomiting, fatigue, and myelosuppression, especially thrombo-
cytopenia and neutropenia. Additionally, serious hematologic adverse events, including
myelodysplastic syndrome and aplastic anemia, have been reported [17].

Unfortunately, even when glioblastoma is discovered and treated aggressively, it
almost always recurs. This very high recurrence rate is why there are so few long-
term survivors of the disease. Even when the tumor appears to have been eliminated,
the median time to recurrence is 9.5 months, with an overall survival of approximately
30 weeks [18]. There is no standard treatment for recurrent GBM; however, alkylating
chemotherapy is commonly used. The second line of GBM chemotherapy includes a
procarbazine/lomustine/vincristine (PCV) or Bevacizumab /irinotecan (BI) scheme [19].
According to studies summarized by Carvalho et al. [19], the overall response rate in the
BI group was 66%, while it was only 11% in the PCV group. The median progression-free
survival (PFS) was 5 and 3 months, respectively. The median overall survival (OS) was
9 months in the BI group and 5 months in the PCV group. More importantly, the toxicity
was also significantly lower in the BI group [19]. Regardless of the described combina-
tions, various chemotherapeutics are also applied in different regimens. For example,
lomustine (60 mg/m? on days 8-21/56), vincristine (1.4 mg/m? on days 8 and 29/56),
cisplatin (60~100 mg/m? once every 3-4 weeks), etoposide (50 mg daily), and procarbazine
(110 mg/m? day 1/56) [20] are used in GBM treatment. Unfortunately, the majority of them
have severe side effects, significantly lowering the quality of life of GBM patients.

In 1997, the FDA-approved Gliadel wafers for recurrent GBM therapy. A few years
later, in 2003, Gladel was accepted for primary high-grade glioma (grade IIl and IV ac-
cording to the World Health Organization (WHO) classification) treatment. Currently,
Carmustine is used in primary (GBM, medulloblastoma, astrocytoma, ependymoma) and
metastatic brain tumor therapy. Other cancers treated with Carmustine include multiple
myeloma; Hodgkin’s and non-Hodgkin’s lymphomas; and melanoma, lung, and colon
cancer [21]. Gliadel—Carmustine-impregnated wafers—are a cell-cycle nonspecific alky-
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lating agent that causes cross-links in DNA and RNA, leading to the inhibition of DNA
synthesis, RNA production, and translation. Carmustine can also bind to and modify glu-
tathione reductase [21]. Carmustine wafer formulation, the Gliadel wafer, is implanted into
a surgical cavity after removing a brain tumor to release Carmustine. Carmustine wafers
(Gliadel® Wafer) significantly improved the safety and the therapeutic efficacy of Carmus-
tine by its controlled release from biodegradable polymer wafers to the local GBM tumor
environment. Thus, Gliadel is currently approved for use in recurrent GBM patients and
newly diagnosed patients with high-grade glioma as an adjuvant to surgery with/without
RT. Furthermore, according to a meta-analysis of more than 5800 GBM patients treated
with Carmustine [21], both newly diagnosed and recurrent GBM patients who received
Carmustine (as implantation in a resection cavity or intravenous administration) treatment
showed a prolonged OS. Moreover, GBM patients treated with combined Carmustine
and TMZ therapy also had longer OS than those receiving TMZ alone [21]. Based on the
available data, it can be concluded that Carmustine implantation in the resection cavity
provides survival benefits for GBM patients. It may be a promising supplement to the
standard therapeutic protocol by offering a bridge between surgical resection and the onset
of TMZ therapy.

In May 2009, the US FDA granted accelerated approval to a monoclonal antibody
against vascular endothelial growth factor A (VEGF)—an important molecule promoting en-
dothelial cell proliferation, new vessel formation, and subsequent rapid tumor growth [22]
in recurrent GBM patients. Approval of Bevacizumab raised great hopes for a more ef-
fective treatment outcome in GBM. Initially, Bevacizumab’s early phase 2 data indicated
improved PFS, although no OS benefit was seen [23,24]. A subsequent randomized phase
3 trial demonstrated that Bevacizumab combined with lomustine improved PFS compared
with lomustine monotherapy, but again without significant improvement in OS [25]. Typi-
cally, the combination of Bevacizumab with chemotherapy is introduced after failure with
Bevacizumab monotherapy. A wide range of drugs, including lomustine, Carmustine, and
TMZ, have been tested [26-28]. Unfortunately, no data demonstrate a survival benefit with
any of these regimens. Moreover, the last registered clinical trial of Gliadel was dedicated to
newly diagnosed GBM patients treated with Gliadel, followed by radiotherapy (RT), TMZ,
and Bevacizumab, followed further by Bevacizumab and TMZ post-radiation. However,
according to the Clinical Trials.gov database, this study (NCT01186406) was terminated
due to observed toxicity. The lack of OS benefit with single-agent Bevacizumab limits its
approval in Europe. Currently, the results show that Bevacizumab can improve quality
of life with decreased corticosteroid use and is thus sometimes applied to patients with
later recurrences [28].

2. GBM Drug Candidates in Clinical Trials

As summarized above, the chemotherapy options for GBM therapy are minimal.
Therefore, intensive efforts aim to model and synthesize new molecules with anticancer po-
tential. Moreover, drugs registered in other indications are being investigated as potential
components of combination therapy in GBM therapy. Regardless of the significant progress
in anticancer drug development, GBM remains one of the most challenging targets. Nu-
merous preclinical in vitro studies showed cytotoxic efficacy of various compounds against
GBM cells. However, the transition of preclinical results to clinical efficacy is extremely
rare. Thus, when discussing possible new drugs for GBM, we should focus on current
clinical trials. Table 1 summarizes the latest clinical trials (from 2016 to the present) for GBM
chemotherapy (monotherapy or combination) or as an adjuvant for radiotherapy (RT).
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Table 1. Summary of clinical trials with drug candidates for GBM chemotherapy (2016-2021).

Drug Candidate/
Administration Route Clinical Trial ID
(IV—Intravenous, PO—Oral, Mechanism of Action Indication Clinical Phase tniea’ tria
(Status)
IM—Intramuscular
Injection)
Chemotherapy
AZ_112(1)775 selective mhlbi:i(:azi Weel tyrosine _recurrent GBM 1 NCT02207010 €
Chloro;g&;uc acid immunomodulatory action -advanced GBM 2 NCTO03758014
. . -solid tumors (alone)
USL311 C-X-C motif chemokine receptor 4 S0 . 1 "
v (CXCR4) inhibitor -recurrent GBM (with 5 NCT02765165
Lomustin)
nuclear factor kappa B (NF-kB) and
ACTO001 signal transducer and activator of -recurrent GBM (with R
-1V transcription 3 (STAT3) inhibitor; Perbrolizumab) 1 NCT05053880
immunomodulatory action
Prostate-specific membrane o
antigen (PSMA ADC) PSMA and turpor.n.eovascularlzatlon .—GBM 5 NCT01856933 €
v inhibitor -gliosarcoma
Cabazitaxel cell death mduc.tl.on l?y microtubule “TMZ refractory GBM 2 NCT01866449 €
-1V stabilization
D1chloroa_;e(t)ate (DCA) glycolysis inhibitor -recurrent GBM 2A NCT05120284 A
-t-butyldimethylsiltyl-10-
hydroxy-camptothecin (AR-67) DNA replication inhibition -recurrent GBM 2 NCT01124539
-V
Acalabrutinib (ACP-196) irreversible Bruton’s tyrosine kinase } A
PO (BTK) inhibitor recurrent GBM 1/2 NCT02586857
VB-111 o CBM R
v neovascularization inhibitor -recurrent GBM (prior to 2 NCT04406272
and after surgery)
-Trans sodium crocetinate enhancement of the oxygenation of -recurrent GBM (with .
-V hypoxic tissues TMZ and RT) 3 NCT03393000
-primary GBM (prior
Dacomitinib surgery) c
(PF-00299804) pan-ErbB inhibitor recurrent GBM with : Ner227
-PO EGFR amplification or
mutation
Durvalumab R “GBM c
v PD-1 receptor inhibitor -recurrent GBM 2 NCT02336165
(after Bevacizumab)
Infigratinib (BGJ398) fibroblast growth factor receptor -primary GBM (patients
. . S who are not candidates for 2 NCT01975701 €
-PO (FGFR) tyrosine kinase inhibitor
surgery)
-primary GBM
(monotherapy prior
: resection and with TMZ
PRG0S (Napabucasin) STAT3 inhibitor postoperative) ) NCT02315534
-recurrent GBM (with
TMZ, without
Bevacizumab treatment)
multi-targeted kinase inhibitor with
AEE788 potent inhibitory activity against the ) c
-PO ErbB and VEGF receptor family of recurrent GBM 172 NCT00116376
tyrosine kinases
Fuzuloparib (Fluzoparib) Poly [ADP-ribose] polymerase 1/2 -recurrent GBM (with A
PO (PARP1/2) inhibitor T™Z) 2 NCT04552977
. multi-kinase inhibitor facilitating .
Sorafenib apoptosis, mitigating angiogenesis, -recurrent GBM (with 2 NCT00597493 ©
-PO . ) ) T™Z)
and suppressing cell proliferation
Tamosxifen selective estrogen receptor (ER)
PO modulator, mitochondrial complex I -recurrent GBM 2 NCT04765098 4

inhibitor
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Table 1. Cont.

Drug Candidate/
Administration Route Clinical Trial ID
(IV—Intravenous, PO—Oral, Mechanism of Action Indication Clinical Phase tniea’ tria
(Status)
IM—Intramuscular
Injection)
Berubicin Topoisomerase II (Topo II) stabilization, ) NCT04915404 A
v DNA replication inhibitor recurrent GBM 172 NCT04762069 R
-recurrent GBM
-metastatic melanoma in
the brain
WP1066 o - . . 1 NCT01904123 €
PO STAT3 inhibitor -pediatric patients with 1 NCT04334863 R
any progressive or
recurrent malignant brain
tumor
BAL101553 promotes tumor cell death by -advanced. recurrent solid
(Lisavanbulin) modulating the spindle assembly / 1/2 NCT02895360 €
. tumors or GBM
-IV checkpoint
Nivolumab -recurrent GBM (with
v PD-1 receptor inhibition Bevacizumab and 3 NCT02017717 A
Ipilimumab)
Adjuvant for radiotherapy
Mibefrabil calcium channels (T-type and Orail-3) —recurrent GBM 1 NCT02202993 €
-PO blocker
Axitinib VEGFR1-3, ¢-KIT, and platelet-derived .
-PO growth factor (PDGFR) inhibitor “GBM 2 NCTO01508117
-MGMT-unmethylated
GBM A
(with Ipilimumab and RT) 2 NCT03367715
-GBM (newly diagnosed
Nivolumab . s elderly patients) A
v PD-1 receptor inhibitor (with/without TMZ and 2 NCT04195139
RT)
-MGMT-unmethylated Ie
GBM 3 NCT02617589
(with TMZ and RT)
-newly diagnosed GBM
Durvalumab s with unmethylated c
v PD-1 receptor inhibitor MGMT 2 NCT02336165
(with RT)
Ipilimumab cytotoxic T cell antigen 4 (CTLA-4) -MGMT-unmethylated
-IV inhibitor, immunomodulatory action GBM 2 NCT03367715
’ Y (with TMZ and RT)
2-hydroxyoleic acid cell cycle arrest, autophagy induction,
(2-OHOA) changes in membrane-lipid -newly diagnosed GBM 1 NCT03867123 4
-PO composition
INO-5401 . . . -newly diagnosed GBM
“IM followed by Symheg;gg"‘vgﬁ‘g;‘?sgﬁgmg for (with TMZ and RT 1 NCT03491683 A
electroporation (EP) ! +INO-9012)
INO-9012 . . . -newly diagnosed GBM
“IM followed by Syntheltrlli 3Nif;jszn(‘ll€jg§°dmg (with TMZ and RT + 2 NCT03491683 A
electroporation (EP) erieu INO5401)
Cemiplimab .
-IM followed by PD-1 receptor inhibitor (mAb) -newly diagnosed GBM 2 NCT03491683 A
. (with TMZ and RT)
electroporation (EP)
Arginine pegylated with
2000-molecular-weight .
- s -newly diagnosed GBM R
polyethylene glycol arginine deprivation agent . 1 NCT04587830
(ADI-PEG20) (with TMZ and RT)
-IM
MBM-02 (Tempol) hypoxia-inducing factor 1/2 (HIF-1/2) -newly diagnosed GBM A
PO inhibitor (with TMZ and RT) 2 NCT04874506
Anhydrous enol-oxaloacetate -primary GBM
(AEO) glycolysis inhibitor (after surgery along with 2 NCT04450160 2
-PO TMZ and RT)
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Table 1. Cont.

Drug Candidate/
Administration Route Clinical Trial ID
(IV—Intravenous, PO—Oral, Mechanism of Action Indication Clinical Phase (Status)
IM—Intramuscular
Injection)
epidermal-growth-factor-receptor
Depatuxizumab Mafodotin (EGFR)-targeting antibody—drug .
(ABT414) conjugate consisting of the mAb 806 '“?V‘:,“gﬁ;f;‘;ﬁ%?“ 1 NCT01800695 ©
-V and a toxic payload, monomethyl
auristatin F
Vorinostat -newly diagnosed GBM
v histone deacetylases (HDAC) inhibitor (with TMZ and RT +/— 1 NCT03426891 4
Pembrolizumab)
5’ AMP-activated protein kinase
(AMPK) inhibitor (metabolism,
Metformin angiogenesis, inflammation, and -newly diagnosed GBM A
-PO cancer stem cells control), and (with TMZ and RT) 2 NCT02780024
proliferation inhibitor (via insulinemia
and glycemia reduction)
immunoglobulin, anti-(human
fibronectin ed-b domain) (synthetic .
Onfekalf usp alfa human clone L19 scfv fragmgnt fusion -new} y diagnosed GBM 1/2 NCT04443010 A
-IV L . (with TMZ and RT)
protein with human tumor necrosis
factor alpha (TNF), trimer
Everolimus selective mammalian target of -newly diagnosed GBM
PO rapamycin (with TMZ and RT and 2 NCT00805961 €
(mTOR) kinase inhibitor Bevacizumab)
o monoclonal antibody directed against .
Bav1t_111\>;1mab anionic phf)spholip{ds wi.t}} potential -n?‘:/vvil%?i/%; (;ie;ISBM 2 NCT03139916 A
antineoplastic activity
Gliadel . —newly diagnosed GBM
IV DNA and RNA alkylating agent (with TMZ and RT and 2 NCT01186406 T
Bevacizumab)

€_Completed. *—Terminated (business reasons not related to safety). =—Recruiting. *—Active, not recruiting.
T __Terminated due to toxicity.

As shown in Table 1, almost all tested drug candidates are at the initial stages of their
clinical development (phase 1 or 2). The only phase-3-advanced drug is Nivolumab in a
combination treatment with SOC or Bevacizumab. Trans sodium crocetinate (NCT03393000),
which increases the oxygenation of hypoxic tissues, leading to cell death, was terminated
in its phase 3 trial due to the business decisions of the sponsor.

Among the tested drugs, most of the small molecule compounds could be admin-
istrated orally (PO) or intravenously (IV). In the case of monoclonal antibodies (mAb),
the main obstacle is the effective penetration of the drug into the brain tumor tissue.
Thus, mAbs are delivered by intramuscular (IM) injection followed by electroporation (EP)
(NCT03491683). Numerous tested drugs are combined with the current SOC, TMZ +/— RT.
It should be underlined that even in the presence of MGMT methylation, the overall sur-
vival of TMZ-treated patients is only a few months longer than in the MGMT-unmethylated
group. Thus, there is an unmet medical need for new chemotherapeutics that can replace
TMZ as a first-line treatment with significant efficacy and a high safety profile for patients.

2.1. Drug Candidates Targeting GBM Cancer Cell Metabolism

Rapid tumor growth quickly outstrips the capacity of oxygen diffusion. To overcome
this problem, tumors form new blood vessels via angiogenesis. Unfortunately, the unstable
tumor neovasculature causes local hypoxia and subsequent lactic acidosis. In response to
such unfavorable conditions, cancer cells use anaerobic metabolism as the major pathway of
adenosine triphosphate (ATP) synthesis [29]. It was shown that aerobic glycolysis promotes
tumor growth by increasing cell biomass. Several cell proliferation signaling pathways also
regulate cell metabolism via incorporating nutrients into tumor biomass. Thus, glycolysis
could be maintained as the primary pathway for glucose metabolism, even in the presence
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of oxygen [30]. In response to hypoxic conditions, several protooncogenes (e.g., c-Myc),
signaling pathways (e.g., phosphatidylinositol-3-kinase (PI3K/Akt)), and specific transcrip-
tion factors (e.g., hypoxia-inducible factor 1 alpha, HIF-1a) are activated [30]. The HIF-1a
transcription factor is a major driver of cancer cell metabolism reprogramming [31]. It
regulates the expression of glucose transporters and glycolytic enzyme genes. On the other
hand, HIF-1 augments mitochondprial respiration [32] and regulates the balance between
oxygen consumption and ATP and toxic reactive oxygen species (ROS) synthesis [33].
Reprogramming of tumor cell metabolism from oxidative phosphorylation to aerobic gly-
colysis is a major strategy for determining cancer cell survival under hypoxic conditions.
While not all types of cancer rely only on anaerobic glucose utilization, the most aggressive
tumors, such as pancreatic ductal adenocarcinoma (PDAC), and glioblastoma multiforme
(GBM), entirely depend on glycolysis [34].

In our opinion, in the case of GBM, the old and simple concept of targeting cancer cells’
metabolism could be an effective strategy to implement new drugs for GBM therapy. Since
the 1950s, a synthetic analog of glucose—2-deoxy-D-glucose (2-DG)—has been intensively
tested in various cancer models, including GBM [34]. However, despite numerous preclin-
ical and clinical studies, the use of 2-DG in GBM treatment has not been approved. The
main obstacle is the rapid metabolism and short half-life of 2-DG (not more than 1 h) [35].
Moreover, 2-DG has to be used at relatively high concentrations (>5 mmol/L) to compete
with blood glucose [36].

Dichloroacetate (DCA) is similar to 2-DG, a glycolysis inhibitor tested in a phase 2A
clinical trial (NCT05120184). It is noteworthy that DCA has been approved as an orphan
drug for congenital lactic acidosis treatment [37]. DCA is a potent pyruvate dehydroge-
nase kinase (PDK) inhibitor. This mitochondrial enzyme is activated in various cancers,
including GBM. It results in the selective inhibition of pyruvate dehydrogenase, a complex
of enzymes that converts cytosolic pyruvate to mitochondrial acetyl-CoA, the substrate for
Krebs’ cycle [38]. Inhibition of PDK with DCA shifts cancer cell metabolism from glycolysis
to mitochondrial oxidation. Moreover, DCA reverses the suppression of mitochondria-
dependent apoptosis by increasing the production of diffusible Krebs’ cycle intermediates
and mitochondria-derived reactive oxygen species, following activation of p53 and HIF-1o
inhibition [38]. Importantly, DCA is a small molecule of 150 Da, which partially explains
its high bioavailability and ability to penetrate the BBB [39]. Due to these features, DCA
is considered a drug candidate for GBM therapy. Importantly, due to the approved use
of DCA in congenital lactic acidosis therapy, long-term safety studies are available [37].
DCA is generally well-tolerated, and no evidence of severe hematologic, hepatic, renal, or
cardiac toxicity has been reported [40]. Common gastrointestinal side effects occur in most
patients treated with DCA [41]. The best-known limitation of DCA administration, ob-
served in preclinical and clinical studies, is peripheral neuropathy, which could be partially
reduced by intravenous instead of oral administration [42]. Numerous preclinical studies
also suggest positive effects of DCA co-administered with compounds currently used to
treat other diseases but showing anticancer properties in several cancer models [43]. Ske-
berdyté et al. [44] found that administration of DCA and the antibiotic Salinomycin exerted
a synergistic cytotoxic effect by inhibiting the expression of proteins related to multidrug
resistance in colorectal cancer cell lines. On the other hand, a combined administration of
recombinant arginase and DCA had antiproliferative effects in triple-negative breast cancer
due to the activation of p53 and cell cycle arrest [45]. The subsequent study performed in
cervical cancer cells showed that COX2 inhibition by celecoxib makes cervical cancer cells
sensitive to DCA treatment [46].

In the head and neck cancer model, the combination of DCA with propranolol also
appeared to be an efficient cell death inducer [47]. A positive effect of DCA coadmin-
istration with metformin, a drug widely used to treat diabetes, was demonstrated in a
preclinical model of glioma [48], as well as in a low metastatic variant of Lewis lung
carcinoma (LLC) [49].
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In 2010, Michelakis et al. [40] described the results of oral DCA administration at a dose
of 15.5 mg/kg twice a day in five patients with GBM. Three of these patients had recurrent
GBM with disease progression after SOC. The initial dosage did not cause significant
toxicity. Only peripheral neuropathy was noted but was reversed upon a dose decrease to
6.25 mg/kg of DCA twice a day. After 18 months of DCA treatment, three of the patients
showed evidence of tumor regression, while four of five patients were clinically stable [40].
The authors also verified the presence of apoptotic cells, ROS levels, and HIF-1c expression
in three GBM tissues from pre-DCA and post-DCA biopsies. They found that chronic DCA
administration resulted in decreased proliferation and increased apoptosis, mitochondria
depolarization, increased ROS, and decreased HIF-1x expression and activity, resulting in
the significant inhibition of tumor vascularity compared to the pre-DCA GBM level. This
mechanistic study in patients with GBM, although small, established the fact that after oral
therapy, DCA can be further considered as a novel approach in brain tumor therapy.

The currently registered clinical trial with DCA (NCT05120184) is a multicenter, open-
label 2A trial of oral DCA in 40 surgical patients with recurrent GBM who have clinically
indicated plans for debulking surgery. Patients will be genotyped to established safe dosing
regimens and randomized to receive DCA (n = 20) or no DCA (n = 20) for one week before
surgery. The study’s completion date is estimated to be June 2025.

The next drug candidate targeting GBM cell metabolism is anhydrous enol-oxaloacetate
(AEO), registered for a phase 2 clinical trial (NCT04450160) in newly diagnosed GBM pa-
tients who will receive SOC treatment along with AEO treatment. In July 2020, the FDA
granted Fast Track designation for AEO development in primary GBM therapy.

In the body, AEO is metabolized to oxaloacetate (OAA). Oxaloacetate is a key anaplerotic
substrate required to maintain TCA cycle flux. Ruban et al. [50] showed that glutamate
scavengers, including OAA, can inhibit tumor growth in glioma animal models. This
ability stems from the fact that excess glutamine in the peritumoral space of gliomas
plays a crucial role in glioma invasiveness. Glutamine released via the glutamine-cysteine
exchanger kills neighboring neurons and allows the tumor to occupy an ever-increasing
space within the brain [50]. Thus, glutamine reduction via OAA treatment in mice and rats
with implanted glioma cells resulted in a significant tumor growth reduction and prolonged
survival. These effects were also improved when OAA was combined with TMZ [50]. The
anticancer potential of AEO and OAA has also been confirmed by ljare et al. [51], who
reported altered bioenergetics of GBM cells, specifically glucose oxidation. Apart from
regulating glutamine metabolism, in HepG2 cells, OAA appeared to act as a signaling
molecule able to exert a cytotoxic effect via inhibition of glycolysis by enhancing oxidative
phosphorylation (OXPHOS), as well as suppression of the Akt-1/HIF pathway following
apoptosis induction [52]. Altogether, data strongly support the hypothesis that AEO
treatment could positively affect GBM patients. A clinical trial with AEO in GBM patients
(NCT04450160) will be completed in September 2022.

GBM cancer metabolism could also be affected by direct inhibition of the HIF-1«
transcription factor. It was reported that among other biological effects exerted in cancer
cells, MBM-02 (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl; Tempol) could also inhibit
HIF-1/2 activity, leading to cancer cell death [53,54]. MBM-2 is currently being tested in a
phase 2 clinical trial (NCT04874506) along with SOC in newly diagnosed GBM patients.

We recently described that novel 2-DG analogs could also be promising candidates for
anti-GBM drugs [34]. Especially, the diacetylated 2-DG derivative—WP1122—can potently
induce GBM cell death in U-87 and U-251 GBM cells [55]. The cytotoxic effect of WP1122
was synergistically potentiated with concomitant inhibition of histone deacetylases (HDAC)
by sodium butyrate (NaBt) or sodium valproic (NaVPA) [55]. In December 2021, Moleculin
Biotech received an FDA allowance to begin a phase 1 study of WP1122 to treat GBM [56].

Targeting specific cancer metabolism is an important strategy in current anti-GBM
drug development. The described glycolysis inhibitors are small molecules that could
penetrate BBB, thus eliminating one of the biggest challenges in GBM drug discovery.
Furthermore, due to the significant difference in the metabolism of normal and cancer cells,
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we can expect that side effects could be mild. Finally, bearing in mind the manufacturing of
drug substances, small molecules’ synthesis could be far cheaper and more accessible than
biologics (such as recombinant proteins) or mAb, enabling its more efficient distribution
among GBM patients.

2.2. STAT3 Inhibitors as Drug Candidates for GBM Therapy

Numerous drug candidates currently tested in clinical trials represent protein/kinase
inhibitors whose constitutive or elevated activity is reported in GBM cells. One of the most
common targets is the signal transducer and activator of transcription 2 (STAT3) protein,
effectively inhibited via ACT001 (phase 1, in combination with Pembrolizumab), BBI608
(phase 1 and 2), and WP1066 (phase 1) molecules. STAT3 is a member of the STAT family of
cytoplasmic transcription factors activated by many cytokines, growth factor receptors, and
downstream substrates [57]. It was reported that STAT3 phosphorylation directly correlated
with GBM tumor grade, and more than 65% of GBM tumor samples showed constitutive
STATS3 activity [58]. STAT3 represents an attractive target for cancer intervention due to its
importance in tumor development and progression and its ability to interplay with many
upstream pathways.

ACTO001 is a promising drug for treating GBM and was designated as an orphan
drug for GBM by the FDA [59]. ACT001 is derived from the structural modification of
parthenolide, a well-studied anti-inflammatory and anti-cancer agent [60]. Regardless of
its promising anticancer effects, the clinical application of parthenolide is limited due to its
instability in acidic and basic conditions [61]. Tong et al. [59] demonstrated that ACT001
directly binds to STAT3 and inhibits its activity. This may cause concern that ACT001 may
have side effects due to its nonspecific targeting of healthy cells. Still, Ghantous et al. [62]
reported that the nonspecific attack of ACT001’s thiol groups is restrained, most likely
due to stereochemistry and conformational changes. Notably, previous clinical trials in
patients with advanced solid tumors, including GBM, showed that ACT001 treatment
was well-tolerated, and no dose-limiting toxicities have occurred, even at 600 mg BID
(twice a day) [63]. Of the 19 patients with recurrent malignant gliomas, complete remission
was observed in 1 patient with GBM, and stable disease lasting >6 months was seen in
3 patients [63]. Antitumor activity in malignant glioma patients was observed at a dose of
400 mg BID or lower [63]. The ongoing clinical trial (NCT05053880) includes phase 1b/2a
with ACT001 combined with the anti-PD-1 molecule (Pembrolizumab) in patients with
recurrent GBM. The estimated study completion date is November 2023.

BBI608 (Napabucasin) is a small molecule that can bind to the STAT3 protein, limiting
its cellular activity. Zaraquiey et al. [64] mapped the binding site and characterized the
binding mode of NNI608 at STAT3, which resembles the effect of a D570K mutation in
a linker domain known to interrupt STAT3 activity [65]. Han et al. [66] reported that
BBI608 treatment significantly blocked GBM cells” (U87 and LN229 cell lines) proliferation,
migration, invasion, and sphere formation. Additionally, BBI608 arrested the cell cycle and
induced apoptosis of GBM cells [66]. A recent clinical trial with BBI608 was completed
in September 2021 (NCT02315534). It was an open-label, multicenter, phase 1 safety
run-in and phase 2 study of BBI608 combined with TMZ in patients with recurrent or
progressive GBM who had not received Bevacizumab treatment. In arm A, patients who
were candidates for surgical resection received BBI608 as monotherapy before resection,
followed by postoperative BBI608 administered in combination with TMZ. In arm B,
patients who were not candidates for surgical resection received BBI608 administered daily
(PO) in combination with TMZ. According to results reported in the Clinical Trials.gov
database [67], 34 patients were included in the study, including 30 patients who were not
candidates for surgery. In more than 70% of patients, STAT3 overexpression was confirmed.
Unfortunately, there are no available data about patients’ survival (OS) or progression-free
timeline (PFS) after BBI608 treatment.

WP1066 is the third STAT3 inhibitor currently registered in clinical trials. WP1066 is a
small molecule that is an analog of caffeic acid and has been shown to inhibit STAT3 activity
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and induce GBM cell death [68,69]. Moreover, according to Iwamuru et al. [68], WP1066
treatment resulted in Bax protein activation, which further suppressed the expression of c-
myc, B-cell lymphoma-extra-large (Bcl-XL), and Myeloid leukemia 1 (Mcl-1). On the other hand,
systemic intraperitoneal administration of WP1066 in mice significantly (p < 0.001) inhibited
the growth of subcutaneous malignant glioma xenografts during the 30-day follow-up
period [68]. STAT3 overexpression is also one of the mechanisms known to correlate with
cancer cells’ radio-resistance [70]. Ott et al. [71] showed that WP1066 sensitizes GBM cancer
cells to radiotherapy via modulating the interaction between dendritic cells and T-cells
in the tumor microenvironment. WP1066 appeared as a promising candidate for GBM or
other malignant brain tumor drugs based on promising preclinical data. A phase 1 clinical
trial (NCT01904123) dedicated to patients with recurrent GBM or progressive metastatic
melanoma in the brain has just been completed with eight enrolled patients. The second
phase 1 clinical trial WP1066 (NCT04334863) is still active for a pediatric group of patients
with any progressive or recurrent brain tumor. We expect that positive results from the
phase 1 study will encourage further development of WP1066 or other STAT3 inhibitors as
monotherapy or as an adjuvant for radiotherapy in GBM patients.

2.3. PD-1 Targeting Molecules as Drug Candidates for GBM Therapy

Programmed cell death protein 1 (PD-1) inhibits immune responses and promotes
self-tolerance by modulating T-cell activity. Programmed cell death ligand 1 (PD-L1) is
a transmembrane protein that supports PD-1 inhibitory action. PD-L1 combines with
PD-1 to reduce the proliferation of PD-1 positive cells, inhibit cytokine secretion, and
induce apoptosis. It was shown that PD-L1 promotes various malignancy development by
attenuating the host immune response and tumor immune escape [72]. It was shown that
PD-L1 expression on the GBM cells’ surface promotes PD-1 receptor activation in microglia,
resulting in the negative regulation of T-cell responses [73]. Furthermore, GBM cells
induce PD-L1 secretion by activating various receptors, such as Toll-like (TLRs), Epidermal
Growth Factor (EGFR), and interferon alpha/gamma receptors (IFNo/yR). Activation of
PD-1 via PD-L1 inhibits T-cell proliferation and downregulation of lymphocyte cytotoxic
activity [73]. Hao et al. [74] reported that high PD-L1 expression in GBM patients is
associated with poor survival, and PD-L1 may act as a prognostic predictor in GBM. On
the other hand, Xue et al. [75] found that the expression of PD-L1 in glioma correlates with
WHO grading and could be considered a tumor biomarker. PD-1 signaling represents a
valuable therapeutic target for novel and effective drug candidates in GBM therapy with
this background.

Currently, three drug candidates are targeting the PD-1/PD-L1 pathway in GBM
therapy development: Nivolumab (NCT04195139), Durvalumab (NCT02336165), and
Cemiplimab (NCT03491683). All of them are monoclonal antibodies targeting the PD-1 re-
ceptor. Nivolumab is already approved for unresectable or metastatic melanoma, metastatic
non-small cell lung carcinoma (NSCLC) after platinum-based chemotherapy, and metastatic
renal cell carcinoma in the second-line setting [76]. Durvalumab has been approved to treat
adult patients with unresectable stage IIIl NSCLC and as a first-line treatment for adult
patients with extensive-stage small-cell lung cancer (ES-SCLC) [77]. Cemiplimab is allowed
as a first-line treatment in patients with NSCLC with >50% PD-L1 expression and cutaneous
squamous cell carcinoma (CSCC) that is metastatic or locally advanced and not amenable to
surgery. The mode of action of PD-1-targeting mAb is to activate the immune system to fight
cancer. A clinical trial with Nivolumab (NCT04195139) is dedicated to newly diagnosed
elderly (>65 years) patients with GBM (grade IV glioma including gliosarcoma) following
surgery. The study aims to evaluate whether the combination of adjuvant Nivolumab with
SOC treatment (TMZ + RT) improves overall survival outcomes for this patient population.
The following active clinical trial (phase 2; NCT03367715) is a single-arm, open-label trial
of Nivolumab combined with Ipilimumab and short-course radiotherapy in adult patients
with newly diagnosed MGMT unmethylated GBM. NCT02017717 is a phase 3 active trial
of Nivolumab combined with Bevacizumab and Ipilimumab in recurrent GBM patients.
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The NCT02617589 phase 3 trial of Nivolumab with RT and TMZ has also been recently
completed. However, according to the data posted, there were no significant improvements
in PFS and OS between Nivolumab + RT and TMZ + RT groups; thus, the study protocol or
drugs’ combination has to be modified to identify the effective therapeutic window.

A clinical trial with Cemipilimab involves a combined treatment with two synthetic
DNA plasmids encoding human Telomerase reverse transcriptase (WTERT), Wilms tumor
protein 1 (WT-1), Prostate-specific membrane antigen (PSMA), and Interleukin 12 (IL-12),
delivered by electroporation (NCT03491683). Similar to Nivolumab trials, the study is
active but has not recruited any patients. The only available results regard a phase 2
study with Durvalumab and RT (in newly diagnosed GBM patients) or Bevacizumab (in
recurrent GBM patients) (NCT02336165). According to published data, the overall survival
rate at 12 months (OS-12) in newly diagnosed patients receiving Dervalumab and RT was
estimated at 60%, whereas in recurrent GBM patients treated with Dervalumab alone or in
combination with Bevacizumab, the OS did not exceed 33 months [78]. On the other hand,
the assessed PFS parameter was 19.9 weeks in newly diagnosed GBM patients, whereas in
recurrent GBM subjects treated with Dervalumab and Bevacizumab, the OS did not exceed
16 weeks. Unfortunately, in all patient groups, serious adverse events were reported in
more than 50% of subjects, including cardiac arrest, colitis, nausea, diarrhea, convulsion,
etc. Conclusions concerning Dervalumab efficacy can only be made after complex statistical
analysis, and thus currently, we cannot prejudge its further development in GBM therapy.

Currently, anti-PD-1/PD-L1 drugs do not show satisfactory efficacy in GBM patients.
Available data from large-scale clinical trials with anti-PD-1 combination therapies are
limited, and the published results did not demonstrate survival benefits. However, some
subgroups from large-scale studies had significant benefits, suggesting the consideration of
precise drug combinations [79]. Summing up, anti-PD-1/PD-L1 drug candidates for GBM
have multiple challenges, and more in-depth studies are still needed.

2.4. DNA-Targeting Drug Candidates for GBM Therapy

DNA damage comprises a root cause of cancer development but, on the other hand,
continues to provide an important avenue for chemo- and radiotherapy. Since the beginning
of cancer therapy, genotoxic agents that trigger DNA damage or inhibit DNA replication
and repair have been applied to stop the growth and trigger the apoptotic death of cancer
cells [80]. Among the tested drug candidates for GBM therapy, a new molecule targeting
DNA replication is Berubicin (NCT04915404, NCT04762069). Berubicin is a doxorubicin
analog that, contrary to currently used anthracyclines, crosses the BBB and can reach brain
tissue [81]. Similar to other anthracyclines, the primary mechanism of action of Berubicin
involves the drug’s ability to intercalate within DNA base pairs, causing the breakage of
DNA strands and inhibition of nucleic acids” synthesis. Berubicin inhibits the enzyme
topoisomerase II (Topoll), causing DNA damage and apoptosis induction [82]. Berubicin
demonstrated significantly more cytotoxic activity in an orthotopic GBM murine model
than TMZ [81]. Berubicin has already been tested in a phase 1 clinical trial at the MD
Anderson Cancer Institute in patients with recurrent glioma [83]. According to available
results, Berubicin appeared to be well-tolerated, with myelosuppression (neutropenia and
thrombocytopenia) as the dose-limiting toxicity. Of the 25 treated patients, there was one
complete and one partial response. Ten patients were reported with stable disease. The
overall clinical efficacy rate of Berucicin treatment was 48% [83]. In 2020, the FDA approved
Berubicin as an orphan drug for GBM and granted its Fast Track designation. Berubicin is
currently ongoing a phase 2 clinical trial (NCT04762069) that is expected to be completed
in February 2025.

AR-67 (7-t-butyldimethylsilyl-10-hydroxycamptothecin, DB-67) is a novel camptothecins
analog that interacts with topoisomerase I, a nuclear enzyme responsible for relieving
DNA torsional stress and inducing cell death by stabilizing the DNA-enzyme-drug com-
plex [84]. It was confirmed that AR-67 is characterized by improved safety and lipophilicity
compared to current drugs in this class, such as Topotecan and Irinotecan [84]. A phase 1
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clinical trial of AR-67 was conducted on cancer patients with solid tumors. Tang et al. [84]
reported that a phase 1 study was completed to develop a population pharmacokinetic
model for further drug development (NCT00389480). In 2010, a phase 2 clinical trial of
AR-67 in adults patients with recurrent GBM or gliosarcoma (NCT1124539) was registered.
Kumthekar et al. [85] reported that among AR-67-treated recurrent GBM patients, the drug
appeared to be tolerated well and exhibited a safety profile consistent with or better than
currently approved camptothecins. In patients not treated with Bevacizumab, 6/30 patients
achieved the primary endpoint of 6-PFS. On the other hand, in patients who failed Beva-
cizumab treatment, 2/13 of patients achieved a 2-month PFS endpoint. A partial response
(PR) was the best overall response in 3/45 treated patients, and stable disease (SD) was the
best overall response in 7/45 patients [85].

DNA double-strand breaks induction is a mode of action of Fuzuloparib (previously
Fluzoparib) that inhibits Poly-[ADP-ribose] polymerase 1 (PARP1) enzyme, leading to
inhibition of DNA repair pathways, cell cycle arrest, inhibition of proliferation, and finally,
cell death [86]. Fuzuloparib received its first approval in December 2020 in China to
treat platinum-sensitive recurrent ovarian cancer patients after a second-line or above
chemotherapy treatment [86]. Moreover, numerous phase 2 and 3 trials are currently
investigating Fuzuloparib to treat other solid cancers, including cancers of the pancreas,
breast, prostate, and lungs [86]. In September 2020, a phase 2 trial with Fuzuloparib
combined with TMZ in recurrent GBM was registered (NCT04552977). The study is
expected to be completed in August 2022.

2.5. Histone Deacetylases Inhibitors in Clinical GBM Trials

Histone acetylation alternations are also associated with GBM cancer development [87].
Histone acetylation is generally associated with chromatin relaxation via neutralization
of the positive charge of lysine residues [88]. On the other hand, deacetylation leads to
condensed heterochromatin formation with a suppressed transcription process. Several
studies confirmed that histone deacetylases (HDAC) levels are significantly upregulated in
various cancer types, leading to dysregulation of the whole proteome level [89]. Altered
HDAC functions have also been confirmed in GBM, leading to the upregulation of receptor
tyrosine kinase (RTK)/Ras/phosphoinositide-3-kinase (PI3K), p53, retinoblastoma (Rb),
EGFR, and phosphatase and tensin homolog (PTEN) signaling pathways [90]. Several
studies demonstrated that HDAC blockade could inhibit tumor growth and induce the
apoptosis of cancer cells, whereas normal tissue is not particularly affected. Thus, consid-
erable interest in treating GBM using HDAC] has been evoked. Several HDAC;, such as
Vorinostat, were reported to cross the BBB and exhibit potent cytotoxicity in monotherapy
or in combination with other cytotoxic drugs or RT [91].

Vorinostat is a synthetic hydroxamic acid derivative able to bind to the catalytic domain
of the HDACs [92]. This interaction results in zinc ions chelation located in the catalytic
center of HDAC. As a result, the deacetylation process is inhibited, and hyperacetylated
histones and transcription factors accumulate. Furthermore, in response to hyperacetylation
of histone proteins, cyclin-dependent kinase p21 is activated, leading to G1 cell cycle arrest.
On the other hand, hyperacetylation of non-histone proteins such as tumor suppressor
p53, alpha-tubulin, and heat-shock protein 90 (HSP90) exerts an additional cytostatic
response and apoptosis induction. The anticancer activity of Vorinostat resulted in its FDA
approval for the treatment of cutaneous manifestations of cutaneous T-cell lymphoma
(CTCL) in patients with a progressive, persistent, or recurrent disease during or following
two systemic therapies [93].

Importantly, Vorinostat was shown to cross the blood-brain barrier [94], which is why
it is considered a drug candidate in GBM therapy. The first clinical trials of Vorinostat in
GBM patients showed modest single-agent activity in patients with recurrent GBM [95].
More importantly, Vorinostat appeared as a well-tolerated drug that did not cause serious
side effects. This is why it is considered a synergistic compound for alkylating agents,
cell cycle inhibitors, and radiation therapy. In 2018, Peters et al. [96] described the results
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of a phase 1/1I trial of Vorinostat, Bevacizumab, and daily Temozolomide treatment for
recurrent malignant gliomas. Such combination therapy was well-tolerated and safe but,
unfortunately, did not significantly improve the 6-month progression-free survival end-
point beyond historical controls [96]. A 2013 phase 1 trial of Vorinostat, in combination with
Bevacizumab and Irinotecan in recurrent GBM patients, was completed; however, the re-
sults obtained have not been posted in the Clinical Trials Database. Additionally, our recent
preclinical studies support the hypothesis about the beneficial effects of HDACi as synergis-
tic agents for anti-GBM treatment. Using the acetylated 2-DG analog—WP1122—combined
with HDACI (sodium butyrate, NaBt, and sodium valproate, NaVPA), we obtained a strong
cytotoxic effect against GBM cells [55]. Thus, the combination of previously described
glycolysis inhibitors (DCA and AEO) in more advanced stages of their clinical development
with Vorinostat could be an attractive therapeutic option for GBM treatment.

A recently registered clinical trial with Vorinostat included a combination treatment
with Pembrolizumab (anti-PD-1 mAb), TMZ, and RT for newly diagnosed GBM patients
(NCTO03426891). The study is active and is planned to be completed this year.

2.6. Other Current Drug Candidates for GBM Therapy

As summarized in Table 1, there are other drug candidates for GBM therapy with
unique mechanisms of action. New compounds, such as WEE1 tyrosine kinase inhibitor
AZD1775, CXC chemokine receptor type 4 (CXCR4) inhibitor USL311, or multi-kinase
inhibitor AEE788, are already registered drugs, such as Metformin and Tamoxifen, that are
approved for other indications. The majority of the protocols proposed include combined
treatment with GBM SOC or other available chemotherapeutics. Unfortunately, most drug
candidates are still in the early development phases. Moreover, to become an alternative
for TMZ first-line drug, the drug candidates must first show significant clinical efficacy
in recurrent patients, who are usually heavily treated and in an advanced stage of tumor
development, often with multidrug resistance. Some hopes are related to drugs granted
Orphan Drug status and the Fast Track designation pathway, which may be introduced to
the clinic soon.

3. Perspectives

Despite aggressive treatment with the current standard of care (maximal surgical
resection with adjuvant radiotherapy and TMZ), the 5-year survival for GBM remains
at a dismal <2% and has not changed significantly for decades. Figure 1 summarizes
the timeline that clearly illustrates the impasse in GBM therapy development. Almost
30 years after the first chemotherapeutics like Carmustine, in 2005 TMZ was included in
SOC GBM protocol. A few years later, Bevacizumab was registered, but as discussed earlier,
its clinical efficacy is limited and does not improve the OS of GBM patients. Developing
chemotherapy strategies include systemic (oral or intravenous) therapies and local, intra-
tumoral delivery (such as Convection Enhanced Delivery, CED) of chemical compounds,
immunotherapeutics, vaccines, or biologics. New generations of drug candidates often
target cancer-specific proteins. However, disrupting cell division, DNA repair of the
cellular metabolism is still considered an anticancer tool. Several drug candidates are
considered for potential GBM treatment. However, the most promising are dichloroacetate
(DCA) (glycolysis inhibitor), ACT001 (STAT3 inhibitor), and Berubicin (Topoll poison),
granted with Fast Track designation and an Orphan Drug status, which supports their faster
transition into clinics (Figure 1). DCA is currently in a phase 2 clinical trial, whereas ACT001
and Berubicin have entered phase 1. Unfortunately, bearing in mind the early stages of
their clinical development, their implementation in therapy will also be time-consuming,
and it is difficult to predict when the upgrade of SOC will be possible.
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Figure 1. The timeline of GBM therapy up to current SOC. The most advanced and promising drug
candidates for GBM therapy with FDA-granted ‘Orphan Drug’ status are included.

Nevertheless, GBM chemotherapy is still a current challenge that requires the imple-
mentation of new, highly effective drug combinations to achieve significant improvement.
Given the steadily increasing number of patients diagnosed with GBM, the hope for the
future is a breakthrough that could significantly extend patients’ lives.

Funding: This work was supported by the National Science Centre in Poland (grant no. UMO-
2017/25/B/NZ3/00251).

Conflicts of Interest: B.P. is the CSO at WPD Pharmaceuticals.

References

1.  Delgado-Lopez, P.D.; Corrales-Garcia, E.M. Survival in glioblastoma: A review on the impact of treatment modalities. Clin. Transl.
Oncol. 2016, 18, 1062-1071. [CrossRef] [PubMed]

2. Sacko, O.; Benouaich-Amiel, A.; Brandicourt, P; Niare, M.; Charni, S.; Brague, D.; Catalaa, I.; Brenner, A.; Cohen-Jonathan Moyal,
E.; Roux, EE. The impact of surgery on the survival of patients with recurrent glioblastoma. Asian J. Neurosur. 2021, 16, 1-7.
[CrossRef] [PubMed]

3. Annavarapau, S.; Gogate, A.; Pham, T.; Davies, K.; Singh, P.; Robert, N. Treatment patterns and outcomes for patients with newly
diagnosed glioblastoma multiforme: A retrospective cohort study. CNS Oncol. 2021, 10, CNS76. [CrossRef]

4. Chambles, L.B; Kistka, H.M.; Parker, S.L.; Hassam-Malani, L.; McGirt, M.]J.; Thompson, R.C. The relative value of postoperative
versus preoperative Karnofsky Performace Scale scores as a predictor of survival after surgical resection of glioblastoma
multiforme. . Neurooncol. 2015, 121, 359-364. [CrossRef]

5. Mallick, S.; Benson, R.; Hakim, A.; Rath, G.K. Management of glioblastoma after recurrence: A changing paradigm. J. Egypt. Nat.
Cancer Inst. 2016, 28, 199-210. [CrossRef] [PubMed]

6. Tan, A.C.; Ashley, D.M.; Lopez, G.Y.; Mallinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art
and future directions. Cancer J. Clin. 2020, 79, 299-312. [CrossRef]

7. Cohen, M.H,; Johnson, J.R.; Pazdur, R. Food and Drug Administration Drug approval summary: Temozolomide plus radiation
therapy for the treatment of newly diagnosed glioblastoma multiforme. Clin. Cancer Res. 2005, 11, 6767-6771. [CrossRef]

8. Ozdemir-Kaynak, E.; Qutub, A.; Yesil-Celiktas, O. Advances in glioblastoma multiforme treatment: New models for nanoparticle
therapy. Front. Physiol. 2018, 9, 170. [CrossRef]

9. Omar, A.I; Mason, W.P. Temozolomide: The evidence for its therapeutic efficacy in malignant astrocytomas. Core Evid. 2009,
4,93-111.

10. Barciszewska, A.M.; Gurda, D.; Glodowicz, P.; Nowak, S.; Nasket-Barciszewska, M.Z. A new epigenetic mechanism of temozolo-
mide action in glioma cells. PLoS ONE 2015, 10, e0136669. [CrossRef]

11. Kitange, G.J.; Carlson, B.L.; Schroeder, M.A.; Grogan, P.T.; Lamont, ].D.; Decker, P.; Wu, W.; James, C.D.; Sarkaria, J.N. Induction
of MGMT expression is associated with temozolomide resistance in glioblastoma xenografts. Neuro. Oncol. 2009, 11, 281-291.
[CrossRef]

12.  Lee, S.Y. Temozolomide resistance in glioblastoma multiforme. Genes Dis. 2016, 3, 198-210. [CrossRef] [PubMed]

13. Hu, Z; Mi, Y;; Qian, H.; Guo, N.; Yan, A; Zhang, Y.; Gao, X. A potential mechanism of temozolomide resistance in glioma—

Ferroptosis. Front. Oncol. 2020, 10, 897. [CrossRef] [PubMed]


http://doi.org/10.1007/s12094-016-1497-x
http://www.ncbi.nlm.nih.gov/pubmed/26960561
http://doi.org/10.4103/ajns.AJNS_180_20
http://www.ncbi.nlm.nih.gov/pubmed/34211860
http://doi.org/10.2217/cns-2021-0007
http://doi.org/10.1007/s11060-014-1640-x
http://doi.org/10.1016/j.jnci.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27476474
http://doi.org/10.3322/caac.21613
http://doi.org/10.1158/1078-0432.CCR-05-0722
http://doi.org/10.3389/fphys.2018.00170
http://doi.org/10.1371/journal.pone.0136669
http://doi.org/10.1215/15228517-2008-090
http://doi.org/10.1016/j.gendis.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/30258889
http://doi.org/10.3389/fonc.2020.00897
http://www.ncbi.nlm.nih.gov/pubmed/32656078

Biomedicines 2022, 10, 1001 15 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ortiz, R.; Perazzoli, G.; Cabeza, L.; Jimenza-Luna, C.; Laque, R.; Prados, J.; Melguizo, C. Temozolomide: An updated overview of
resistance mechanisms, nanotechnology advances and clinical applications. Curr. Neuropharmacol. 2021, 19, 513-537. [CrossRef]
Perazzoli, G.; Prados, J.; Ortiz, R.; Caba, O.; Cabeza, L.; Berdasco, M.; Gonzalez, B.; Melguizo, C. Temozolomide resistance
in glioblastoma cell lines: Implication of MGMT, MMR, P-glycoprotein and CD133 expression. PLoS ONE 2015, 10, e0140131.
[CrossRef] [PubMed]

Singh, N.; Miner, A.; Hennis, L.; Mittal, S. Mechanisms of temozolomide resistance in glioblastoma—A comprehensive review.
Cancer Drug Resist. 2021, 4, 17-43. [CrossRef]

Scaringi, C.; De Sanctis, V.; Minniti, G.; Enrici, R.M. Temozolomide-related hematologic toxicity. Onkologie 2013, 36, 444—-449.
[CrossRef]

Roy, S.; Lahiri, D.; Maji, T.; Biswas, J. Recurrent glioblastoma: Where we stand. South Asian J. Cancer 2015, 4, 163-173. [CrossRef]
Carvalho, B.; Fernandes, A.C.; De Almeida, D.H.; Sampaio, L.V.; Costa, A.; Caeiro, C.; Osorio, L.; Castro, L.; Linhares, P,;
Damasceno, M.; et al. Second-line chemotherapy in recurent glioblastoma: A 2-cohort study. Oncol. Res. Treat. 2015, 38, 348-354.
[CrossRef]

Hanif, F.; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee, S.U. Glioblastoma multiforme: A review of its epidemiology and
pathogenesis through clinical presentation and treatment. Asian Pac. |. Cancer Prev. 2017, 18, 3-9.

Xiao, Z.Z.; Wang, Z.F,; Lan, T.; Huang, W.H.; Zhao, Y.H.; Ma, C.; Li, Z.Q. Carmustine as s supplementary therapeutic option for
glioblastoma: A systematic review and meta-analysis. Front. Neurol. 2020, 11, 1036. [CrossRef] [PubMed]

Lyon, K.A.; Huang, ].H. Bevacizumab as an adjuvant therapy for glioblastoma in elderly patients: The facts. Transl. Cancer Res.
2018, 7, S802-S805. [CrossRef] [PubMed]

Friedman, H.S.; Prados, M.D.; Wen, P.Y.; Mikkelsen, T.; Schiff, D.; Abrey, L.E.; Yung, W.K.A.; Paleologos, N.; Nicholas, M.K;
Jensen, R.; et al. Bevacizumab alone and in combination with irinotecan in recurrent glioblastoma. J. Clin. Oncol. 2009, 27,
4733-4740. [CrossRef] [PubMed]

Kreisl, T.N.; Kim, L.; Moore, K.; Duic, P.; Royce, C.; Stroud, I.; Garren, N.; Mackey, M.; Butan, J.A.; Camphausen, K.; et al. Phase II
trial of single-agent bevacizumab followed by bevacizumab plus irinotecan at tumor progression in recurrent glioblastoma. J.
Clin. Oncol. 2009, 27, 740-745. [CrossRef]

Wick, W.; Gorlia, T.; Bendszus, M.; Taphoorn, M.; Sahm, E.; Harting, 1.; Brandes, A.A.; Taal, W.; Domont, J.; Idbaih, A.; et al.
Lomustine and bevacizumab in progressive glioblastoma. N. Engl. ]. Med. 2017, 377, 1954-1963. [CrossRef]

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. Pharm.
2017, 80, 715-721. [CrossRef]

Dasjardis, A.; Reardon, D.A.; Coan, A.; Marcello, J.; Herndon, J.E.; Bailey, L.; Peters, K.B.; Friedman, H.S.; Vredenburgh, ].J.
Bevacizumab and daily temozolomide for recurrent glioblastoma. Cancer 2012, 118, 1302-1312. [CrossRef]

Gramatzki, D.; Roth, P.; Rushing, E.J.; Weller, ]J.; Andratschke, N.; Hofer, S.; Korol, D.; Regli, L.; Pangalu, A.; Pless, M.; et al.
Bevacizumab may improve quality of life, but not overall survival in glioblastoma: An epidemiological study. Ann. Oncol. 2018,
29, 1431-1436. [CrossRef]

Gatenby, R.A_; Gillies, R.J. Why do cancers have high aerobic glycolysis? Nat. Rev. Cancer 2004, 4, 891-899. [CrossRef]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef]

Mole, D.R.; Blancher, C.; Copley, R.R;; Pollard, PJ.; Gleadle, ].M.; Ragoussis, J.; Ratcliffe, PJ. Genome-wide Association of
Hypoxia-inducible Factor (HIF)-1a and HIF-2a« DNA Binding with Expression Profiling of Hypoxia-inducible Transcripts. . Biol.
Chem. 2009, 284, 16767-16775. [CrossRef] [PubMed]

Kierans, S.J.; Taylor, C.T. Regulation of glycolysis by the hypoxia-inducible factor (HIF): Implications for cellular physiology. J.
Physiol. 2021, 599, 23-27. [CrossRef]

Hagen, T. Oxygen versus Reactive Oxygen in Regulation of HIF-1«: The balance tips. Biochem. Res. Int. 2012, 2012, 43698]1.
[CrossRef] [PubMed]

Pajak, B.; Siwiak, E.; Sottyka, M.; Priebe, A.; Zieliniski, R.; Fokt, I.; Ziemniak, M.; Jaskiewicz, A.; Borowski, R.; Domoradzaki,
T.; et al. 2-deoxy-D-glucose and its analogs: From diagnostic to therapeutic agents. Int. J. Mol. Sci. 2020, 21, 234. [CrossRef]
[PubMed]

Hansen, I.L.; Levy, M.M.; Kerr, D.S. The 2-deoxyglucose test as a supplement to fasting for detection of childhood hypoglycemia.
Pediatr. Res. 1984, 18, 359-364. [CrossRef] [PubMed]

Strandberg, A.Y.; Pienimaki, T.; Pitkala, K.H.; Tilvis, R.S.; Salomaa, V.V.; Strandberg, T.E. Comparison of normal fsting and
one-hour glucose levels as predictors of future diabetes during a 34-year follow-up. Ann. Med. 2013, 45, 336-340. [CrossRef]
Abdelmalak, M.; Lew, A.; Ramezani, R.; Shroads, A.L.; Coats, B.S.; Langaee, T.; Shankar, M.N.; Neiberger, R.E.; Subramony, S.H.;
Stacpoole, PW. Long-term safety of dichloroacetate in congenital lactic acidosis. Mol. Genet. Metab. 2013, 109, 139-143. [CrossRef]
Satundera, G.; Michelakis, E.D. Pyruvate dehydrogenase kinase as a novel therapeutic target in oncology. Front. Oncol. 2013, 3, 38.
[CrossRef]

Michelakis, E.D.; Webster, L.; Mackey, J.R. Dichloroactetae (DCA) as a potential metabolic-targeting therapy for cancer. Br. J.
Cancer 2008, 99, 989-994. [CrossRef]


http://doi.org/10.2174/1570159X18666200626204005
http://doi.org/10.1371/journal.pone.0140131
http://www.ncbi.nlm.nih.gov/pubmed/26447477
http://doi.org/10.20517/cdr.2020.79
http://doi.org/10.1159/000353752
http://doi.org/10.4103/2278-330X.175953
http://doi.org/10.1159/000431236
http://doi.org/10.3389/fneur.2020.01036
http://www.ncbi.nlm.nih.gov/pubmed/33041980
http://doi.org/10.21037/tcr.2018.08.19
http://www.ncbi.nlm.nih.gov/pubmed/30370226
http://doi.org/10.1200/JCO.2008.19.8721
http://www.ncbi.nlm.nih.gov/pubmed/19720927
http://doi.org/10.1200/JCO.2008.16.3055
http://doi.org/10.1056/NEJMoa1707358
http://doi.org/10.1007/s00280-017-3405-7
http://doi.org/10.1002/cncr.26381
http://doi.org/10.1093/annonc/mdy106
http://doi.org/10.1038/nrc1478
http://doi.org/10.1126/science.1160809
http://doi.org/10.1074/jbc.M901790200
http://www.ncbi.nlm.nih.gov/pubmed/19386601
http://doi.org/10.1113/JP280572
http://doi.org/10.1155/2012/436981
http://www.ncbi.nlm.nih.gov/pubmed/23091723
http://doi.org/10.3390/ijms21010234
http://www.ncbi.nlm.nih.gov/pubmed/31905745
http://doi.org/10.1203/00006450-198404000-00011
http://www.ncbi.nlm.nih.gov/pubmed/6718093
http://doi.org/10.3109/07853890.2013.785233
http://doi.org/10.1016/j.ymgme.2013.03.019
http://doi.org/10.3389/fonc.2013.00038
http://doi.org/10.1038/sj.bjc.6604554

Biomedicines 2022, 10, 1001 16 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Michelakis, E.D.; Sutendra, G.; Dromparis, P.; Webster, L.; Haromy, A.; Niven, E.; Maguire, C.; Gammer, T.L.; Mackey, ].R.; Fulton,
D.; et al. Metabolic modulation of glioblastoma with dichloroacetate. Sci. Transl. Med. 2010, 2, 31ra34. [CrossRef]

Chu, Q.S.C; Sangha, R.; Spratlin, J.; Vos, L.J.; Mackey, ].R.; McEwan, A.].B.; Venner, P.; Michelakis, E.D. A phase I open-labeled,
single-arm, dose-escalation study of dichloroacetate (DCA) in patients with advanced solid tumors. Investig. New Drugs 2015, 33,
603-610. [CrossRef] [PubMed]

Khan, A.; Marier, D.; Marsden, E.; Andrews, D.; Eliaz, I. A novel form of dichloroactetate therapy for patients with advanced
cancer: A report of 3 cases. Altern. Health Med. 2014, 20, 21-28.

Tataranni, T.; Piccoli, C. Dichloroacetate (DCA) and cancer: An overview towards clinical applications. Oxidative Med. Cell.
Longev. 2019, 2019, 8201079. [CrossRef] [PubMed]

Skeberdyteé, A.; Sarapiniene, I.; Aleksander-Krasko, J.; Stankevicius, V.; Suziedélis, K.; Jarmalaité, S. Dichloroacetate and
salinomycin exert a synergistic cytotoxic effect in colorectal cancer cell lines. Sci. Rep. 2018, 8, 17744. [CrossRef] [PubMed]
Verma, A.; Lam, YM.; Leung, Y.C.; Hu, X,; Chen, X.; Cheung, E.; Tam, K.Y. Combined use of arginase and dichloroacetate exhibits
anti-proliferative effects in triple negative breast cancer cells. J. Pharm. Pharmacol. 2019, 71, 306-315. [CrossRef] [PubMed]

Li, B.; Li, X;; Xiong, H.; Zhou, P,; Ni, Z.; Yang, T.; Zhang, Y.; Zeng, Y.; He, ].; Yang, F; et al. Inhibition of COX2 enhances the
chemosensitivity of dichloroacetate in cervical cancer cells. Oncotarget 2017, 8, 51748-51757. [CrossRef]

Lucido, C.; Miskimins, W.; Vermeer, P. Propranolol promotes glucose dependence and synergizes with dichloroacetate for
anti-cancer activity in HNSCC. Cancers 2018, 10, 476. [CrossRef]

Prokhorova, I.V.; Pyaskovskaya, O.N.; Kolesnik, D.L.; Solyanik, G.I. Influence of metformin, sodium dichloroacetate and their
combination on the hematological and biochemical blood parameters of rats with gliomas C6. Exp. Oncol. 2018, 40, 205-210.
[CrossRef]

Kolesnik, D.L.; Pyaskovskaya, O.N.; Yakshibaeva, Y.R.; Solyanik, G.I. Time-dependent cytotoxicity of dichloroacetate and
metformin against Lewis lung carcinoma. Exp. Oncol. 2019, 41, 14-19. [CrossRef]

Ruban, A.; Berkutzki, T.; Cooper, I.; Mohar, B.; Teichberg, V.I. Blood glutamate scavengers prolong the survival of rats and mice
with brain-implanted gliomas. Investig. New Drugs 2012, 30, 2226-2235. [CrossRef]

Jjare, O.; Conway, D.; Cash, A.; Baskin, D.; Pichumani, K. Oxaloacetate alters glucose metabolism in glioblastoma: B¢C isotopomer
study. Neuro-Oncol. 2019, 21, vi43-vi44. [CrossRef]

Kuang, Y.; Han, X.; Xu, M.; Yang, Q. Oxaloacetate induces apoptosis in HepG2 cells via inhibition of glycolysis. Cancer Med. 2018,
7,1416-1429. [CrossRef] [PubMed]

Chen, W.L.; Wang, C.C.; Lin, Y.J.; Wu, C.P; Hsieh, C.H. Cycling hypoxia induces chemoresistance through the activation of
reactive oxygen species-mediated B-cell lymphoma extra-long pathway in glioblastoma multiforme. J. Transl. Med. 2015, 13, 389.
[CrossRef] [PubMed]

Sourbier, C.; Srivastava, G.; Ghosh, M.C.; Ghosh, S.; Yang, Y.; Gupta, G.; De Graff, W.; Krishna, M.C.; Mitchell, ].B.; Rouault,
T.A,; et al. Targeting HIF2«x translation with Tempol in VHL-deficient clear cell renal cell carcinoma. Oncotarget 2012, 3, 1472-1482.
[CrossRef]

Pajak, B.; Siwiak-Niedbalska, E.; Jaskiewicz, A.; Sottyka, M.; Zieliriski, R.; Domoradzki, T.; Fokt, I.; Skéra, S.; Priebe, W. Synregistic
anticancer effect of glycolysis and histone deacetylases inhibitors in a glioblastoma model. Biomedicines 2021, 9, 1749. [CrossRef]
Moleculin Receives FDA Allowance to Begin a Phase 1 Study of WP1122 for the Treatment of Glioblastoma Multiforme. Available
online: https://www.biospace.com/article/releases/moleculin-receives-fda-allowance-to-begin-a-phase-1-study-of-wp1122-
for-the-treatment-of-glioblastoma-multiforme/ (accessed on 29 March 2022).

Luwor, R.B,; Stylli, S.; Kaye, A.H. The role of Stat3 in glioblastoma multiforme. J. Clin. Neurosci. 2013, 20, 907-911. [CrossRef]
[PubMed]

Lo, HW,; Cao, X.; Zhu, H.; Ali-Osman, F. Constitutively activated STAT3 frequently coexpresses with epidermal growth factor
receptor in high-grade gliomas and targeting STAT3 sensitizes them to Iressa and alkylators. Clin. Cancer Res. 2008, 14, 6042-6054.
[CrossRef] [PubMed]

Tong, L.; Li, J.; Li, Q.; Wang, X.; Medikonda, R.; Zhao, T.; Li, T.; Ma, H.; Yi, L.; Liu, P,; et al. ACT001 reduces the expression of
PD-L1 by inhibiting the phosphorylation of STAT3 in glioblastoma. Theranostic 2020, 10, 5943-5956. [CrossRef]

Pajak, B.; Gajkowska, B.; Orzechowski, A. Molecular basis of parthenolide-dependent proapoptotic activity in cancer cells. Folia
Histochem. Cytobiol. 2008, 46, 129-135. [CrossRef]

Jin, P; Madieh, S.; Augsburger, L.L. The solution and solid state stability and excipient compatibility of parthenolide in feverfew.
AAPS Pharm. Sci. Tech. 2007, 8, 200. [CrossRef]

Ghantous, A.; Gali-Mubhtasib, H.; Vuorela, H.; Saliba, N.A.; Darwiche, N. What made sesquiterpene lactones reach cancer clinical
trials. Drug Discov. Today 2010, 15, 668-678. [CrossRef] [PubMed]

Lickliter, ].D.; Jennens, R.; Lemech, C.R; Su, S.Y.C.; Chen, Y. Phase 1 dose-escalation study of ACT001 in patients with recurrent
glioblastoma and other advanced solid tumors. J. Clin. Oncol. 2018, 36, €14048. [CrossRef]

Zariquiey, ES.; da Souza, J.V,; Estrada-Tejedor, R.; Bronowska, A.K. If you cannot win them, join them: Understanding new ways
to target STAT3 by small molecules. ACS Omega 2019, 4, 13913-13921. [CrossRef] [PubMed]

Mertens, C.; Haripal, B.; Klinge, S.; Darnell, J.E. Mutations in the linker domain affect phosho-STAT3 function and suggest targets
for interrupting STAT3 activity. Proc. Natl. Acad. Sci. USA 2015, 112, 14811-14816. [CrossRef]


http://doi.org/10.1126/scitranslmed.3000677
http://doi.org/10.1007/s10637-015-0221-y
http://www.ncbi.nlm.nih.gov/pubmed/25762000
http://doi.org/10.1155/2019/8201079
http://www.ncbi.nlm.nih.gov/pubmed/31827705
http://doi.org/10.1038/s41598-018-35815-4
http://www.ncbi.nlm.nih.gov/pubmed/30531808
http://doi.org/10.1111/jphp.13033
http://www.ncbi.nlm.nih.gov/pubmed/30362115
http://doi.org/10.18632/oncotarget.18518
http://doi.org/10.3390/cancers10120476
http://doi.org/10.31768/2312-8852.2018.40(3):205-210
http://doi.org/10.32471/exp-oncology.2312-8852.vol-41-no-1.12432
http://doi.org/10.1007/s10637-012-9794-x
http://doi.org/10.1093/neuonc/noz175.171
http://doi.org/10.1002/cam4.1410
http://www.ncbi.nlm.nih.gov/pubmed/29533007
http://doi.org/10.1186/s12967-015-0758-8
http://www.ncbi.nlm.nih.gov/pubmed/26711814
http://doi.org/10.18632/oncotarget.561
http://doi.org/10.3390/biomedicines9121749
https://www.biospace.com/article/releases/moleculin-receives-fda-allowance-to-begin-a-phase-1-study-of-wp1122-for-the-treatment-of-glioblastoma-multiforme/
https://www.biospace.com/article/releases/moleculin-receives-fda-allowance-to-begin-a-phase-1-study-of-wp1122-for-the-treatment-of-glioblastoma-multiforme/
http://doi.org/10.1016/j.jocn.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23688441
http://doi.org/10.1158/1078-0432.CCR-07-4923
http://www.ncbi.nlm.nih.gov/pubmed/18829483
http://doi.org/10.7150/thno.41498
http://doi.org/10.2478/v10042-008-0019-2
http://doi.org/10.1208/pt0804105
http://doi.org/10.1016/j.drudis.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20541036
http://doi.org/10.1200/JCO.2018.36.15_suppl.e14048
http://doi.org/10.1021/acsomega.9b01601
http://www.ncbi.nlm.nih.gov/pubmed/31497709
http://doi.org/10.1073/pnas.1515876112

Biomedicines 2022, 10, 1001 17 of 18

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Han, D; Yu, T,; Dong, N.; Wang, B.; Sun, F,; Jiang, D. Napabucasin, a novel STAT3 inhibitor suppresses proliferation, invasion
and stemness of glioblastoma cells. J. Exp. Clin. Cancer Res. 2019, 38, 289. [CrossRef]

A Study of BBI608 in Combination With Temozolomide in Adult Patients with Recurrent or Progressed Glioblastoma. Available
online: https:/ /clinicaltrials.gov/ct2/show /study/NCT02315534 (accessed on 27 March 2022).

Iwamuru, A.; Szymanski, S.; Iwado, E.; Aoki, H.; Yokoyama, T.; Fokt, I.; Hess, K.; Conrad, C.; Madden, T.; Sawaya, R.; et al. A
novel inhibitor of the STAT3 pathway induces apoptosis in malignant glioma cells both in vitro and in vivo. Oncogene 2007, 26,
2435-2444. [CrossRef]

Vangala, V.; Nimmu, N.V,; Khalid, S.; Kuncha, M; Sistla, R.; Banerjee, R.; Chaudhuri, A. Combating glioblastoma by codelivering
the small-molecule inhibitor of STAT3 and STAT3siRNA with a5b1 integrin receptor-selective liposomes. Mol. Pharm. 2020, 17, 6.
[CrossRef]

Wang, X.; Zhang, X.; Qiu, C.; Yang, N. STAT3 contributes to radioresistance in cancer. Front. Oncol. 2020, 10, 1120. [CrossRef]
Ott, M.; Kassab, C.; Marisetty, A.; Hashimoto, Y.; Wei, J.; Zamier, D.; Leu, ].S.; Tomaszewski, K.H.; Sabbagh, A.; Fang, D.; et al.
Radiation with STAT3 blockade triggers dendritic cell-T cell interactions in the glioma microenvironment and therapeuthc efficact.
Clin. Cancer Res. 2020, 26, 4983-4994. [CrossRef]

Han, D,; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researchers in cancer. Am. J. Cancer Res. 2020, 10, 727-742.

Litak, J.; Mazurek, M.; Grochowski, C.; Kamieniak, P,; Roliniski, J. PD-L1/PD-1 axis in glioblastoma multiforme. Int. J. Mol. Sci.
2019, 20, 5347. [CrossRef] [PubMed]

Hao, C; Chen, G.; Zhao, H,; Li, Y,; Chen, J.; Zhang, H.; Li, S.; Zhao, Y.; Chen, F; Li, W,; et al. PD-L1 expression in glioblastoma,
the clinical and prognostic significance: A systematic literature review and meta-analysis. Front. Oncol. 2020, 10, 1015. [CrossRef]
[PubMed]

Xue, S.; Hu, M; Li, P; Ma, J.; Xie, L.; Teng, F.,; Zhu, Y.; Fan, B.; Mu, D.; Yu, J. Relationship between expression of PD-L1 and tumor
angiogenesis, proliferation, and invasion in glioma. Oncotarget 2017, 8, 49702-49712. [CrossRef] [PubMed]

Sekhon, N.; Kumbla, R.A.; Mita, M. Chapter 1—Current Trends in Cancer Therapy. In Cardio-Oncology, Principles, Prevention and
Management; Gottlieb, R., Mehta, PK., Eds.; Academic Press: Amsterdam, The Netherlands, 2017; pp. 1-24.

Faiena, I.; Cummings, A.L.; Crosetti, A.M.; Pantuck, A.J.; Chamie, K.; Drakaki, A. Durvalumab: An investigational anti-PD-L1
monoclonal antibody for the treatment of orothelial carcinoma. Drug Des. Dev. 2018, 12, 209-215. [CrossRef]

US National Library of Medicine. Phase 2 Study of Durvalumab (MEDI4736) in Patients with Glioblastoma. Available online:
https://clinicaltrials.gov /ct2 /show /results /NCT02336165 (accessed on 29 March 2022).

Yang, T.Y.; Kong, Z.; Ma, W. PD-1/PD-L1 immune checkpoint inhibitors in glioblastoma: Clinical studies, challenges and potential.
Hum. Vaccin Immunother. 2021, 17, 546-553. [CrossRef]

Torngovnick, A.; Schumacher, B. DNA repair mechanisms in cancer development and therapy. Front. Genet. 2015, 6, 157.
Silberman, S.; Hsu, S.; Muczyczenko, Z.; Picker, D.; Sipowicz, M.; Zak, E.; Buczynska, A.; Olejniczak, M.; Priebe, W. Design and
initiation of pivotal studies for Berubicin, a novel potent topoisomerase II poison for the treatment of recurrent glioblastoma
multiforme (GBM). Neuro-Oncol. 2021, 23, vi193. [CrossRef]

Micaleff, I.; Baron, B. Doxorubicin: An overview of anticancer and chemoresistance mechanisms. Ann. Clin. Toxicol. 2020, 3, 1031.
Kazerooni, R.; Conrad, C.; Johansen, M.; Sakamoto, M.; Thapar, N.; Mayer, C.; Priebe, W.; Madden, T. Phase I clinical pharmacoki-
netics of RTA744 (Berubicin (B)), a blood-brain barrier penetrating anthracycline active against high grade glioma, and evaluation
of its 12-hydroxy metabolite, berubicinol (B-ol). Mol. Cancer 2007, 6, B101.

Tang, F.; Tsakalozou, E.; Arnold, S.M.; Ng, C.M.; Leggas, M. Population pharmacokinetic analysis of AR-67, a lactone stable
camptothecin analogue in cancer patients with solid tumors. Investig. New Drugs 2019, 37, 1218-1230. [CrossRef]

Kumthekar, P.; Raizer, J.; Cavaliere, R.; Devoe, C.; Jensen, R.; Stieber, V.; Runk, T.; Grewal, J.; Brownell, E.; Zukiwski, A.; et al.
ACTR40. Phase 2 safety and efficacy of AR-67 (7-T-butyldimethylsiltyl-10-hydroxycamptothecin) in patients with recurrent
glioblastoma multiforme (GBM) or gliosarcoma. Neuro-Oncology 2019, 21, vi22. [CrossRef]

Lee, A. Fuzuloparib: First approval. Drugs 2021, 81, 1221-1226. [CrossRef] [PubMed]

Li, Y; Seto, E. HDACs and HDAC inhibitors in cancer development. Cold Spring Harb Perspect. Med. 2016, 6, a026831. [CrossRef]
[PubMed]

Inche, A.G.; La Thangue, N.B. Chromatin control and cancer-drug discovery: Realizing the promise. Drug Discov. Today 2006,
11, 97-109. [CrossRef]

Parbin, S.; Kar, S.; Shilpi, A.; Sengupta, D.; Deb, M.; Rath, S.K.; Patra, S.K. Histone deacetylases: A saga of perturbed acetylation
homeostasis in cancer. J. Histochem. Cytochem. 2014, 62, 11-33. [CrossRef]

Zorzan, M.; Giordan, E.; Redaelli, M.; Caretta, A.; Mucignat-Caretta, C. Molecular targets in glioblastoma. Future Oncol. 2015, 11,
1407-1420. [CrossRef]

Lee, D.H.; Ryu, HW.; Won, H.R.; Kwon, S.H. Advances in epigenetic glioblastoma therapy. Oncotarget 2017, 8, 18577-18589.
[CrossRef]

Kerr, ].S.; Galloway, S.; Lagrutta, A.; Armstrong, M.; Miller, T.; Richon, V.M.; Andrews, P.A. Nonclinical safety assessment of the
histone deactylase inhibitor vorinostat. Int. J. Toxicol. 2010, 29, 3-19. [CrossRef]

Mann, B.S.; Johnson, J.R.; Cohen, M.H.; Justice, R.; Pazdur, R. FDA approval summary: Vorinostat for treatment of advanced
primary cutaneous T-cell lymphoma. Oncologist 2007, 12, 1247-1252. [CrossRef]


http://doi.org/10.1186/s13046-019-1289-6
https://clinicaltrials.gov/ct2/show/study/NCT02315534
http://doi.org/10.1038/sj.onc.1210031
http://doi.org/10.1021/acs.molpharmaceut.9b01271
http://doi.org/10.3389/fonc.2020.01120
http://doi.org/10.1158/1078-0432.CCR-19-4092
http://doi.org/10.3390/ijms20215347
http://www.ncbi.nlm.nih.gov/pubmed/31661771
http://doi.org/10.3389/fonc.2020.01015
http://www.ncbi.nlm.nih.gov/pubmed/32670884
http://doi.org/10.18632/oncotarget.17922
http://www.ncbi.nlm.nih.gov/pubmed/28591697
http://doi.org/10.2147/DDDT.S141491
https://clinicaltrials.gov/ct2/show/results/NCT02336165
http://doi.org/10.1080/21645515.2020.1782692
http://doi.org/10.1093/neuonc/noab196.765
http://doi.org/10.1007/s10637-019-00744-0
http://doi.org/10.1093/neuonc/noz175.082
http://doi.org/10.1007/s40265-021-01541-x
http://www.ncbi.nlm.nih.gov/pubmed/34118019
http://doi.org/10.1101/cshperspect.a026831
http://www.ncbi.nlm.nih.gov/pubmed/27599530
http://doi.org/10.1016/S1359-6446(05)03691-3
http://doi.org/10.1369/0022155413506582
http://doi.org/10.2217/fon.15.22
http://doi.org/10.18632/oncotarget.14612
http://doi.org/10.1177/1091581809352111
http://doi.org/10.1634/theoncologist.12-10-1247

Biomedicines 2022, 10, 1001 18 of 18

94. Palmieri, D.; Lockman, PR.; Thomas, FEC.; Hua, E.; Herring, J.; Hargrave, E.; Johnson, M.; Flores, N.; Qian, Y.; Vega-Valle, E.; et al.
Vorinostat inhibits brain metastatic colonization in a model of triple-negative breast cancer and induces DNA double-strand
breaks. Clin. Cancer Res. 2009, 15, 6148-6157. [CrossRef]

95. Galanis, E.; Jaeckle, K.A.; Maurer, M.].; Reid, ].M.; Ames, M.M.; Hardwick, J.S.; Reilly, ].F.; Loboda, A.; Nebozhyn, M.; Fantin,
V.R; et al. Phase II trial of vorinostat in recurrent glioblastoma multiforme: A north Central Cancer Treatment Group study. J.
Clin. Oncol. 2009, 27, 2052-2058. [CrossRef] [PubMed]

96. Peters, K.B,; Lipp, E.S.; Miller, E.; Herndon, J.E., 2nd; McSherry, E; Desjardins, A.; Reardon, D.A.; Friedman, H.S. Phase I/1I
trial of vorinostat, bevacizumab, and daily temozolomide for recurrent malignant gliomas. J. Neurooncol. 2018, 137, 349-356.
[CrossRef] [PubMed]


http://doi.org/10.1158/1078-0432.CCR-09-1039
http://doi.org/10.1200/JCO.2008.19.0694
http://www.ncbi.nlm.nih.gov/pubmed/19307505
http://doi.org/10.1007/s11060-017-2724-1
http://www.ncbi.nlm.nih.gov/pubmed/29264836

	Introduction 
	Glioblastoma Multiforme—An Overview 
	Standard Therapy—Chemotherapy 

	GBM Drug Candidates in Clinical Trials 
	Drug Candidates Targeting GBM Cancer Cell Metabolism 
	STAT3 Inhibitors as Drug Candidates for GBM Therapy 
	PD-1 Targeting Molecules as Drug Candidates for GBM Therapy 
	DNA-Targeting Drug Candidates for GBM Therapy 
	Histone Deacetylases Inhibitors in Clinical GBM Trials 
	Other Current Drug Candidates for GBM Therapy 

	Perspectives 
	References

