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Abstract—Brain cancer is a formidable chal-
lenge for drug development, and drugs derived from
many cutting-edge technologies are being tested in
clinical trials. We manually characterized 981 clini-
cal trials on brain tumors that were registered in
ClinicalTrials.gov from 2010 to 2020. We identified
582 wunique therapeutic entities targeting 581
unique drug targets and 557 unique treatment com-
binations involving drugs. We performed the classi-
fication of both the drugs and drug targets based on

pharmacological and structural classifications. Our
analysis demonstrates a large diversity of agents
and targets. Currently, we identified 32 different
pharmacological directions for therapies that are
based on 42 structural classes of agents. Our analy-
sis shows that kinase inhibitors, chemotherapeutic
agents, and cancer vaccines are the three most
common classes of agents identified in trials.
Agents in clinical trials demonstrated uneven dis-
tribution in combination approaches; chemotherapy
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agents, proteasome inhibitors, and immune modu-
lators frequently appeared in combinations,
whereas kinase inhibitors, modified immune effec-
tor cells did not as was shown by combination net-
works and descriptive statistics. This analysis
provides an extensive overview of the drug discov-
ery field in brain cancer, shifts that have been

happening in recent years, and challenges that are
likely to come.

Significance Statement This review provides
comprehensive quantitative analysis and discus-
sion of the brain cancer drug discovery field, includ-
ing classification of drug, targets, and therapies.

I. Introduction

Brain cancer represents a significant challenge for
current oncology and drug development. Despite
being rare in the general population, malignant brain
and CNS tumors account for up to 33% of cancer-
related deaths in children according to data from the
United Kingdom from 2010 to 2012 (McNeill, 2016).
The more recent worldwide statistics also suggest
that brain and nervous system cancers are one of the
most common cancer-related deaths in patients aged
between 0-19 years and 20-29 years. (Fitzmaurice et
al., 2018). The most common subtype of malignant
tumors is malignant glioma, whereas the most
aggressive subtype is represented by glioblastoma
(McNeill, 2016). Brain tumors vary in terms of malig-
nancy, and this results in significant differences in
patient survival in all age groups. For example, the 5-
year survival rate of patients with nonmalignant
brain tumor in all age groups is 91%. However, tumor
malignancy reduces this number to about 32% over-
all, and in case of glioblastoma, this number is much
lower and is about 5% (Barnholtz-Sloan et al., 2018).

The primary approach to treat cancer has been che-
motherapy, but the treatment paradigm is increas-
ingly shifting toward targeted therapeutic approaches.
This development was manifested with the FDA
approval of trastuzumab, an antibody targeting ERBB2
for the treatment of breast cancer, in 1998 and imati-
nib, an inhibitor of BCR-ABL kinase, for Ph+ chronic
myeloid leukemia in 2001 (Rask-Andersen et al., 2014)
with many more kinase inhibitors being approved
thereafter. Currently, targeted therapies are enriched
by personalized and genome-driven methods (Hyman et
al., 2017; Gambardella et al., 2020) guided by an active
search for biomarkers (Sun et al., 2020). The last 10
years are also characterized by successful clinical vali-
dation of advanced immune and gene therapies, which

is likely to prompt a broader application of new thera-
pies. Importantly, neuro-oncology has become a testing
field for cutting-edge therapies, which have emerged
either specifically for brain tumors or to treat many
other cancers. For instance, EPH receptor (EPH)-
ephrin signaling has been extensively studied over
the years, which has led to the exploration of EPH
inhibitors and EPH-targeting immune therapies in
various conditions, including malignant glioma
(Boyd et al., 2014). Another interesting example is
oncolytic viral therapy, which is based on viral killing of
tumor cells that can potentially be used either as mono-
therapy or in combinational approaches with immune
therapy to enhance clinical performance in different
malignancies (Twumasi-Boateng et al., 2018).

Several previous publications have provided the bench-
mark for analysis of drug discovery trends among different
therapeutic areas, investigating overall pharmaceutical
innovation; exploration of novel targets, for example,
among kinases and G protein—coupled receptors (GPCRs);
specifics of orphan drug development and approval; and
pivotal directions of targeting within the human genome
as well as approval trends (Munos, 2009; Rask-Andersen
et al., 2011; DiMasi et al., 2013; Hauser et al., 2017; Santos
et al., 2017; Attwood et al., 2018; Tambuyzer et al., 2020).
Several detailed reviews exist tailored to a specific drug
class or type of brain cancer [e.g., discussing metabolic tar-
geting of the tumor metabolism with indolamine 2,3-dioxy-
genase (IDO) inhibition (Platten et al., 2019) and advances
in brain tumor immune therapy (Sampson et al., 2020) as
well as using targeted approaches in malignant glioma
and medulloblastoma (Huse and Holland, 2010; Kumar et
al., 2017)]. One quantitative analysis demonstrated that
the adoption of temozolomide with radiation therapy as a
standard-of-care regimen has led to a long-term increase
in the overall survival of patients with glioblastoma multi-
forme. This publication also reported the highest survival
rates in trials with bevacizumab, tumor treating fields

ABBREVIATIONS: AKT, protein kinase Akt; BBB, blood-brain barrier; BET, bromodomain and extraterminal motif; CAR, chimeric anti-
gen receptor; CB, checkpoint blockade; CDK, cyclin-dependent kinase; CIIM, checkpoint inhibitor and immune modulator; CNS, central
nervous system; CTLA-4, cytotoxic T-lymphocyte—associated protein 4; DC, dendritic cell; EGFR, epidermal growth factor receptor; EPH,
EPH receptor; FDA, US Food and Drug Administration; FGFR, fibroblast growth factor receptor; FLT, FMS-like tyrosine kinase; GM-CSF,
granulocyte macrophage colony-stimulating factor; GPCR, G protein—coupled receptor; HDAC, histone deacetylase; HER2, human epider-
mal growth factor receptor 2; HIF2A, hypoxia-inducible factor 2a¢; HSV, herpes simplex virus; hTERT, human telomerase reverse transcrip-
tase; IDH, isocitrate dehydrogenase; IDO, indolamine 2,3-dioxygenase; IL, interleukin; IL13RA2, interleukin-13 receptor o subunit; JAK,
Janus kinase; MDM, E3 ubiquitin-protein ligase Mdm; MHC, major histocompatibility complex; MTOR, mechanistic target of rapamycin;
NK, natural killer; PARP, poly(ADP-ribose) polymerase; PD1, programmed cell death 1 (or PDCD1); PCV, procarbazine, lomustine (CCNU),
and vincristine; PD-L1, programmed death-ligand 1; PI3K, phosphoinositide 3-kinase; RTK, receptor tyrosine kinase; ScFv, single-chain
variable fragment; STAT, signal transducer and activator of transcription; TCR, T-cell receptor; TTF, tumor treating field; VEGFA, vascular

endothelial growth factor A; WT'1, Wilms tumor gene-1.
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(TTFs), and vaccines (Marenco-Hillembrand et al., 2020).
Today many new therapies are being tested in the clinic,
and it is a major challenge to have an overview of the
entire field. To our best knowledge, a comprehensive quan-
titative assessment that systematically covers clinical
drug development in brain cancer trials, drugs, and drug
targets has not yet been published. Here, we present an
analysis of drug interventions to treat brain malignancies
that have been in clinical trials during the last 10 years.
We provide a detailed structural and pharmacological clas-
sification of these interventions as well as the characteris-
tics of their targets. Furthermore, we analyze the
combination therapies—drug target networks and discuss
the trends in monotherapies and combinations to treat
brain cancers.

II. Data Collection and Analysis

The clinical trial studies were initially downloaded
from the ClinicalTrials.gov database. Search results
were obtained using the following search terms:
“Brain cancer,” “Brain tumor,” “Glioma,” “Glioblastoma,”
“Astrocytoma,” “Medulloblastoma,” “Oligodendroglioma,”
“Pituitary tumor,” “Ependymoma,” “Meningioma,”
“Gliosarcoma,” “CNS Atypical Teratoid Rhabdoid
Tumor,” “Gliomatosis Cerebri,” “Pineal Region Tumor,”
“CNS Primitive Neuro-Ectodermal Tumors.” These
terms were applied to encompass all interventional tri-
als with a drug or preparative therapy for the primary
purpose of treatment with a study first posted date of
January 1, 2010 or later. Other study designs might
use the actual study start date instead of the date the
trial appeared on ClinicalTrials.gov. We included clini-
cal trials on all age groups in the analysis to capture
more agents/therapies. The initial ~5600 studies (1930
without overlaps) were manually assessed, and studies
on nonbrain tumors, such as schwannomas, were
removed as well as brain metastases studies since these
tumors possess a distinct molecular profile different
from that of primary brain tumors. Furthermore, other
studies were removed if they investigated an agent
against tumor comorbidities (like edema) or if they did
not include treatment arm descriptions or if the pur-
pose of the study was imaging, for example, 5-aminole-
vulinic acid. Studies on low-grade primary brain
tumors were left in the data since some of these tumors
(such as low-grade gliomas) may transform into malig-
nant forms (Claus et al., 2015). After manual curation,
the total count of clinical trials was 981 unique studies.

To obtain data on monotherapies and combination
therapies, we manually analyzed trial descriptions,
interventions, and arm descriptions. It is important
to make a distinction between the investigative arm
and the controls, and here the control arms were not
considered for this quantitative analysis. It should be
noted that we did not consider different dosages,
routes of administration of drugs, and treatment

cycles as well as surgery and different types/amount
of radiation therapy. Radiation therapy and tumor
treating fields were, however, included in combina-
tions but omitted if monotherapy.

We classified several biologicals within the same group
[chimeric antigen receptor (CAR) T cells, CAR natural
killer (NK) cells, dendritic cells, tumor lysate vaccine,
stem cells, cytotoxic T cells] as different drug entities
since there are many factors involved in their production.
For example, anti—epidermal growth factor receptor
(EGFR)-CAR T cells could be generated employing differ-
ent initial T cells, transduction systems, receptor struc-
ture, culture medium, etc. We named biologicals with a
single identical name only if they were manufactured
in the same laboratory, the trial had the same prin-
cipal investigator, and medication had a trade name
(or code name) allowing it distinction from other
biologicals with close structure. Some clinical trials
had ambiguous phase descriptions, requiring correc-
tion for quantitative analysis. The following logic
was used: Phase “NA” was treated as phase one, and
trials with both phase one and phase two status
were treated as trials of phase one, whereas trials
with both phase two and phase three status were
treated as trials of phase two. We made such substi-
tutions because of uncertainty if the trial success-
fully transitioned to the next phase.

We manually classified drugs, using physical (struc-
tural) and pharmacological classifications. The priority
was to make the classifications were mostly relevant to
the oncology field. We did not use the chemical structure
of small molecules as the basis for our classification since
it is beyond the scope of this publication. Genetic modifi-
cation of immune cells was considered as a gene therapy
according to the FDA website (https://www.fda.gov/vac
cines-blood-biologics/cellular-gene-therapy-products/what-
gene-therapy). To obtain drug targets, we used the Drug-
Bank database, updated data from our previous publica-
tion (Rask-Andersen et al., 2011), PubMed searches,
manufacturer’s websites, and public sources. We manu-
ally classified targets using the UniProt database and
PubMed searches. The enzymes were classified in
accordance with the biologic function of a particular
enzyme. Kinases were specified as a separate class
because of their crucial role in cancer biology. The
Transporter Classification Database was used to clas-
sify transporters (Saier et al., 2014). To analyze the
dataset, we used the R programming language with the
following packages: ggplot2, dplyr, xlsx, igraph, stringr,
networkD3, and visNetwork. These packages are a part
of the Comprehensive R Archive Network and can be
downloaded from its repository. For supplementary net-
work images we used the Gephi software.

To analyze trends in drug classes, we used the met-
ric “presence” instead of the number of clinical trials.
The presence was calculated using the combined
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number of all drug entities of a particular class per
year. If a particular drug appeared in a clinical trial,
it was counted only once, no matter the number of
arms with this agent in a trial. However, if there are
two or more agents of the same class in the same
trial, this trial is counted twice or as many times as
the number of agents of the class in the trial. One
clinical trial can investigate two innovative agents of
the same class at once. For instance, one trial can
analyze two kinase inhibitors simultaneously either
in different arms or in combination. The metric
“number of trials” gives the result of 1, whereas the
“presence” gives the result of 2. Using presence
instead of a number of the clinical trials allows
detecting trends more accurately.

II1. Overall Trends in Drugs, Drug Targets, and
Biologic Therapies

Overall, 582 therapeutic modalities have been
investigated from 2010 till the beginning of 2020.
These entities have been appearing fairly uniformly
throughout the years (Fig. 1A), and the proportion of
the different clinical trial phases remained similar
each year during our analysis (Fig. 1B). The peak of
2010 could be explained by the fact that some of the
agents had already entered trials before and were
included in 2010 since our timeframe starts from this
year.

In our analysis, we used structural and pharmacologi-
cal classifications to describe therapeutic entities (Fig. 2).
The structural classification relies on a physical struc-
ture of a particular molecule, complex, cell, or virus.
Identifying the structural classification is important
because of its tight nexus with manufacturing technolo-
gies of drugs and their pharmacokinetics. The key fea-
tures and structures of core structural classes are
outlined in Table 1 and Fig. 3 (extended version is in
Supplemental Table 1). Pharmacokinetics is a major
concern in brain cancer therapy since the blood--
brain barrier (BBB) prevents polar, lipid-insoluble,
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or large molecules (>600 Da) from entering a brain
(Scherrmann, 2002). From a structural perspective,
most of the interventions are small molecules (309
agents, ~53%), which could be related to well estab-
lished pipelines to manufacturing and favorable
absorption, distribution, metabolism, and excretion
properties of small molecules. However, often even
small molecules do not demonstrate a desired distri-
bution within an organism, thus requiring the use
of delivery systems, which often carry chemother-
apy agents. Overall, there are 15 various small mol-
ecules employing delivery systems. These systems
include metal nanoparticles, liposomes, polymer
nanoparticles, protein (albumin) nanoparticles, and
a bacterial-derived carrier.

Monoclonal antibodies are another abundant drug
structure in clinical trials (42 agents; 7%). This class
of molecules has pharmacokinetic issues, in particu-
lar, penetration into the tumor tissue (Thurber et al.,
2008). Several modified versions of monoclonal anti-
bodies, like antibody-drug conjugates, chimeric pro-
teins, bispecific antibodies, and peptibodies were
identified in trials, although these modifications are
relatively rare compared with regular antibody prod-
ucts. Various cell products, including CAR T cells (34
entities; 5.8%) and dendritic cells (35 entities; 5.9%),
were also often examined in the clinic especially in
last years, thus showing a rising interest in such
kinds of therapies. Additionally, many protein and
peptide formulations that are primarily used as vac-
cines are found in trials. Thirty-six clinical trials have
been analyzing the use of viruses both for gene ther-
apy and for tumor lysis. In a gene therapy, these
viruses frequently contain some introduced gene,
such as encoding cytokines like interleukin 12 or
ligands that can facilitate an antitumor immune
response or induce apoptosis in tumor cells.

In addition to the structural classification that ena-
bles identifying trends in technological platforms, we
used the pharmacological classification that is related
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Fig. 1. Clinical trials and drugs on brain cancer. (A) Number of unique agents entering clinical trials per year for treatment of brain cancer. Each bar corre-
sponds to the number of unique agents that appeared for the first time each year from 2010 to 2020. The peak of 2010 could be partially explained by the
fact that some of the agents had already entered trials before 2010 and are included in the year 2010, as they were still identified in trials when we began
our analysis. The last year contains a small number of agents since it has not been completed at the time of writing. Data are to February 2020. (B) The
number of clinical trials registered per year. Each bar corresponds to the number of clinical trials registered in ClinicalTrials.gov per year. The color indi-
cates the phase of a trial. Note, phases were treated as mentioned in the section on data collection and analysis. Data are to February 2020.
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Fig. 2. Structural platforms in brain cancer trials. The structural classification of the drug agents. The structural classification of the 568 drug entities
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“&.” The size of a bar corresponds to the number of agents in the class. Each classification has color codes to illustrate the superclasses of entities. The
right side of the figure details the diversity of delivery systems for small molecules in the data. Data are to February 2020. BITE, bispecific T-cell
engager; CP, cell product; Cyt., cytotoxic; DS, delivery system; NKT cell, natural killer T cell; siRNA, small interfering RNA.

to treatment strategies to identify clinical trends (Fig. 4).
Kinase inhibitors account for 15.6% of unique drugs
investigated in clinical trials on brain cancer since
2010. These medications have been successfully used
for other cancers, and it is not surprising that they are
the most investigated therapeutic agents. The second
major class is represented by cancer vaccines (~11.5%).
Other significant directions include different kinds of
chemotherapy, immune therapy, gene therapy, and tar-
geted therapies. Generally, the pharmacological classes
show much more even distribution when compared with
the classification of the data based on drug structures, in
which one class (small molecules) significantly outnum-
bers the other classes. Notably, both drug structures and
pharmacological classes did not appear uniformly
throughout the years, and this is further detailed below.

A. Trends in Drug Targets

Many drugs have a defined set of drugged proteins
that are important during a broad overview of the

drug discovery process. During our analysis, we iden-
tified 581 unique drug targets, including protein iso-
forms. The term target cannot be applied to all
entities in our database. For example, the term
“target” seems to be inappropriate for oncolytic
viruses or hematopoietic stem cells. Thus, the number
of agents used to gather targets was smaller than
those of the entire dataset and equals 518 drug enti-
ties. In our analysis, we did not include drug targets
whose pharmacological action designation was “NO”
according to the drug bank since there is a high confi-
dence that such a target is not a basis for pharmaco-
logical action. However, it must be mentioned that
anticancer agents may exhibit their activity not
through an initially proposed target (Lin et al., 2019).
Thus, we decided not to remove other targets.

The locations of most targets (40.4%) correspond to
cellular membrane, which is followed by cytoplasm
(26.9%) and nucleus/nuclear envelope (15.7%) (Fig.
5A). The percentage of membrane-localized targets
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Antibody-based platforms
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Fig. 3. Key structural platforms. Key structural platforms and classes of agents. This figure provides a graphical representation of the key structural
classes identified in clinical trials on primary brain malignancies. Small-molecule platforms may contain delivery systems that could be of different ori-
gins. Antibody-based platforms contain bispecific T-cell engager therapies wherein the domains bind with different antigens. In several cell-based plat-
forms, the key cell-surface markers that are used to sort these cell types were illustrated. T cells could possess different versions of a T-cell receptor—
aff or y9, depending on a subtype. TCR T cells use an artificial T-cell receptor that is typically composed of a single protein chain. The TCR of the NKT
cells is considered to be CD1d complementary and response to lipid antigens. The 2nd generation CAR structure for CAR NK and CAR T cells was used
since it is the most common form of this construct. Dendritic cells are used as a vaccine after pulsed with tumor antigens. Bacterial cells are used to
express tumor peptides and deliver them to immune cells to trigger the antitumor immune response. Viral-based platforms include different types of
viruses that can be used in different strategies, such as adenovirus and HSV that are both used as oncolytic viruses or as a vector for gene therapy.
Their genomes could be genetically edited to insert a gene of interest that could activate the immune response, trigger the apoptosis of tumor cells, or
confer sensitivity to chemotherapy. Viruses are illustrated schematically and may not represent the actual structure in detail. FAS-TNFR1, chimeric
FAS and tumor necrosis factor receptor 1; NKT cell, natural killer T cell; siRNA, small interfering RNA; TK, thymidine kinase.



10 Sokolov et al.

582 Unique therapeutic entities

Pharmacological classification

Kinase inhibitors | ] 91

Secondary classes

Metabolic modifiers 36 S S~ b
[E— Unclassified 117

Angiogenesis inhibitors [ 28
Targeted chemotherapy [___] 22
ER: Transcription modifiers [ 21
ER: HDAC inhibitors [] 10
Embryonic pathway inhibitors [] 7
PARP inhibitors [] 7
Proteasome inhibitors D 5
IT: Vaccine e 67
IT: CBT and immune modulators [ 31
IT: Gen. unmodified effector cells [y 19
IT: Regular antibodies [ 17
IT: BITE| 1
CT: Alkylating agents [ 16
CT: Antimetabolites [ 12
CT: Spindle poisons [ 10
CT: Topoisomerase inhibitors [ 7
CT: Platinum drugs [ 5
GT: Effector cell modification _____ 41
GT: Chemosensitizing [] 7
GT: Immune system recruitment [J] 5
GT: DNA vaccine []4
GT: Chemoprotection [ 2
GT: Gene augmentation | 1 ' e

Fig. 4. Pharmacological directions of
therapies. The pharmacological classifi-
cation of the drug agents. The 568 drug
entities identified in the analysis are
classified by pharmacological classes
into five superclasses, which are color-
coded. Information was obtained using
cancer.gov, fda.gov, and PubMed search.
Note that if a kinase inhibitor exhibits
very clear antiangiogenic activity, it is
classified as angiogenesis inhibitors. The
right side of the figure provides second-
ary classification for other therapies
(that has not been used for trend analy-
sis). Data are to February 2020. By the
term “genetically unmodified effector
cells” we mean cells with unmodified
immune effector function. BITE, bispe-
cific T-cell engager; CBT, checkpoint
blockade therapy; CT, chemotherapy;
CXCR4, C-X-C chemokine receptor type
4; ER, expression regulator; Gen, geneti-
cally; GT, gene therapy; IT, immune
therapy; NMDA, N-methyl-p-aspartate
receptor; NSAID, nonsteroidal anti-
inflammatory drug; Synth., synthetic.
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aligns well to the previous analysis undertaken by Yil-
dirim et al. (2007). Other locations are less frequent and
account for 17% of the drug-target spectrum combined.
Such results are not surprising, considering that many
targeted therapies for cancer act on tyrosine kinases that
either are receptors and are located on the cellular mem-
brane or represent a cytosolic protein that could be found
both in the cytoplasm or nucleus, depending on a partic-
ular enzyme. Many other proteins, including enzymes,
such as histone deacetylases (HDACs) or poly (ADP-
ribose) polymerase (PARP), also demonstrate similar
localization and could be found either in the cytoplasm
or nucleus.

Using structural and functional properties to clas-
sify the targets shows that enzymes are the most
abundant target class with almost 41.8% of all tar-
gets, and receptors are the second most common class
and account for ~31.5% (Fig. 5B). More specific char-
acterization of the drug targets shows that kinases
are the most targeted direction among enzymes as
well as all targets (Fig. 5C). The second most com-
monly targeted enzyme class is represented by meta-
bolic enzymes. Receptors are the third most investigated
targets that include receptor tyrosine kinases (RTKs),
GPCRs, and immune-related receptors. Interestingly, in
comparison with enzymes and receptors, the pools of
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Fig. 5. Targets and their distribution. (A) The distribution of target locations. Each target location was manually obtained from the UniProt database
and PubMed search. If a target had multiple cellular localizations, we included the most relevant for its functional activity. If the exact function is
unknown or hard to determine, we used the location with the largest number of references. Color corresponds to a target location. (B) The general func-
tional activities of the drug targets. Each drug target was manually classified using the UniProt database and PubMed searches. Targets are color-
coded corresponding to seven major functional classes. (C) Specific descriptions of each class of drug target presented in part B. Transporters were clas-
sified using the Transporter Classification Database. The term “kinase” refers to all kinases, excluding RTK and nontyrosine receptor kinases. Struct.,

structural; Synth., synthesis.

ligands, transporters, and transcription factors are rela-
tively small.

It should be specified that the abovementioned figures
represent a qualitative perspective of the target spec-
trum in our analysis. We visualized trends for each tar-
get class (see additional supplementary materials).
Targets demonstrated trends similar to their corre-
sponding drug classes. Interestingly, isoforms of HDACs
and vascular endothelial growth factor A (VEGFA) dem-
onstrated steady downward trends, whereas pro-
grammed cell death 1 (PD1 or PDCDI) and cytotoxic
T-lymphocyte—associated protein 4 (CTLA-4) that are the
targets for checkpoint inhibitors showed very notice-
able up-trending behavior. Several kinases, includ-
ing deoxycytidine kinase, BRAF, and Lim kinase

also showed increasing presence during the years.
Many targets showed no trends and appeared in a
very limited number of trials.

B. The Basics, Chemotherapy

Chemotherapy is a staple of cancer treatment,
and its primary action is based on cytotoxic effects
resulting in cell death. Antimetabolites are the che-
motherapeutic agents wherein the primary action
hinges on substituting the cellular substrates with
the drug, thus resulting in the inhibition of the cel-
lular growth and cell cycle arrest. To date, no anti-
metabolites have been approved for brain cancer by
the FDA. Since 2010, the presence of antimetabo-
lites applied alone or in combination has increased
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in clinical trials, peaking in 2016 and 2018 with eight trials
in each year, respectively. The most common drugs include
azacitidine, fludarabine, gemcitabine, and methotrexate.
Interestingly, azacitidine has been discovered to possess
hypomethylating properties and has been investigated in
brain tumors, including isocitrate dehydrogenase (IDH)
1/2 mutated specimens (Federici et al., 2020). The impor-
tant feature of IDH1 is that it is a prognostic factor of
patient survival in gliomas (Sanson et al., 2009), and two
of seven clinical trials with azacitidine have the IDH sta-
tus specified in the inclusion criteria (NCT03684811,
NCT03666559). Decitabine is another drug that demon-
strated a hypomethylating activity similar to azacitidine
in hematologic tumors (Derissen et al., 2013). In brain can-
cer, this agent has been investigated twice—either in com-
bination with dendritic cell (DC) vaccine (NCT02332889)
or with cedazuridine (NCT03922555). The IDH status was
noted in the inclusion criteria of the latter trial. The ratio-
nale of using decitabine with the DC vaccine is the prop-
erty of this drug to enhance the expression of NY-ESO-1
antigen in gliomas (Konkankit et al., 2011). This trial,
however, was discontinued due to enrolling only one par-
ticipant (NCT02332889).

Another antimetabolite, fludarabine, was examined
15 times in 13 clinical trials on brain tumors since
2010 and always in combination therapies. It was
used in combination with cellular therapies like CAR
T cells and T-cell receptor (TCR)-modified T cells; it
also appeared frequently with cyclophosphamide, an
alkylating agent. A combination of fludarabine with
cyclophosphamide represents a lymphodepletion regi-
men, and it is believed to favor the adoptive T-cell
therapy (Salem and Cole, 2010). For instance, the
addition of fludarabine to the lymphodepletion chemo-
therapy improved anti—-CD-19-CAR T-cell persistence
and survival of patients with blood cancer. Particu-
larly, 16 of 17 patients who received cyclophospha-
mide with fludarabine and anti—-CD-19-CAR T cells
demonstrated a complete response (Turtle et al.,
2016). Apparently, the high presence of fludarabine is
explained by a growing interest in cellular therapies,
in particular, CAR T cells and TCR T cells. Another
agent, gemcitabine, has been analyzed in six different
clinical trials as a part of combination therapies with
kinase inhibitors, filgrastim, PARP inhibitors, or che-
motherapy. Methotrexate is an antifolate drug that
appeared in eight different clinical trials on brain
tumors. Mostly, it has been combined with other che-
motherapeutic medications.

Alkylating agents, another branch of chemotherapy,
represent one of a few drug classes that embed the
approved drug for brain cancer therapy. These drugs
provide cellular cytotoxic effect via crosslinking DNA
molecules, causing double-strand breaks, hampering
uncoiling, and leading to the apoptosis of a cell. Six-
teen drugs have entered clinical trials since 2010 as

part of the alkylating agents class, and three of these
medicines—temozolomide, cyclophosphamide, and
lomustine—were the most frequently applied. In the
United States, temozolomide was authorized for use
in patients with brain cancer for the first time in
1999, and in 2005, a combination of temozolomide
with radiation therapy was approved for newly diag-
nosed glioblastoma multiforme (https://www.access
data.fda.gov/scripts/cder/daf/index.cfm?event=overview.
process&ApplNo=021029). According to our estima-
tions, temozolomide is the most abundant drug in the
whole field and has been tested in 275 different clinical
trials in the last 10 years. This alkylating agent has
been examined in 209 unique combinations even with-
out taking into account various types of radiation ther-
apy. In the last 10 years, the most common
combinations of this drug were with radiation therapy
and bevacizumab. Cyclophosphamide is the second
most investigated alkylating agent that has been exam-
ined in 39 different clinical trials in 48 unique combina-
tions. Before 2016, it was used as a part of
combinational chemotherapy regimens to treat brain
tumors. Then, with the expanding popularity of cellular
therapies, it started to appear in combination with
CAR T cells and TCR T cells as a primary component of
the lymphodepletion regimen with or without
fludarabine.

The third most common alkylating agent identified
in our database is lomustine (or CCNU). It has been
examined in 21 unique combinations in 24 trials since
2010. Compared with cyclophosphamide, the high
presence of this drug is not influenced by the growing
popularity of cellular products. In fact, we found no
trials investigating the concomitant application of
any kind of cell product with lomustine in patients
with brain cancer. Initially, lomustine was approved
by the FDA for brain tumors and Hodgkin disease in
1976 (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2016/017588s0431bl.pdf). This agent is used as a
part of a prominent combinational chemotherapy regi-
men, which is called procarbazine, lomustine (CCNU) ,
and vincristine (PCV), with procarbazine (another
alkylating agent) and vincristine. According to several
clinical trials, lomustine demonstrates better results
when it is a part of the PCV regimen, especially if used
in patients with 1p/19qg-codeleted oligodendroglioma
(Weller and Le Rhun, 2020). In our data, however, we
detected the PCV regimen only in three trials. A phase
three POLCA trial started in 2015 is currently investi-
gating PCV in anaplastic gliomas with 1p/19q codele-
tion (NCT02444000). We also would like to note
another alkylating agent, carmustine. Injectable car-
mustine was approved in the United States for brain
tumors in 1977 (https:/www.accessdata.fda.gov/drugs
atfda_docs/1abel/2017/017422s0551bl.pdf). Interestingly,
we did not identify studies with injectable form of the
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drug during the analyzed time span. The interesting
feature of carmustine is that this drug has been exam-
ined as a carmustine sustained-release implant wafer
(CASANT wafer) and as a GLIADEL wafer in the last
10 years in five different clinical trials. The purpose of
these two implants is to provide prolonged release of
carmustine directly into a patient’s surgical cavity
after tumor resection. FDA authorized GLIADEL for
use in gliomas in adjunction to surgery or radiation
therapy in 1996 (https:/www.accessdata.fda.gov/drug
satfda_docs/1abel/2018/020637s0291bl.pdf). Interestingly,
we did not find studies with carmustine after 2014, and
of five studies presented in the dataset, only one has
been completed. In this study, the GLIADEL adminis-
tration after 5-aminolevulinic acid-supported tumor
resection resulted in 15 months of median overall sur-
vival of patients with glioblastoma, albeit not without
relatively frequent (44%) serious adverse effects
(NCT01310868).

Another prominent class of chemotherapy agents is
topoisomerase inhibitors. Topoisomerases are vital for
enzymes in human cells that regulate DNA supercoil-
ing, thus providing cellular homeostasis during tran-
scription and DNA replication. Generally, there are
two types of topoisomerases, type one and type two,
which provide DNA uncoiling in a slightly different
manner. Both of the two topoisomerase classes are
targeted by topoisomerase inhibitors (Pommier, 2013).
Seven drugs that could be classified as topoisomerase
inhibitors were identified in brain cancer clinical tri-
als since 2010. Irinotecan was the most investigated
topoisomerase inhibitor in our database. This is a pro-
drug, the active metabolite of which, SN-38, acts via
inhibiting type one topoisomerases. Irinotecan has
been analyzed in 18 combinations in 19 different clini-
cal trials, and the most common combinations of the
compound were with temozolomide, kinase inhibitors,
and bevacizumab. Additionally, we identified five clin-
ical trials that investigated liposomal and nanoparticle
formulations of irinotecan (NCT02022644, NCT02433392,
NCT02481960, NCT03086616, NCT03119064). Etoposide
is the second most investigated topoisomerase inhib-
itor that appeared in 26 unique combinations in 18
different clinical trials. This drug acts via inhibiting
type two topoisomerases. Interestingly, in compari-
son with irinotecan, etoposide was combined mostly
with chemotherapies (carboplatin, cisplatin, cyclo-
phosphamide) and kinase inhibitors but only
appeared once with bevacizumab. Topotecan is the
last drug that was investigated relatively frequently
in nine trials. Just like irinotecan, topotecan metab-
olizes into its active metabolite SN-38. Topotecan
was applied either as monotherapy or in combina-
tion with pazopanib (angiogenesis inhibitor), aliser-
tib (kinase inhibitor), and other agents.

C. Gene Therapy Is Found in Six Classes

Gene therapies are frequently investigated in
patients with cancer. We identified six classes of gene
therapy in brain tumors: modification of immune
effector cells, chemosensitization of tumor cells,
immune system recruitment to tumor cells, DNA vac-
cines, chemoprotection of normal cells, normal gene
augmentation, and toxic gene expression in tumor
cells. Two of these classes, effector cell modification
and DNA vaccines, in turn demonstrated a growing
interest from investigators in the last 10 years. Effec-
tor cell modification is an introduction of an artificial
gene or gene editing of a natural gene in immune
effector cells to facilitate the immune response
against the tumor. This class includes modifications
of immune effector cells, such as CAR T cells, TCR T
cells, CAR NK cells, and others.

CAR T cells, along with checkpoint inhibitors, are
probably the major breakthroughs in current cancer
therapies. Currently, CD19 CAR therapy demon-
strated outstanding clinical performance in patients
with acute lymphoid leukemia (Sadelain et al., 2017).
In one study, the complete response rate in 29 partici-
pants was very high at 93% (Turtle et al., 2016). Such
impressive results led to the initiation of similar clini-
cal trials in other cancers. Only a single phase one
trial investigated CAR T cells in patients with brain
cancer in 2010. In contrast, seven clinical trials on
CAR T cells have been initiated in 2019. The main
idea behind CAR T-cell therapy is an introduction of
CAR into a patient’s T cells, propagation of cells in
vitro, and subsequent infusion of these cells into a
patient to eradicate the tumor. CAR structure
includes a binding domain [usually single-chain vari-
able fragment (ScFv)] to recognize a tumor antigen,
hinge and transmembrane regions, and signaling
domains. CAR structure could vary in terms of signal-
ing domains, and hence there are three CAR genera-
tions. Basically, CAR T-cell design, manufacturing,
and application are complex and involve rigorous con-
siderations of the binding domain, target selection,
signaling domain selection, transmembrane region
optimization, gene delivery vehicle, population of T
cells, cultivation, and safety. Discussing these factors
is beyond the scope of this publication; to see more
detailed information on CAR T cells see these compre-
hensive reviews (Jackson et al., 2016; Sadelain et al.,
2017; Rafiq et al., 2020). In brain tumors, we identi-
fied several targets for CAR T-cell therapies: mutant
EGFRvIII, Cluster of Differentiation 276 (B7-H3),
prominin-1 (CD133), EPHAZ2, ganglioside G2 (GD2),
human epidermal growth factor receptor 2 (HER2),
mucin 1, and interleukin-13 receptor subunit «-2
(IL13RA2). We also identified single trials investigat-
ing CAR T cells against basigin (CD147), EGFR (wild-
type), EGFR806, and PD1. In two trials, CARs were
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targeted using either the chlorotoxin peptide (NCT04214392)
or a fragment of the NKG2D receptor from NK cells
(NCT04270461). An interesting CAR design that
entered clinical trials involved using PD1 as a binding
domain to switch the immune inhibitory signal from
programmed death-ligand 1 (PD-L1) into activating
signaling (NCT02937844). All of the aforementioned
antigens have demonstrated their role in brain cancer
development and progression. For instance, EGFR-
vIII, a mutated version of the epidermal growth factor
receptor, is the most common oncogenic mutation
found in glioblastoma multiform (An et al., 2018). The
important and not yet resolved issue is whether the
targets listed are suitable for CAR T cells in the clini-
cal settings. In general, we identified 34 different clin-
ical trials investigating CAR cells, and all of them
were phase one trials. CAR cells were used 12 times
as combinations and 28 times as monotherapies. Most
of the trials with CARs did not have a lymphodepletion
regimen or did not specify it in the trial description.
Several CAR cell designs were derived from memory-
enriched T-cell populations since this approach is
believed to provide better antitumor responses (Sade-
lain et al., 2017).

TCR T cells represent an alternative to CAR cells.
This approach relies on transferring the specific T-cell
receptor gene into recipient T cells to provide an
immune response against a desirable antigen. This
method requires smaller amounts of antigen on tumor
cells for T-cell activation; however, antigens for this
therapeutic class are MHC-restricted and not always
amenable for targeting. But this is contrasted by the
fact that TCR engineering allows targeting intracellu-
lar proteins, of which fragments can be presented on
MHC molecules (Chandran and Klebanoff, 2019).
Unfortunately, TCR T cells failed to demonstrate a
more favorable safety profile, as one might expect,
over CAR T cells in solid tumors, given that severe
toxicities were reported from several clinical trials on
different tumor types (D’Ippolito et al., 2019). Cur-
rently, only six clinical trials are investigating TCR T
cells in brain tumors, with three of these being phase
two. In contrast to CAR T cells, TCR T cells were
found only in combinations. We detected a lymphode-
pletion chemotherapy in six out of seven unique com-
binations involving TCR T cells. CAR NK cells are
even rarer in clinical settings. In this approach, the
CAR gene is introduced in the genome of the patient’s
NK cells instead of T cells. We found only two phase
one trials analyzing CAR NK cells in patients with
brain tumor. The first trial has an unknown status
and investigated anti-mucin 1 CAR NK cells in glio-
mas and other cancers (NCT02839954). Another trial
analyzes the intracranial administration of NK-92/5.28.z
cells in HER2 positive glioblastoma. These cells repre-
sent an allogeneic NK cell population transduced with

the anti-HER2-CD28 CAR gene (NCT03383978). In
comparison, in other cancers (especially in hemato-
logic malignancies), CAR NK cells seem to be more
studied compared with brain tumors (Wang et al.,
2020).

To date, CAR T cells and TCR T cells are one of the
fastest-growing areas of in-brain cancer field. How-
ever, there are still many concerns as to whether
these approaches will work out. Several strategies
have been proposed to overcome challenges with CAR
T cells in solid tumors (Rafiq et al., 2020). However,
only a few of them are currently presented in clinical
trials with brain tumors. Combination approaches
might be helpful, but their diversity is still sparse.
There is an exception, however. In our data, we found
four clinical trials analyzing a promising combination
of modified effector cells with checkpoint inhibitors
(NCT03412877, NCT03726515, NCT04003649). We
expect that many more additional CAR T-cell and
TCR T-cell designs and strategies, combinations
included, will enter clinical trials in the current
decade.

Another increasingly developing gene therapy is the
DNA vaccine class. Being both gene therapy and immune
therapy, DNA vaccines are designed to provide a specific
immune response against a desired antigen. The differ-
ence is the antigen used for immunization. The classic
antitumor vaccines employ peptides, lysates, or vesicles,
whereas DNA vaccines are DNA molecules. DNA vac-
cines also require a delivery method, which could be a
delivery vehicle like a liposome or a technical device—an
electroporator or a gene gun. Once delivered to a living
cell, the DNA is supposed to be expressed into an antigen
and elicit the immune response. We found that all of the
trials that could be referred to DNA vaccines were initi-
ated in 2016 and thereafter. There are four DNA vaccine
approaches in five phase one brain tumor clinical trials:
anti-VEGFR-2 (VMXO01) (NCT02718443, NCT03750071),
Wilms tumor gene-1 (WT1)/prostate-specific membrane
antigen/human  telomerase reverse transcriptase
(hTERT) (INO-5401) (NCT03491683), and two neoanti-
gen vaccines (NCT03988283, NCT04015700). VMXO01 is
an antiangiogenic vaccine against vascular endothelial
growth factor receptor and is examined either alone or
with avelumab (anti-PD-L1 checkpoint inhibitor). The
INO-5401 vaccine is composed of three separate DNA
plasmids designed against WT1 antigen, prostate-spe-
cific membrane antigen, and hTERT genes. This vac-
cine is a part of a combinational approach implicating
interleukin (IL)-12 DNA, cemiplimab (anti-PD1 check-
point inhibitor), and temozolomide with radiation ther-
apy. DNA plasmids are intradermally delivered via an
electroporation device (NCT03491683) (Diehl et al.,
2013). The latter two vaccines should target tumor-
exclusive peptides, and they also require electropora-
tion for delivery. It might be favorable to use these
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medications with other immune therapies, particularly
checkpoint inhibitors, and maybe these trials will be
undertaken in the future.

D. Checkpoint Inhibitors and Immune Modulators

1. Checkpoint Inhibitors—Checkpoints. Cancer
immunotherapy is a group of approaches to treat
tumors by increasing the patient’s antitumor immune
response rather than the direct killing of tumor cells.
Checkpoint inhibitors and immune modulators (CIIMs)
are an immunotherapy class that comprises agents
designed to counter negative immune regulation, which
is a hallmark of the tumor microenvironment as well
as the agents that activate immune cells to eradicate
tumor. It should be noted that we separated biologic
immune modulators from small molecules with
immune-modulating activities: They are included in
their separate class. In brain tumor clinical trials, 31
unique drugs that belong to the CIIM were identified.

Checkpoint inhibitors [or checkpoint blockade (CB)]
along with CAR T cells were called a breakthrough of
the year by the Science journal in 2013 (Couzin-
Frankel, 2013). In 2018, James P. Allison and Tasuku
Honjo were awarded The Nobel Prize in Physiology or
Medicine for discovering the method of cancer
immune therapy via inhibiting the immune check-
points. The number of checkpoint inhibitors has
shown a dramatic increase since 2010, with the pres-
ence of all CIIM agents in phase one trials growing
from 4 to 30 at a peak in 2018. Nivolumab is a mono-
clonal antibody against PD1, which is expressed on T
cells and upon activation via PD-L1/PD-L2 initiates
T-cell exhaustion and apoptosis (Sharpe and Pauken,
2018). In normal conditions, this mechanism protects
healthy cells from the autoimmune responses,
whereas in tumor tissue, it is jeopardized and facili-
tates the tumor immune escape. Thus, an inhibitory
property of nivolumab should benefit patients with
cancer. In brain tumor trials, nivolumab has been
detected in 34 combinations in 40 clinical trials in
the last 10 years. This agent has been used nine
times as monotherapy and 48 times in combina-
tions. Currently, one phase two trial demonstrated
no obvious clinical benefits of using nivolumab as
monotherapy in patients with glioblastoma multi-
forme (NCT02550249). Consistently, the CheckMate
143 phase three trial showed no advantages of nivo-
lumab monotherapy versus bevacizumab monother-
apy in recurrent glioblastoma (Reardon et al., 2020).
In combinations, nivolumab was applied with ipili-
mumab (most often), bevacizumab, temozolomide,
and epacadostat as well as with other agents,
including personalized antitumor vaccines and mod-
ified immune effector cells. A phase one cohort of the
CheckMate 143 revealed no benefits of the nivolumab
plus ipilimumab combination in recurrent glioblastoma,
although the sample size is too small to make definitive

conclusions. Additionally, nivolumab alone was toler-
ated better than in combination (Omuro et al., 2018).
To date, two phase three clinical trials enrolling 1243
participants combined are studying nivolumab in com-
bination with radiation therapy with or without temo-
zolomide (NCT02617589, NCT02667587).

The second most investigated CB drug is pembroli-
zumab. This agent also targets PD1 and is presented
in 19 unique combinations in 30 different clinical tri-
als. A phase one trial of pembrolizumab revealed sig-
nificant survival benefits in using neoadjuvant
pembrolizumab in surgically resectable glioblastoma.
Interestingly, patients who received neoadjuvant
pembrolizumab besides adjuvant intervention showed
almost 2-fold higher median overall survival (13.7
months) compared with the adjuvant-only arm (7.5
months) (Cloughesy et al., 2019). Pembrolizumab
most frequently appeared in combinations with radia-
tion therapy and temozolomide. It was also analyzed
with abemaciclib (cyclin-dependent kinase inhibitor),
bevacizumab, and several vaccines. For instance, it
was combined with personalized neoantigen vaccine
(NeoVax) and radiation therapy for treating glioblas-
toma, and this trial is currently in phase two
(NCT02287428). Ipilimumab, which was frequently
combined with nivolumab, is also a checkpoint inhibi-
tor. However, in comparison with the previous two CB
drugs, this agent acts on CTLA-4. CTLA-4 is a mem-
ber of the CD28 subfamily of proteins. The function of
CTLA-4 is to inhibit the immune activation via com-
petitive binding with CD80 and CD86 expressed on
antigen-presenting cells (Van Coillie et al., 2020). Ipi-
limumab was found in 10 unique combinations in 14
clinical trials. The most common combination of the
drug is with nivolumab with or without temozolo-
mide, radiation therapy, or both. In some combina-
tions, ipilimumab was used with bevacizumab. This
combination is tolerable and demonstrated promising
clinical outcomes, with 31% of patients showing a par-
tial response (Carter et al., 2016). However, the trial
was in phase one, so the sample size is small (16
patients), and the combination requires further evalu-
ation. Currently, seven trials with ipilimumab are
recruiting participants, whereas three other trials are
active. An alternative to ipilimumab could be treme-
limumab, which is analyzed either alone or in com-
bination with durvalumab (anti—-PD-L1 CB agent)
in a phase two trial (NCT02794883).

Several other checkpoint inhibitors also target PD1,
but the number of trials is small. These agents include:
AMG404, cemiplimab, MGAO012, pidilizumab, spartali-
zumab. Interestingly, AMG404 is combined with the
only anti-EGFRviii/CD3 bispecific T-cell engager (AMG596)
in our database (NCT03296696). Cemiplimab was
analyzed in three trials, being either a monotherapy
or in combination with the INO-5401 vaccine and IL-
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12 plasmid as well as with radiation therapy or with
Ad-RTS-hIL-12 adenovirus encoding I1-12 (NCT03491683,
NCT03690869, NCT04006119). Pidilizumab (MDV9300)
was used in combination with cyclophosphamide and
radiation therapy in a single trial, which demon-
strated prolonged overall survival of patients with dif-
fuse intrinsic pontine glioma (Fried et al., 2018).
None of the patients received cyclophosphamide, how-
ever, despite the fact that it was mentioned in the
arm description (NCT01952769). Both MGAO012 and
spartalizumab were investigated in combination with
other checkpoint inhibitors. For example, MGAO12 is
a part of a combination strategy with INCAGNO01876
(anti-GITR antibody) (NCT04225039), whereas spar-
talizumab is applied concomitantly with MBG453
(anti-Tim-3 antibody) (NCT03961971). These new
drugs are expected to have CB activity; however, it
has not been confirmed in the clinic yet. Another drug
that is also worth noting is relatlimab, an anti-lym-
phocyte-activation gene 3 CB agent that was either
used alone or combined with nivolumab. Lymphocyte-
activation gene 3 binds MHC class II molecules and
was shown to mediate regulatory T-cell immunosup-
pressive function (Huang et al., 2004).

2. Checkpoint Inhibitors—Ligands. The important
question in CB is whether to target a receptor or a ligand,
and several CB drugs were designed to target the latter.
One such agent is avelumab, a monoclonal antibody
against PD-L1 (CD274), a ligand for PD-1. PD-L1 is
expressed on various types of cells and is upregulated via
cytokines, in particular, interferons. It was shown that
ability of interferons to increase expression of PD-L1
might underlie the “adaptive resistance” in tumors.
Namely, T cells infiltrate tumor, release proinflammatory
cytokines, and thus increase expression of PD-L1, caus-
ing a negative immune regulation on themselves (Sharpe
and Pauken, 2018). Avelumab might be a solution to this
issue. This drug was analyzed in four unique combina-
tions in six clinical trials with patients with brain cancer.
Avelumab was also applied two times as a monotherapy.
This agent was combined either with radiation therapy,
axitinib, VMX01 DNA vaccine, or IDH1R132H peptide
vaccine (NCT02968940, NCT03291314, NCT03750071,
NCT03893903). The combination of avelumab with axi-
tinib was well tolerated, yet it failed to meet primary effi-
cacy endpoints in recurrent glioblastoma (Neyns et al.,
2019). Another drug that targets PD-L1 is atezolizumab.
In brain cancer, this drug appeared in five unique combi-
nations in four clinical trials, and it has not been examined
as monotherapy thus far. This agent is combined with
radiation therapy, temozolomide (NCT03158389,
NCT03174197), ipatasertib [a protein kinase Akt (AKT)
inhibitor], and D2C7-IT (NCT03673787, NCT04160494).
D2C7-IT is a bispecific antibody against EGFR and
EGFRviii fused with immunotoxin. The combination of
this agent with CB demonstrated promising results in

preclinical glioma models (Chandramohan et al., 2019).
Durvalumab is an alternative to avelumab, which also tar-
gets PD-L1. This agent was investigated in four different
clinical trials, both as monotherapy and in combinations
with radiation therapy, CB drugs, and olaparib.

3. Other Immune Modulators. In contrast to CBs,
other immune modulators directly facilitate antitu-
mor responses. A large portion of such agents is rep-
resented by cytokines. This is a diverse group of
molecules with a broad spectrum of activities that
mediate the functioning of the immune system, gener-
ation of blood cells, tissue homeostasis, and metabo-
lism. The most abundant cytokine in our database is
recombinant granulocyte macrophage colony-stimu-
lating factor (GM-CSF) that regulates generation of
monocytes, neutrophils, and dendritic cells from pre-
cursors and stem cells. It has been shown that this
cytokine is sufficient to recruit dendritic cells to a vac-
cination site, and this is the reason for using this
agent as a supplement in combinational approaches
with vaccines. At high doses, however, the effect
might change from immune activation to suppression
(Zhan et al., 2019). The international nonproprietary
name of GM-CSF is sargramostim. This agent was
identified in 21 unique clinical trials and was investi-
gated primarily in combinations with immune ther-
apy. Most of these combinations include dendritic
cells as well as peptide vaccines.

Several clinical trials examine combinations with
ILs. These are also cytokines, but their function is
more immune-oriented. IL-2 and IL-15 were analyzed
in two trials with NK cells and DC vaccination or
with NK cells alone, respectively (NCT01235845,
NCT01875601). Both of the trials are relatively old
and did not pass to phase two. An interesting mole-
cule that started to appear in trials recently is NT-17.
This is a recombinant human interleukin 7 fused
with the Fc region of an antibody and is expected to
stimulate the proliferation of T cells, whereas the Fc
region is used to improve the pharmacokinetics of the
molecule. NT-I7 is investigated in four clinical trials
either alone or in combination with radiation therapy
and temozolomide (NCT02659800, NCT03619239,
NCT03687957, NCT04065087). We also found combina-
tional approaches with interferons in three clinical tri-
als. In one trial that is recruiting participants,
pegylated interferon o-2b is used as monotherapy in
low-grade gliomas in children (NCT02343224). The
last two interesting agents of the CIIM class are fibro-
mun and urelumab. Fibromun is an immunocytokine
that acts via inducing immune response on fibronec-
tin-expressing tumor cells. One phase one trial with
fibromun monotherapy in patients with glioma is cur-
rently recruiting participants (NCT03779230). Urelu-
mab is an agonistic monoclonal antibody that targets
CD137 on immune cells to stimulate the immune
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response. In one clinical trial, it was applied either as
monotherapy or combined with nivolumab to treat
recurrent glioblastoma. However, according to the trial
information, these arms are closed, and we found no
available results on it (NCT02658981).

E. Kinase Inhibitors

The role of kinases in oncology is immense. The list
of kinases that are associated with human cancers,
the mutations of which are called a “driver,” expands
every year leading to the development of new screen-
ing approaches to study the cancer kinome (Fleuren
et al., 2016). In brain tumors, the driver role is attrib-
uted to mutations in several kinases, including
EGFR, fibroblast growth factor receptor (FGFR), and
the phosphoinositide 3-kinase (PI3K)-AKT-mechanis-
tic target of rapamycin (MTOR) pathway (Huse and
Holland, 2010). Kinase inhibitors are small molecules
that are designed to target a specific kinase or several
kinases to stop tumor growth. The presence of this
class was consistently high in trials during the last 10
years, yielding more than ten instances of the class in
trials per year. Kinase inhibitors are the most versa-
tile class in our database, with 91 agents investi-
gated, and this is not including angiogenesis
inhibitors, many of which are kinase inhibitors by
action. Kinase inhibitors target 87 unique proteins
(kinases and receptor tyrosine kinases) that account
for ~15% of all targets in our data. The primary and
secondary targets include isoforms of several kinases:
the PISK-AKT-MTOR pathway, anaplastic lymphoma
kinase, EGFR and ERBB2, FGFR, Janus kinase
(JAK), KIT, cyclin-dependent kinases (CDKs), tyro-
sine-protein kinase Lyn, mitogen-activating protein
kinase, EPHA2, tropomyosin receptor kinase, WEE1
kinase, and many other targets. The majority of
agents aimed at an MTOR (14 agents), EGFR (11
agents), PI3K isoforms (6—11 agents), KIT (7 agents),
anaplastic lymphoma kinase (6 agents), and FGFR
isoforms (5—6 agents). Almost half of the targets are
drugged by a single agent each.

From a drug perspective, the most investigated
agent in the class is everolimus, an MTOR inhibitor
that has been detected in 15 clinical trials. A high
presence of everolimus is not surprising given that
the molecule has been approved in astrocytoma and
has potential application in other brain tumors. Ever-
olimus was frequently used in combinations, includ-
ing temozolomide, sorafenib (a kinase inhibitor with
strong antiangiogenesis activity), lenvatinib (VEGFR
inhibitor), dasatinib (BCR/ABL and SRC inhibitor),
and ribociclib (CDK inhibitor). Frequently investi-
gated kinase inhibitors also include abemaciclib, dab-
rafenib, nab-rapamycin, pablociclib, and many more
drugs. One interesting example is nab-rapamycin.
This agent is a nanoparticle albumin-bound rapamy-
cin designed to ease the entering of rapamycin into

endothelial and tumor cells. This agent has been
detected in one phase two clinical trial exploring its
use in five different combinations that include radia-
tion therapy, temozolomide, lomustine, bevacizumab,
and proteasome inhibitor marizomib to treat newly
diagnosed glioblastoma (NCT03463265).

Despite the diversity of kinase inhibitors, to date
almost all of them have not passed to the phase three
trial stage yet for the treatment of brain cancer. At
the moment, selumetinib, a mitogen-activating pro-
tein kinase 1/2 inhibitor, was the only exception that
passed to phase three trials and currently is under
investigation in low-grade glioma and astrocytoma
(NCT03871257, NCT04166409). Currently, this agent
has been approved by the FDA to treat neurofibroma-
tosis type I, a genetic disease associated with brain
tumor development (https:/www.fda.gov/news-events/
press-announcements/fda-approves-first-therapy-child
ren-debilitating-anddisfiguring-rare-disease).

Kinase inhibitors are the most saturated class in
neuro-oncology, given that particular targets like MTOR
are drugged by 14 different agents. Despite the diversity
of drugs, kinase inhibitors are rarely combined with each
other. We found only 17 unique combinations wherein it
contained more than one kinase inhibitor, which is 16%
of the total number of unique combinations with this
class. Kinase inhibitors are not frequently combined with
other therapies either. In our data, 49 of 91 agents were
never combined at all, and 19 were in combinations only
once, thus making a median number of combinations for
a kinase inhibitor being equal to zero. And this is despite
the prominent phenomenon of drug resistance, which has
been known since the adoption of imatinib, the first
small-molecule kinase inhibitor to be approved in oncol-
ogy (Cools et al., 2005; Rask-Andersen et al., 2014). One
of the solutions to overcome drug resistance is to use com-
binational strategies. Thus, we suggest that this direction
has three possible scenarios and room for improvement:
The first is exploring additional kinase targets via new
agents, the second is exploring new combinations of
already existing agents to overcome drug resistance
mechanisms, and the third is the combination of these
two suggestions. It should be noted, however, that con-
cerns, such as targeting and pharmacokinetic issues like
penetration of the BBB, must be addressed as well.

F. Angiogenesis Inhibitors

Angiogenesis inhibitors have been tested in 175 tri-
als, with the majority of trials represented by the
monoclonal antibody bevacizumab being investigated
104 times. The therapeutic exploitation of the highly
angiogenic nature of gliomas drove the investigation
of this pharmacological class at the beginning of the
decade. However, the number of phase one trials
declined dramatically from 19 in 2010 to 1 by the end
of 2017. Such a decline has likely resulted from the
unsatisfactory clinical performance of the key agent—
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bevacizumab. A recent meta-analysis revealed that
antiangiogenic therapy did not provide a significant
improvement in overall survival in patients with
high-grade glioma (Ameratunga et al., 2018). More-
over, the results of two randomized double blind pla-
cebo-controlled trials, (Avastin in Glioblastoma) study
and (Radiation Therapy Oncology Group) 0825 study,
evaluating a combination of bevacizumab with chemo-
radiotherapy in patients with newly diagnosed glio-
blastoma, demonstrated no improvement in the
overall survival. In our dataset, five of six trials test-
ing the addition of bevacizumab to standard chemora-
diotherapy completed phase two but failed to progress
to the subsequent phase, with two trials being termi-
nated. Despite its approval for recurrent glioblastoma
by the FDA in 2009, bevacizumab showed no substan-
tial benefits neither alone nor in combination and has
not been approved in other brain cancers thus far.

Besides the monoclonal antibody targeting VEGEF,
there are 27 more agents, among them 21 small mole-
cules, 4 whole antibodies, 1 aptamer, 1 peptibody, and
1 recombinant human protein. Among the most fre-
quent were the o,-integrin inhibitor cilengtide and
the multikinase inhibitors sunitinib and sorafenib.
Each of these agents was tested at most in six (cling-
tide, sorafenib) to seven (sunitinib) trials. The other
24 agents appeared in an even smaller number of
investigations. Various chemotherapeutics, including
alkylating agents, topoisomerase inhibitors, antimeta-
bolites, platinum drugs, and spindle poisons, have
been investigated in combined regimens with angio-
genesis inhibitors, comprising 49% of all combinations
with antiangiogenic agents in our dataset. Angiogene-
sis inhibitors are considered to alleviate interstitial
edema and favor the delivery of chemotherapeutics to
the tumor tissue (Gasparini et al., 2005). However, a
combination of antiangiogenic and chemotherapeutic
drugs did not show sufficient superiority over chemo-
therapy alone because of a lack of postulated synergy
between these drug classes (Ameratunga et al., 2018).
The results of several studies evaluating bevacizumab
with various chemotherapy agents were discouraging
as well (Rinne et al., 2013). Angiogenesis inhibitors
were frequently combined with additional therapies,
and the median number of unique combinations for
an agent is equal to two. However, only 3 out of 72
unique combinations with bevacizumab (138 for the
all class) have reached phase three trials.

G. Vaccines

We previously discussed DNA vaccines that are
part of gene therapy. In this section, we review other
entities of the general vaccine class that belongs to
immune therapy and has been one of the crucial
directions of experimental brain tumor therapies for
years. By its nature, a vaccine is the best therapeutic
approach for simultaneously targeting multiple tumor

antigens. This feature is lacking in many other popu-
lar therapeutic classes like CAR T cells, thus tumors
are prone to develop antigen-escape resistance to such
therapies (Majzner and Mackall, 2018). Although
simultaneous targeting strategies are proposed for CAR
T-cell therapy to overcome this phenomenon (Rafiq et
al., 2020), vaccines are better suited for this
approach. It is much more feasible to add several
peptides into a vaccine composition rather than
design several CAR structures. If designed properly,
this class could also provide a tumor-specific treat-
ment action, thus avoiding undesired toxicities.

The vaccine is a versatile class; in our data, we
identified 67 different vaccine formulations that have
been analyzed in 94 clinical trials. On average,
approximately seven vaccines were in phase one clini-
cal trials with brain tumors each year. Depending on
the structure, the vaccines could be subcategorized
into several subgroups: dendritic cell vaccine (36 enti-
ties), peptide (20 entities), tumor lysate (5 entities),
and antibody and other structures (1 entity each). So,
despite manufacturing challenges, DC-based vaccines
currently dominate the field. The target spectrum of
vaccines is not that versatile given that it is quite a
challenge to find a suitable target in solid tumors
with a reasonable safety profile and the immune
response to be induced. Overall, we count 16 defined
targets for vaccines in brain tumor clinical trials. The
top five targets include cytomegalovirus antigens,
WT1, survivin (baculoviral inhibitor of apoptosis
repeat—containing 5), IDH1, and NY-ESO-1. These
targets are aimed by three to five different vaccine
compositions. There are also less developed targets
that include EGFRviii, IL13RA2, melanoma-associ-
ated antigen 1, absent in melanoma 2, EPHAZ2,
ERBB2, histone H3 (H3F3A), ganglioside NeuGec-
GM3, and tyrosinase-related protein-2. Several vac-
cines target more than one antigen simultaneously.
For instance, one interesting vaccine design leveraged
simultaneous targeting of EGFRviii and NY-ESO-1
using the attenuated bacterial cells as a delivery vehi-
cle to dendritic cells (NCT01967758). Many of the vac-
cines are personalized by design, even those that did
not specifically target cancer neoantigens like the
Neovac vaccine (NCT03422094). Even pure lysate-
based formulations or DCs stimulated with tumor
lysates could be called personalized vaccines, so the
number of these designs with multiple targets is quite
high with 42 agents.

In contrast to kinase inhibitors, vaccines relatively
frequently appear in combination with other thera-
pies. The most common combination of vaccines is
with alkylating agents and radiation therapy. Fre-
quently, vaccines are combined with adjuvants as well
as with checkpoint inhibitors and immune modulators
to favor the immunogenicity. In some designs,
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vaccinations were also combined with the allogenic or
autologous transfer of T cells to provide a better
immune response. On average, each vaccine has one
unique combination (median).

Despite many potential benefits, only a few vac-
cines have reached phase three trials. One combina-
tional strategy analyzing DC vaccination with T-cell
transplantation and stem cells is currently in a
phase three trial (NCT01759810). Another study
design that reached phase three was composed of
DCs immunized with three components: glioblas-
toma stem-cell RNA, survivin, and hTERT with
temozolomide therapy (NCT03548571). In another
phase three trial, DCs were stimulated with tumor
antigens (NCT04277221). Two trials, however, are
already completed, and the outcomes are not prom-
ising. The phase three trial of the ICT-107 vaccine
composed of DCs stimulated with tumor-specific
peptides has been suspended because of lack of
funding, which might be associated with unsatisfac-
tory clinical performance (NCT02546102). The other
trial investigated rindopepimut, a peptide vaccine
targeting EGFRviii, in combination with GM-CSF
and temozolomide (NCT01480479). Despite demon-
strating very promising results in a phase two trial,
rindopepimut showed no benefits compared with
keyhole limpet hemocyanin (control peptide) in a
phase three trial (Weller et al., 2017). Thus, this
direction has not resulted in drug approval, yet
there are still many vaccines that might be effective
and are under evaluation. Given the growing popu-
larity of checkpoint inhibitors, we expect to see
additional clinical trial designs employing the novel
CB drugs with vaccination.

H. Metabolic Modifiers

Metabolic modifiers approach cancer cell killing in
a different manner. Given that tumor cells possess
the aberrant expression of multiple proteins because
of mutations, signaling pathway dysregulations, and
tumor microenvironment, these cells are amenable to
targeting via metabolism (Bi et al., 2020). Metabolic
modifiers usually provide antitumor activities by tar-
geting specific metabolic enzymes within cancer cells.
The target spectrum is diverse and depends on a
tumor type and the molecule itself. In our data, we
identified 36 agents that could be referred to this
drug class. The presence of metabolic modifiers in
phase one trials has increased from one instance in
2010 to four instances in 2019. An interesting feature
of the metabolic modifiers class is that it contains
many repurposed medications. One such example is
metformin, which has been detected in 10 unique
combinations in 8 clinical trials. Metformin is a prom-
inent glucose-lowering agent that has been used as
first-line therapy for type two diabetes for more than
60 years in Europe. In the United States, it was

approved for the same condition in 1995. This agent
has been shown to inhibit the mitochondrial complex
1 to alter the cell energy status (Fujita and Inagaki,
2017). Since metformin functions in metabolic disrup-
tion as well as inhibits kinase signaling and angio-
genesis, this agent has an antitumor activity (Mallik
and Chowdhury, 2018). In brain tumor trials, metfor-
min frequently appeared in combination with temozo-
lomide and radiation therapy. In one trial, metformin
was used with memantine, mefloquine, and temozo-
lomide. This regimen was well tolerated and demon-
strated promising results in newly diagnosed
glioblastoma in a phase one clinical trial (Maraka et
al., 2019). Metformin is also a part of an experimen-
tal metabolic regimen consisting of metformin, ator-
vastatin (an antihypercholesterolemic agent),
doxycycline (a tetracycline-class antibiotic), and
mebendazole (a spindle poison). Currently, this regi-
men is investigated in various types of cancer,
including glioblastoma, in the phase three Safety,
Tolerability, and Efficacy of Metabolic Combination
Treatments on Cancer (METRICS) trial (NCT02201
381) (Agrawal et al., 2019).

The second relatively large group of metabolic mod-
ifying agents acts via targeting the IDHs. IDH
enzymes catalyze the NADP+ transformation of
a-ketoglutarate into isocitrate acid, which is tightly
associated with the Krebs’ cycle. In gliomas, these
enzymes support angiogenesis, the formation of the
tumor microenvironment, and invasiveness of cancer
cells (Huang et al., 2019). There are two versions of
IDH enzymes, IDH1 and IDH2, and both of them are
targeted by agents. In our data, we found five drugs
that inhibit mutated forms of IDH1: ivosidenib, vora-
sidenib, olutasidenib, IDH305, and DS-1001. Ivoside-
nib is the most common of these, being presented in
four different clinical trials. It is used either as mono-
therapy or in combination with nivolumab, which is
currently in a phase two trial (NCT04056910). Vorasi-
denib is an inhibitor of both mutant IDH1 and IDH2
and was identified as a monotherapy in three clinical
trials. Relatively recently, a phase three trial enroll-
ing 366 participants has been initiated to analyze the
effectiveness of vorasidenib in IDH-mutated gliomas
(NCT04164901). The other three agents targeting
IDH1 were in phase one trials. IDH2 is less targeted
than IDH1, and we found only two agents that act on
mutated IDH2: vorasidenib and enasidenib. Enaside-
nib was analyzed to treat advanced solid tumors,
including gliomas, in a single phase one/two trial
(NCT02273739). The trial was completed in 2016, but
no results have been published since.

Another prominent group of metabolic modifiers is
the inhibitors of IDO1. IDO1 is a member of the L-tryp-
tophan kynurenine metabolic pathway and catalyzes
the rate-limiting step of converting L-tryptophan into
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N-formylkynurenine. In cancer, this pathway has mul-
tiple roles in tumor immune suppression, cancer cell
mobility, and metastasis (Platten et al., 2019). IDO1 is
targeted by four agents: indoximod, BMS-986205, PF-
06840003, and epacadostat. Indoximod is a methylated
tryptophan and the most tested of these four agents
that appeared in five unique combinations in three clin-
ical trials. The most investigated combination of ind-
oximod is with temozolomide. PF-06840003 was studied
in a single trial, but it was terminated because of a spon-
sor decision (NCT02764151). Epacadostat and BMS-
986205 are in phase one trials and combined with nivolu-
mab with or without temozolomide and radiation. One
trial with epacadostat has been recently completed
(NCT02327078).

Other metabolic modifiers were much less frequent
and mostly stay at the phase one in single trials, with
a few exemptions. One is the previously mentioned
phase three Safety, Tolerability and Efficacy of Meta-
bolic Combination Treatments on Cancer (METRICS)
trial, wherein atorvastatin is combined with metfor-
min, doxycycline, and mebendazole (NCT02201381,
NCT02796261). Another phase three trial investi-
gates a combination of eflornithine with lomustine.
Eflornithine is an irreversible inhibitor of ornithine
decarboxylase that is required for polyamine biosyn-
thesis. Polyamines possess diverse functions within
tumor cells and are linked with oncogenic signaling
pathways, including the phosphatase and tensin
homolog-PISK-mTOR, WNT signaling, and RAS path-
ways (Casero et al., 2018).

I. Transcription Modifiers: Tumor Targeting at a
Different Level

Most of the targeted therapies act on receptors or
on the pathway members that transduce the signal
from a receptor, ultimately leading to the expression
of target proteins. Usually, the last chain in the path-
way is represented by a transcription factor that upon
biochemical modification becomes activated and
translocates into the nucleus to initiate the expres-
sion of target genes. A portion of targeted therapies
acts on transcription factors or associated proteins
rather than other pathway members. An interesting
trend is an increase in the number of transcription
modifiers in clinical trials, which rose from one agent
per year in 2010 up to three agents per year in 2019,
with 21 agents cumulatively identified to date. Sev-
eral of these agents could be subclassified into four
groups: E3 ubiquitin-protein ligase Mdm (MDM) 2
inhibitors, bromodomain and extraterminal motif
(BET) protein family inhibitors, JAK/signal trans-
ducer and activator of transcription (STAT) axis
inhibitors, and hypoxia-inducible factor 20 (HIF2A)
inhibitors. MDM2 is an E3 ubiquitin-ligase whose pri-
mary function is to inhibit the activity of the key
tumor suppressor gene TP53. MDM2 is deregulated

and overexpressed in various tumors, including glio-
blastoma (Wade et al., 2013). Three agents that target
MDM2 were identified: the peptide ALRN-6924 that
inhibits both MDM2 and MDM4, the small molecular
inhibitor idasanutlin that blocks the interaction between
P53 and MDM2, and AMG 232 that demonstrate similar
characteristics to idasanutlin. Each of the three drugs is
in phase one clinical trials (NCT03654716, NCT03158389,
NCT01723020, NCT03107780). Azurin-derived cell-pene-
trating peptide p28 exhibits a close action to MDM2
inhibitors. However, in contrast to the previous group,
p28 binds directly to P53 to protect it from degradation
(Yamada et al., 2013). This agent was well tolerated
yet failed to demonstrate promising outcomes in
pediatric patients with recurrent or progressive cen-
tral nervous system tumors in a phase one trial
(Lulla et al., 2016).

BET proteins are epigenetic regulators that contain
tandem bromodomains (BD1 and BD2) as well as
extraterminal and C-terminal domains. The primary
function of these proteins is the regulation of the
expression activity of various transcription factors
and oncogenes, including nuclear factor—xB, Myc
proto-oncogene family, E2F2, CDK6, and others.
Thus, there is a rationale for using BET inhibitors for
cancer therapy (Stathis and Bertoni, 2018). Four BET
inhibitors were identified in trials for brain cancer: bir-
abresib, INCB057643, BMS-986158, and CC-90010.
However, the actual clinical performance of BET inhibi-
tors in neuro-oncology is questionable. A phase two trial
analyzing birabresib (MK-8628) in recurrent glioblas-
toma was terminated because of a lack of activity of the
investigative drug (NCT02296476). In contrast,
INCB057643 failed a phase one/two clinical trial in
advanced solid tumors because of safety reasons rather
than activity (NCT02711137). The other two inhibitors
BMS-986158 and CC-90010 are still under examina-
tion in recently started phase one trials, so there are
not any results yet (NCT03936465, NCT04047303).

Inhibitors of JAK/STAT and HIF2A are not fre-
quent in brain tumor clinical trials, with each of these
groups containing only two agents. JAK/STAT is a
proliferative signaling pathway that consists of JAK,
which in turn activates STAT proteins. Upon activa-
tion by phosphorylation, STAT proteins dimerize and
translocate into the nucleus to activate expression of
target genes (O’Shea et al., 2015). WP1066 and napa-
bucasin, JAK/STAT inhibitors, were investigated
in high-grade gliomas in phase one clinical trials
(NCT01904123, NCT02315534). However, despite
years passed, these agents have not reached phase
two. HIF2A is also a transcription factor and is
induced under hypoxic conditions common for tumors.
It has been discovered that this protein is crucial for
glioblastoma stem cells (the most aggressive and pro-
liferating cells in a tumor) and predominantly
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expressed in this population and also correlates with
poor patient survival (Li et al., 2009). Two monothera-
pies, PT2977 and PT2385, that target HIF2A were
identified in our dataset. PT2977 is in phase one,
whereas PT2385 has completed the phase two trial
(NCT02974738, NCT03216499).

Selinexor is an interesting drug in which the tran-
scription modifying action is based on targeting
nuclear transport rather than transcription factors.
This molecule inhibits exportin, a protein found on
the nuclear membrane, which exports various tumor
suppressor transcription factors from the nucleus,
therefore hampering their antiproliferative activity
and facilitating tumor progression. Selinexor in com-
bination with dexamethasone received accelerated
approval in the United States for the treatment of
myeloma in 2019 (Syed, 2019). For the treatment
of brain tumors, this agent has appeared in four
clinical trials. Early trials of selinexor analyzed
this agent as monotherapy (NCT01607905,
NCT01986348, NCT02323880), whereas a recent
trial initiated in 2020 is analyzing this drug in
combination with temozolomide (NCT04216329).
Despite the fact that the first two trials had been
completed, we did not find results.

J. Oncolytic Viruses Are Still in Early Development

Oncolytic viruses are a relatively unique direction
for cancer therapy. Oncolytic viruses are defined by
their ability to selectively replicate in tumor cells
without damaging the normal ones. To date, viruses
are designed using either genetic engineering employ-
ing immune-modulating and safety modifications or
using natural tumor-tropic viruses, such as reovirus
(Fukuhara et al., 2016). In 2010, there were no trials
analyzing oncolytic viruses in brain tumors; in 2017,
this number peaked, reaching three trials per year.
We identified 10 unique oncolytic viruses in brain
tumor clinical trials. These viruses originated from
different viral taxons: Four viruses are derived from
herpes simplex virus (HSV); two were adenoviruses;
and measles virus, parvovirus, polio virus, and reovi-
rus have only one entity of their origin. Most of the
viruses were used as monotherapies. Oncolytic adeno-
virus AD5-DNX-2401 is the most frequent member of
its class and appeared in six clinical trials. This
agent was also combined with interferon y-1b, temozo-
lomide, or pembrolizumab. Combinations with inter-
feron or pembrolizumab might be promising
therapeutic designs because of the ability of oncolytic
viruses to elicit the antitumor immune response
(Fukuhara et al., 2016), which could be enhanced by
the immune-modulating activity of interferon y-1b
and pembrolizumab. Currently, a combination of
AD5-DNX-2401 with pembrolizumab is one of a few
combinations that has reached phase two trials on dif-
ferent types of brain tumors (NCT02798406). Another

relatively abundant virus is PVS-RIPO, a modified
polio virus, which was analyzed in three clinical trials
and reached a phase two stage to be investigated in
patients with high-grade glioma (NCT02986178). To
date, only the two abovementioned viruses have
reached phase two clinical trials.

K. PARP Inhibitors: Now beyond Breast Cancer

PARP inhibitors are small molecules that are
designed to inhibit the enzyme PARP. PARP is a cru-
cial enzyme participating in the DNA base excision
repair, homologous recombination, and nonhomolo-
gous end-joining processes that are crucial for cell
homeostasis. PARP inhibitors demonstrated impressive
clinical performance in BRCA1/2 mutated tumors, and
their application seems to expand beyond these cancers
(Tangutoori et al., 2015). In our data, we identified
seven unique PARP inhibitors that were analyzed in
19 clinical trials. Of these seven agents, olaparib,
pamiparib, and veliparib were the most common.
Olaparib was found in eight clinical trials. If com-
bined, this drug was used with temozolomide with
or without radiation as well as with cediranib or
durvalumab. Pamiparib and veliparib were used in
three clinical trials each. To date, PARP inhibitors
mostly are in the phase two stage. However, veli-
parib is currently under evaluation with or without
temozolomide in glioblastoma/gliosarcoma patients
in a phase two/three trial (NCT02152982).

L. Radiopharmaceuticals: A Targeted Radiation
Therapy

Another interesting class is represented by radio-
pharmaceutical agents. This is a type of radiation
therapy that is drug-based, compared with standard
radiation therapy. Despite being relatively rare, this
class has demonstrated increasing interest, especially
in the last 3 years. We count eight unique agents
identified as radiopharmaceuticals. This class could
be subcategorized, depending on the structure: one
group is radiolabeled antibodies, and another is radio-
labeled small molecules or peptides. In our database,
two drugs are small molecules, four drugs are radio-
antibody conjugate, two are peptides, and one agent
is a macromolecular complex (liposomal rhenium
Re186). In the majority of trials, radiopharmaceuticals
appeared as monotherapies. Currently, many agents
have not progressed beyond the phase one clinical trial
stage. An exception is yttrium Y 90-DOTA-tyr3-octreo-
tide, a small radiolabeled peptide that has reached
phase two clinical trials and currently is under evalua-
tion in several tumors, including medulloblastoma
(NCT02441088, NCT03273712). Also, lutetium Lu 177
dotatate, a radiolabeled peptide, is tested in two phase
two trials on inoperable/progressive meningioma
(NCT03971461, NCT04082520).
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M. Embryonic Pathway Inhibitors

Embryonic pathway inhibitors represent a specific
branch of targeted therapies designed to target the
oncogenic pathways that are predominantly active
during the embryonal development. These pathways
include Hedgehog, Notch, and Wnt signaling. These
pathways also are commonly attributed to the concept
of cancer stem cells and may play a significant role in
tumor development (Takebe et al., 2015). We identi-
fied seven agents that function as embryonic pathway
inhibitors. Depending on the target, these agents
could be subdivided into two groups: y-secretase
inhibitors (Notch signaling) (RO4929097, MK-0752)
and smoothened (SMO) inhibitors (Hedgehog signal-
ing) (LEQ506, sonidegib, vismodegib, glasdegib,
ZSP1602). All of these seven drugs are small mole-
cules. In several trials, these agents were combined
with kinase inhibitors, angiogenesis inhibitors, alky-
lating agents, and radiation. The number of agents
has declined sharply from eight molecules in 2010 to
one in 2018 in phase one trials.

One might ask the reason for such a decline, and
probably this is related to the overall uncertainties
and limitations in the cancer stem-cell concept (Pas-
trana et al., 2011; Rahman et al., 2011; Medema,
2013; Tarasov et al., 2019b). Currently, none of the
agents in the class reached phase three trials. Consis-
tently, the percentage of discontinued trials (termi-
nated, suspended, withdrawn) for embryonic pathway
inhibitors is one of the largest among all therapeutic
classes (Supplemental Fig. 1). However, there are six
clinical trials that are still recruiting participants
and may successfully demonstrate the rationale in
using embryonic pathway inhibitors for brain can-
cer therapy.

N. Histone Deacetylase Inhibitors: Reaching the Third
Stage

HDACSs represent a family of regulatory enzymes
that control the functioning of various cellular pro-
cesses through the modification of gene expression.
HDACs function via removing the acetyl groups from
N-acetyl lysine in histones. Upon deacetylation, histo-
nes bind with DNA, thus preventing its transcription.
Generally, there are 18 HDACs that demonstrate dis-
tinct expression patterns and perform slightly differ-
ent functions. For further information, read these
publications (Medema, 2013; Ho et al., 2020; Verza et
al., 2020). Nine HDAC inhibitors were identified in
trials for neuro-oncology. The most investigated agent
is vorinostat that has been tested in 10 trials, which
is followed by valproic acid (six trials) and panobino-
stat (four trials). HDAC inhibitors were analyzed
both alone and in combinational regimens, which
included temozolomide, radiation therapy, and, rarely,
bevacizumab or another agent. Of all agents, only

vorinostat and valproic acid have reached phase
two/three and phase three clinical trials, respec-
tively, and are under evaluation in combinations in
several types of brain tumors (NCT03243461,
NCT01236560, NCT02265770). Vorinostat was ana-
lyzed in combination with temozolomide and beva-
cizumab, whereas valproic acid was combined with
either temozolomide or another chemotherapeutic
agent. An interesting example of HDAC inhibitors
is tinostamustine, a fusion molecule composed of an
alkylating agent bendamustine and vorinostat. To
date, this agent is under evaluation with radiation
therapy in a phase one trial (NCT03452930).
MTX110 is a water-soluble panobinostat adminis-
tered as a nano formulation through a convection-
enhanced delivery system. Loading a drug into
water-soluble nanoparticles allows to effectively use
the convection-enhanced delivery system to bypass
the BBB and avoid systemic toxicity in comparison
with the poorly soluble oral formulation, which
failed to penetrate the BBB (Singleton et al., 2018).
In our dataset, the earliest trials of panobinostat
analyzed this agent without a delivery system.

Despite two drugs that have demonstrated promis-
ing performances, the overall number of agents in
phase one trials declined from five in 2010 to one in
2019. This class exhibits the fourth largest percentage
of discontinued clinical trials among all therapeutic
classes. It should be noted, however, that the termi-
nated trials are relatively old, and only one trial,
which analyzed the combination of vorinostat, erloti-
nib, and temozolomide, has failed because of issues
with treatment (toxicity) (NCT01110876). Thus, this
downward tendency might be a data artifact, taking
into account the small number of all trials in total
(27) and a small number of trials per year (5 or
fewer).

IV. Target Exploration and the Drug-Target
Network

Drugs frequently share different targets, thus gen-
erating complex interaction networks. Given the spa-
tial complexity of the data, the only way to visualize
such interactions is to use the drug-target network as
it has been done by our group in the previous publica-
tion (Rask-Andersen et al., 2011). The concept of the
drug-target network is based on a graph theory,
wherein each node represents a drug or a target,
whereas edges show the act of targeting between a
drug and its corresponding target. The concept of the
drug-target network was introduced by Yildirim et al.
(2007), in which authors used it to analyze the inter-
actions among FDA-approved drugs and investiga-
tional agents from the drug bank database. For our
analysis, we used drugs that we found in the clinical
trials on brain tumors since 2010. To build the
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Fig. 6. Drug-target network. The drug-target network and interactions. The area in the center with magenta edges is the giant component. The giant
component is divided into several superclusters. Colors of the nodes indicate the following: red is targeted therapy, green is chemotherapy, blue is
immune therapy, yellow is gene therapy, gray is other therapies, and vinous is target. This network has been created via R programming language.

Data are to February 2020.

network we used 518 agents and 581 targets. The
interactive version of this network in the HTML
script can be found in additional supplementary
materials.

Similar to the previous publications (Yildirim et al.,
2007; Rask-Andersen et al., 2011), the network was
assembled with the giant component in the center
(Fig. 6). The giant component is the largest subgraph
within a given graph. The component itself is self-
clusterized according to the pharmacological action of
a particular molecule, although it slightly differs com-
pared with our classification. The network demon-
strates the following large clusters in the giant
component: chemotherapy, thalidomide derivatives,

metabolic modifiers, kinase inhibitors, PI3K-MTOR
inhibitors, topoisomerase inhibitors, HDAC inhibi-
tors, and biotech class composed of drugs and targets
for vaccines and other cell therapies. The therapeutic
entities in the giant component could be considered
more established since there is more information on
these agents, and they share the target spectrum at
least to some extent. Currently, 72% of the agents
(375) and 69% of all targets (402) are a part of the
giant component. Agents outside the component could
be called relatively unique given they do not share
the targets with conventional therapies. We assume
that these agents might have the potential to deliver
more unexpected (both positive and negative) results
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compared with those inside the largest subgraph in
the network since it is harder to predict the outcome
of a therapy if it does not possess similar targets with
previously analyzed therapies. In our network, these
small components include IDH-targeting agents,
PD1-targeting agents, PD-L1-targeting agents, CDK
inhibitors, y-secretase inhibitors, integrin inhibitors,
PARP inhibitors, proteasome inhibitors, bromodomain
protein family inhibitors, and other drugs. Interest-
ingly, in terms of drug classes, transcriptions modi-
fiers and CIIMs demonstrated mostly peripheral
localization. Namely, only 4 of 21 agents belonging to
transcription modifiers and only 5 of 31 CIIMs were
presented in the giant component.

Our next step was to gather aggregated data on
each target and analyze how these targets are
explored in clinical trials. For the first analysis, we
specifically used targets for small molecules and anti-
bodies. We did not include targets that are antigens
for vaccines or other advanced biologicals like cell
therapies and gene therapies since these treatments
are not inhibiting targets and rather employ them to
selectively eliminate tumors based on the target
expression. Thus, antibodies arguably could be
included in both analyses because of their ambivalent
nature. To augment the data on targets, we calculated
the following characteristics for each target in our
dataset: the presence score, the maximal phase for a
target, the number of trials in which this target has
been exploited, the number of unique agents drugging
a target, and the quantitative trend. Table 2 illus-
trates the top 20 targets for brain tumors in the clini-
cal trials (an extended version is in Supplemental
Table 2). Logically, the most studied targets are DNA
and VEGFA since they both have at least one agent
that has been approved by the FDA. PD1 (PDCD1I) is
the third most analyzed target because of the growing
interest toward checkpoint inhibitors. Many kinases
and RTKs, including kinase insert domain receptor,
EGFR, FLT1, KIT, and MTOR, were actively studied
and drugged by several agents. EGFR is an especially
notable target. This protein, including mutated or
regular forms, has been drugged by 25 unique agents
(without cell therapies and vaccines) either as a pri-
mary or a secondary target. During the last 10 years,
these interventions have been and are being explored
in 49 clinical trials, of which none have passed to the
phase three stage thus far. Such a high presence of
this target is not surprising given that this protein is
involved in many proliferative signaling pathways
and is amplified in about 40% of patients with glio-
blastoma and is believed to predict response to kinase
inhibitors (Ludwig and Kornblum, 2017). However,
the clinical data provide unsatisfactory results, show-
ing a lack of a durable response to the treatment that
in some cases was worse compared with temozolomide

(Patel et al., 2012). A recently published meta-analy-
sis showed almost no benefits in the overall survival
of patients with glioblastoma when using anti-EGFR
therapies (Lee et al., 2020). Such discouraging results
for one of the most promising targets question its
validity and urge for additional exploration of novel
targets and approaches. According to our analysis, 45
primary and secondary targets for nonadvanced bio-
logicals and 5 targets for advanced biologicals (vac-
cines, cell therapies, and gene therapies) have
entered clinical trials during 2018 and 2019.

The pool of drug targets for vaccines and cellular
and gene therapies is sparse compared with those of
small molecules and antibodies. Overall, we count 40
different targets, which mostly are cell-surface anti-
gens of tumor cells (Supplemental Fig. 2). No agents
have been approved yet, and the actual number of
defined targets reaching the phase three ultimate
clinical trial stage is only six (EGFR, ERBB2,
IL13RA2, melanoma-associated antigen 1, absent in
melanoma 2, tyrosinase-related protein-2) (Supplemental
Table 3). The pool of new targets that entered trials in
2020 at a date of writing is also small and contains tar-
gets for CHLOROTOXIN (EQ)-CD28-CD3(-CD19T-
expressing CAR T cells (chloride channels, annexin A2,
and matrix metalloproteinase-2).

Many of the targets both for advanced biologicals
and small molecules are in the earliest stages of
exploration. Twenty targets of advanced biologic
agents (~48%) are exploited by a single agent only.
Eighteen targets (~46%) have not progressed further
than phase one trials. To compare, 290 (~51%) out of
530 targets for small molecules and antibodies also
are drugged by single agents. However, only 172
(~32%) out of 545 targets are in the phase one stage,
suggesting that targets for advanced biologicals are
clinically underexplored comparing with more regular
drugs.

V. Trends in Combinations

Combination therapies represent one of the key
strategies in the modern and classic pharmacology,
which, if designed properly, could potentiate the effect
of individual medications, thus providing substantial
clinical benefits for a patient. In oncology, combina-
tional strategies are proposed to overcome drug resis-
tance by creating multiple bottlenecks in cancer cell
survival or to limit the toxicities of chemotherapy.

In brain tumor trials, we identified 557 unique com-
binations after the manual characterization of all
treatment arms in 981 clinical trials included in the
analysis. Using our pharmacological classification, we
calculated the mean and the median number of
unique combinations per each agent of each class
(Fig. 7A). This analysis revealed that the area of com-
binations is mostly studied for specific drug classes,
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TABLE 2
Trends in most common drug targets
This table illustrates the top 20 targets for drugs other than vaccines and advanced biologicals, like CAR T cells. Note, proteins binding with the Fc
region of antibodies have been removed from the table. The presence is calculated by the number of trials in which a particular target has been
drugged. If a single trial contains more than one agent that targets a particular drug target, this trial is counted as the number of these agents. Max
phase column illustrates the maximal phase of a clinical trial in which a particular target has appeared. Trials with phase four have not been
included because of the fact they contain agents that were never approved for brain tumors, and likely their phase is not equal for all analyzed
treatment arms. Approved drug targets are labeled as approved. The number of clinical trials is calculated by the number of trials in which a
particular target has been drugged, and each trial is counted only once, no matter the number of agents against the target. The number of unique
drugs illustrates the number of drugs that exploit the target. For each drug, both pivotal and secondary targets were taken into account. The trend
was calculated as follows: if a 3-year avg. of the target presence during 2017, 2018, and 2019 is 10% or more higher than the avg. during the 10-year
period, the trend is upward, whereas if it is 10% or more below than the avg. during the 10-year period, the trend is downward. The year column
illustrates the first year the target appeared during the analyzed 10 years of brain cancer trials. Data are to February 2020.

Target Presence Max. Phase Number of Trials with Target Number of Unique Agents Drugging the Target Trend Earliest Year
DNA 422 Approved 370 27 No trend 2010
VEGFA 109 Approved 108 3 Downward trend 2010
PDCD1 78 3 78 7 Upward trend 2013
NR1I2 64 3 62 14 No trend 2010
KDR 60 2 57 19 No trend 2010
PTGS2 59 3 54 9 No trend 2010
PPARG 52 3 51 6 Upward trend 2010
EGFR 50 2 49 25 No trend 2010
MTOR 48 Approved 47 14 Downward trend 2010
PTGS1 46 3 46 5 Upward trend 2010
TUBB1 46 3 45 16 Downward trend 2010
ACAT1 45 3 45 4 Upward trend 2010
FLT1 45 2 45 13 No trend 2010
KIT 45 2 42 13 Downward trend 2010
PDGFRB 42 2 39 11 Downward trend 2010
FLT4 41 2 41 12 Downward trend 2010
HRH2 40 3 40 2 Upward trend 2010
TOP1 36 2 36 7 Downward trend 2010
PDGFRA 34 2 33 12 Downward trend 2010
TOP1IMT 33 2 33 4 Downward trend 2010
TOP2A 32 3 29 11 Downward trend 2010
HDAC2 28 3 28 10 Downward trend 2010
FGFR1 26 2 25 10 Downward trend 2010
TACSTD2 26 2 26 4 Downward trend 2010
TYMS 26 2 23 7 Downward trend 2010

DNA, deoxyribonucleic acid; EGFR, epidermal growth factor receptor; FGFR1, fibroblast Growth Factor Receptor 1; FLT1, vascular endothelial growth factor receptor 1;
FLT4, fms-related tyrosine kinase 4; HDAC2, histone Deacetylase 2; KDR, kinase insert domain recepto; KIT, protooncogene ¢-KIT; MTOR, mechanistic target of rapamycin;
NR1I2, nuclear Receptor subfamily 1, group I, member 2; PDCD1, Programmed cell death protein 1; PDGFRA, platelet-derived growth factor receptor A; PDGFRB, plateletder-
ived growth factor receptor beta; TACSTD2, tumor associated calcium signal transducer 2; TOP1, DNA topoisomerase 1; TOP1IMT, DNA Topoisomerase I Mitochondrial;

TOP2A, DNA Topoisomerase II Alpha; TUBB1, tubulin beta-1 chain; TYMS, thymidylate synthetase; VEGFA, vascular endothelial growth factor A.

overlooking several pharmacological directions like
kinase inhibitors and other types of targeted and
immune therapies. Currently, more than two-thirds of
all therapeutic classes have the median number of
combinations per agent being equal to one or less.
Strikingly, this number is equal to zero combinations
for kinase inhibitors, the most iconic direction for tar-
geted therapy. On the other hand, chemotherapy, pro-
teasome inhibitors, angiogenesis inhibitors, and
immune modulators were found to be the most
actively combined directions.

The significant difference between the mean value and
the median value for combinations indicates the
extremes in the data, suggesting that combinational
designs are skewed not only toward specific pharmaco-
logical classes but also toward individual drugs. To ana-
lyze and visualize the dependencies of combinations in
the data, we introduce the concept of a combination net-
work that links close combinations together based on the
presence of a subcombination within a combination,
using the algorithm depicted in Fig. 7B. Generally, this
algorithm finds whether one combination is a part of

another combination and links them if it is. The interac-
tive version of the network can be found in additional
supplementary materials; the high-resolution image is in
Supplemental Fig. 3. This network visualizes the prevail-
ing patterns in the tested combinations in clinical trials.
Similar to the drug-target network, the combina-
tion network assembles with the giant component in
its center. Interestingly, the network is clusterized
based on the major pharmacological direction and cor-
responding therapy within a combination, which
includes chemotherapy, angiogenesis inhibitors, and
immune therapy. The network also demonstrates that
most of the combinations are based and centered
around temozolomide with or without radiation ther-
apy, bevacizumab, nivolumab, pembrolizumab, poly
ICLC, cyclophosphamide, carboplatin, and lomustine.
This uneven grouping of combination designs sug-
gests that combinations in clinical trials are predomi-
nantly designed with a small and limited number of
agents and agent combination patterns. This ten-
dency is logical, considering that almost half of combi-
nation designs in the giant component centered
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Fig. 7. Combination analysis. (A) Num-
ber of unique combinations per thera-
peutic class. Each bar corresponds to the
median (green color) or the mean num-
ber (red color) of unique combinations for
each drug in a particular therapeutic
class. Bold numbers in parentheses are
the number of agents in each correspond-
ing class. The large difference among
means and medians indicates that com-
binational designs are skewed toward
particular drugs. For instance, in alky-
lating agents, this difference is related to
the fact that temozolomide has been
detected in 209 unique combinations
(more than 30% of all designs). (B) Sche-
matic representation of network algo-
rithm. The schematic representation of
the algorithm forming a combination
network from the input vector of all com-
binations. Each node corresponds to the
unique combination. If one combination
is a subcombination of another combina-
tion, the algorithm creates an edge
among two nodes. (C) The percentage of
combinational and monotherapy arms
among clinical trials of different phases.
The number below each pie chart shows
the number of treatment arms. This
analysis is quantitative and does not
remove the same combination designs
from different clinical trials. By the term
“genetically unmodified effector cells” we
mean cells with unmodified immune
effector function. BITE, bispecific T-cell
engager; CBT, checkpoint blockade ther-
apy; CT, chemotherapy; ER, expression
regulators; Gen, genetically; GT, gene
therapy; IT, immune therapy; Synth.,
synthetic.
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around radiation therapy and temozolomide that are
the standard-of-care therapy. As expected, the giant
component does not show a cluster for kinase inhibi-
tors, and many members of that class both alone and
in combination are located outside of it. The addi-
tional version of the network that simply links drugs
together if they were found in combination and is not
limited to design patterns shows the very close pic-
ture. Similarly, drugs are distributed around a limited
pool of agents (Supplemental Fig. 4).

To investigate the pharmacological similarities in
designed combinations and monotherapies, we per-
formed a quantitative analysis of treatment arms
(without removing similar arms from different trials)
presented in the data. This analysis showed the most
common monotherapies and combinations in clinical
trials. As expected, the top of arm designs relies on
several types of monotherapies, including alkylating
agents, CAR T and TCR T cells, kinase inhibitors,
vaccines, and angiogenesis inhibitors, whereas the
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most common combination is radiation therapy with
temozolomide. Surprisingly, kinase inhibitors were
relatively frequently presented in the top 50 treat-
ment arms. This could indicate that although individ-
ual agents among kinase inhibitors are rarely
combined and the diversity of combinations is small,
the whole direction is investigated with combinations
demonstrating repetitive patterns. The graphical rep-
resentation of this analysis could be found in supple-
mentary figures (Supplemental Figs. 5 and 6).

Some treatment arms might be more intriguing
and promising compared with others. Over the years,
various research groups have proposed different com-
bination strategies for rational cancer therapy. Such
combinations could demonstrate more potent tumor
killing, reduce toxicity, facilitate antitumor immunity,
or overcome drug resistance. Having the data on
treatment arms, we decided to explore how the pro-
posed solutions are aligned with the actual practice in
the clinical trials on brain tumors and how often
these strategies are implemented. To do so, we manu-
ally searched publications on combination strategies
for brain tumors and other cancers to identify combi-
national designs and then checked whether these
designs are presented in our database. The summary
of this analysis is provided in Table 3. As it can be
seen, previously proposed therapy designs, which
include combinations with TTF, checkpoint inhibitors,
CAR T cells, and vaccines, are indeed presented
among clinical trials. However, the majority of combi-
national trials are at the recruiting stage and in early
phases, whereas several designs with advanced bio-
logicals were not tested in brain tumors. Moreover,
the number of such therapeutic arms is relatively
small, indicating avenues for further investigation.

VI. Discussion and Future Perspective

The high number and diversity of agents within
clinical trials illustrate a major transformation within
cancer therapy research. The pool of agents in clinical
trials is highly diversified and involves different types
of drug structures that leverage several distinct phar-
macological approaches. Our structural classification
suggests at least 42 technology-based classes that
include 2 small-molecule platforms, 6 antibody plat-
forms, 15 cell platforms, 5 protein platforms, 8 viral
platforms, and 6 other drug structures. In terms of
pharmacology, we can highlight five major classes of
therapy: targeted therapies, immune therapies, che-
motherapy, gene therapy, and other therapies that in
total comprise 32 specific treatment directions. The
recent increasing interest in cell therapies has made
them the third largest experimental therapeutic
approach for cancer therapy.

Consistently, the large pool of pharmacological
agents has resulted in the wide diversity of drugged

targets in brain cancers. Currently, enzymes, espe-
cially kinases, and receptors represent the first prior-
ity both for targeted and immune therapies.
Miscellaneous proteins, transporters, and ligands
share a relatively small fraction of the target pool.
However, a strong focus on checkpoint inhibitors will
likely lead to the growth of cell-surface ligand targets
since it is a promising alternative to classic check-
points. Interestingly, soluble ligands for checkpoints
may be an additional promising direction that aligns
with the trend for soluble ligand targeting (Asanuma
et al., 2020; Attwood et al., 2020). Besides ligands, we
expect to see additional targets among kinases and
metabolic enzymes as well as additional antigen tar-
gets for advanced biologicals. Our target analysis,
however, indicates a declining rate in the target adop-
tion for small molecules and antibodies: On average
20 new targets per year have entered clinical trials
during 2017-2019, which is 3-fold lower than those in
2011-2013 (Supplemental Fig. 7). New unique targets
are thus appearing at a relatively modest rate.

Our analysis shows four classes, alkylating agents,
checkpoint inhibitors and immune modulators, modi-
fied effector cells, and metabolic modifiers, that show
large growth (Fig. 8). There is an increasing number
of trials per year for these classes. Several agents,
including anti—PD-1 checkpoint inhibitors, have been
found outside the giant component in our network,
which suggests that these approaches are relatively
novel for brain tumors. The especially strong impetus
for modified immune cells and CIIM agents could be
directly seen in the figure. Furthermore, shifts in the
immune and gene therapies are not only quantitative
but qualitative as well. For instance, checkpoint
inhibitors are embracing many strategies and are
beyond targeting PD1 and CTLA-4 than a few years
ago. The key concern of the class relates to the bio-
logic nature of these therapies. Given that CB drugs
are antibodies, it is challenging to provide robust
delivery of these medications into the brain. CAR cells
account for 17 different targeting approaches alone
without taking into account various mutated versions
of targets. Additionally, (y6) T cells that are both the
unique population of T cells and an emerging class of
T-cell therapy have been also found in clinical trials
for brain cancer (NCT04165941) (Sebestyen et al.,
2020). It is interesting that new approaches for
CAR T-cell engineering, which include CRISPR-
engineered T cells and macrophage-based CAR
cells, are actively explored in preclinical and clini-
cal stages in many other cancers (Yu et al., 2020).
Likely, these approaches will be investigated soon
for brain tumors.

There is also interesting new development for tran-
scription and metabolic modifiers. Interestingly, sev-
eral agents, like metformin, are being repurposed.
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Fig. 8. Quantitative trends for phase one clinical trials. Trends in phase one clinical trials. This figure illustrates the trends for the most significant
classes in phase one clinical trials of the dataset. The presence was calculated using the combined number of all drug entities of a particular class per
year. If a particular drug appeared in a clinical trial, it was counted only once, no matter the number of arms with this agent in a trial. If a particular
drug was analyzed in several different clinical trials, each of the trials was counted. If several agents of the same class appeared in the same trial, it is
counted as the number of these agents. The colors of trend lines correspond to pharmacological classes. Data are to December 2019. CBT, checkpoint
blockade therapy; CT, chemotherapy; ER, expression regulator; GT, gene therapy; IT, immune therapy.

For instance, at the time of writing, the antipsychotic
agent chlorpromazine is tested in combination with
radiation therapy and temozolomide to treat glioblas-
toma multiforme in a phase two trial (NCT04224441).
This is the second agent after ONC201 (selective
dopamine receptor D2/dopamine receptor D3 antago-
nist) to analyze targets related to dopamine receptor
signaling for the purpose of treating glioblastoma.
Interestingly, the opposite approach is investigated as
well. For instance, previously approved dopamine sig-
naling agonists, including cabergoline, bromocriptine,
and ropinirole, are analyzed as a therapy of pituitary
tumors (including nonfunctioning specimens) (NCT01
620138, NCT03038308). Moreover, other classes like
oncolytic viruses, PARP inhibitors, and DNA vaccines
are also demonstrating increasing presence in clinical
trials (Fig. 8; Supplemental Fig. 8).

Surprisingly, we see no growth in terms of number
of trials per year for two very important classes: the
kinase inhibitors and vaccines. Currently, only five
vaccine candidates reached phase three clinical trials,
whereas for kinase inhibitors, only one candidate is at
this stage. Notably, angiogenesis inhibitors, HDAC
inhibitors, and embryonic pathway inhibitors showed
the declining presence in phase one clinical trials,
and it is possible that this decline is primarily specific
for brain cancers. This trend could change, however,
as during the last 3 years the angiogenesis inhibitors
(mostly bevacizumab) show an increasing number of
studies in combination with checkpoint inhibitors,
and this might be a promising combination that can
prompt interest in other combinations with this class.
Additionally, HDAC inhibitors are also being actively
developed in other cancers. For instance, five agents
have been approved for hematologic malignancies,

and 27 more agents are under investigation in vari-
ous clinical trials (unpublished data).

Our analysis of treatment arms demonstrates a
diversity of combinations. However, many innovative
therapies that include kinase inhibitors, CAR T cells,
vaccines, and targeted therapies are frequently tested
as single agents, whereas combinations are predomi-
nantly designed for well established therapies like
alkylating chemotherapy. For instance, the median
number of combinations per agent for antimetabolites
and alkylating agents is two, whereas it is zero for
kinase inhibitors and modified effector cells. Interest-
ingly, we also see a clear preference for individual
drugs. For example, temozolomide alone has been
detected in 209 unique combinations. This tendency
can be seen in the combination networks in which
multiple edges are directed toward the key therapies,
such as temozolomide. Currently, many treatment
designs rely on combining previously approved thera-
pies, at least in other cancers. There seem to be large
untapped opportunities in treatment strategies that
could be composed of agents that might not work as
monotherapies. Interestingly, there are existing cases
of such a strategy in cancer therapy. For example, the
FDA approved a combination of two kinase inhibitors
(encorafenib with binimetinib for the treatment of
BRAF V600E/K mutant melanoma in 2018), and both
of these drugs were not indicated for use as mono-
therapies and had not been previously authorized
(binimetinib, encorafenib). Moreover, the concept of
combinational therapy has been proven to be success-
ful in some other types of therapies undergoing
intense developmental periods, such as in HIV,
wherein three agents are typically used concomitantly
to contain the virus (Deeks et al., 2013; Atta et al.,
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2019). This study also provides evidence that the use
of combinations seems to favor clinical translation.
We see that the percentage of combinational therapies
is almost 6% higher in the trials of phase three com-
pared with those in phases one and two (Fig. 7C) in
the analyzed dataset. Thus, designing rational combi-
nations could be an important objective for future
studies.
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Combination

Kinase inhibitors- 126
Other-

Angiogenesis inhibitors

Chemotherapy: Alkylating agents + RT-

Immune therapy: Checkpoint inhibitors and immune modulators-

Immune therapy: Vaccine-

Chemotherapy: Alkylating agents:

Gene therapy: Effector cell modification-

Targeted chemotherapy-

Angiogenesis inhibitors + Chemotherapy: Alkylating agents-

Metabolic modifiers-

Expression regulators: Transcription modifiers

Chemotherapy: Alkylating agents + Other + R'T-

Kinase inhibitors + Kinase inhibitors-

Angiogenesis inhibitors + Chemotherapy: Alkylating agents + RT-

Chemotherapy: Alkylating agents + Kinase inhibitors-

Angiogenesis inhibitors + RT-

Oncolytic viruses-

Immune therapy: Checkpoint inhibitors and immune modulators + Immune therapy: Checkpoint inhibitors and immune modulators-
Embryonic pathway inhibitors-

Chemotherapy: Alkylating agents + Other-

Chemotherapy: Alkylating agents + Kinase inhibitors + RT-

Kinase inhibitors + RT-

Chemotherapy: Spindle poisons-

Chemotherapy: Alkylating agents + Metabolic modifiers + RT-

Angiogenesis inhibitors + Kinase inhibitors-

Immune therapy: Unmodified Effector cells-

Chemotherapy: Alkylating agents + Immune therapy: Checkpoint inhibitors and immune modulators + RT-
Angiogenesis inhibitors + Angiogenesis inhibitors-

Immune therapy: Checkpoint inhibitors and immune modulators + RT-

Expression regulators: Histone deacetylase inhibitors-

Chemotherapy: Alkylating agents + Immune therapy: Vaccine + RT-

Immune therapy: Antibody drugs without additional properties- | |

Chemotherapy: Alkylating agents + Metabolic modifiers-

Adjuvant + Immune therapy: Vaccine

Radiopharmaceuticals- [

Gene therapy: Chemosensitizing- ||

Chemotherapy: Topoisomerase inhibitors- [ |

Chemotherapy: Antimetabolites- [ |

Chemotherapy: Alkylating agents + PARP inhibitors-

Angiogenesis inhibitors + Immune therapy: Checkpoint inhibitors and immune modulators:
Chemotherapy: Alkylating agents + Targeted chemotherapy:

Chemotherapy: Alkylating agents + Immune therapy: Checkpoint inhibitors and immune modulators-
Adjuvant + Immune therapy: Checkpoint inhibitors and immune modulators + Immune therapy: Vaccine
Chemotherapy: Alkylating agents + Proteasome inhibitors + Proteasome inhibitors-

Chemotherapy: Alkylating agents + Gene therapy: Effector cell modification

Chemotherapy: Alkylating agents + Chemotherapy: Topoisomerase inhibitors + Kinase inhibitors-
Chemotherapy: Alkylating agents + Chemotherapy: Antimetabolites + Gene therapy: Effector cell modification-
Angiogenesis inhibitors + Immune therapy: Antibody drugs without additional properties-

Adjuvant + Chemotherapy: Alkylating agents + Immune therapy: Checkpoint inhibitors and immune modulators + Immune therapy: Vaccine:
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[0 Combination
[0 Monotherapy
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Presence of drug classes in phase 1 trials
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