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ABSTRACT

Glioblastoma (GBM) is the most malignant and the most common primary tumor of the central nervous system. During the last
several years GBM has been classified and managed according to the World Health Organization (WHO) criteria which subdivide
it into primary and secondary GBM. As it is suggested, GBM originates from glial cells and has a diffuse growth pattern, but
its etiology and pathophysiology are poorly investigated up to date. Its rapid progression and anatomical location in the brain
often limits the effectiveness of therapeutic interventions. Despite all scientific and technological advances, GBM remains
an incurable disease with a median survival of approximately 18 months. Standard treatment options involving maximal safe
resection of the tumor followed with radiotherapy and chemotherapy do not provide satisfactory results.

Better understanding of the molecular pathology of GBM and its associated signaling pathways has opened up possibilities for
new treatments for newly diagnosed and relapsing tumors. A multitargeted therapeutic approach using compounds capable
of inhibiting more than one specific molecular target is a promising alternative to conventional therapies.

Currently, specialists study such innovative treatment options as small molecule inhibitors aimed at signaling pathway dis-
ruptions, immunotherapy, including checkpoint inhibitors, oncolytic vaccines, CAR T-cell therapy, and drug delivery systems. In
terms of an innovative approach, the elaboration of targeted drug delivery systems is of particular interest, since this strategy
looks the most promising due to its ability to increase the bioavailability and effectiveness of both standard and newly tested
agents. This review discusses results of preclinical and clinical studies of innovative therapeutic approaches, their advantages
and disadvantages. An interdisciplinary approach is expected to be able to combine the results of cutting-edge research in
this area and to provide novel promising therapeutic strategies for patients with GBM.

Keywords:
glioblastoma, nanoparticles, immunotherapy, small-molecule inhibitors

For correspondence:

Sofya V. Gurova - junior research fellow of the testing laboratory center, National Medical Research Centre for Oncology, Rostov-on-Don, Russian
Federation.

Address: 63 14 line str., Rostov-on-Don 344037, Russian Federation

E-mail: gurova.sophie@gmail.com

ORCID: https://orcid.org/0000-0002-9747-8515

SPIN: 5413-6901, AuthorID: 1147419

Funding: this work was not funded.
Conflict of interest: authors report no conflict of interest.

For citation:
Kuznetsova N. S., Gurova S. V., Goncharova A. S., Zaikina E. V., Gusareva M. A., Zinkovich M. S. Modern approaches to glioblastoma therapy. South
Russian Journal of Cancer. 2023; 4(1): 52-64. https://doi.org/10.37748/2686-9039-2023-4-1-6, https://elibrary.ru/iicmmc

The article was submitted 08.06.2022; approved after reviewing 17.01.2023; accepted for publication 06.03.2023.

© Kuznetsova N. S., Gurova S. V., Goncharova A. S., Zaikina E. V., Gusareva M. A., Zinkovich M. S., 2023

52



l0xHO-Poccuitckuii oHkonornyecknii xypran 2023. T. 4, N2 1. C. 52-64
https://doi.org/10.37748/2686-9039-2023-4-1-6
https://elibrary.ru/iicmmc

3.1.6. OHkonorus, nyyesas Tepanus.

0B30P
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PE3IOME

rmuo6nactomMa (FBM) siBnsieTcs Hanbornee 3N10KaUYECTBEHHOM M YaCTo BCTPEYatoLLeics NEPBUYHOI OMYXOSbHO LIEHTpasibHOM
HepBHOI cucteMbl. B TeueHne nocnegHux net NbBM knaccuduumpoBanu n neuynnm B COOTBETCTBUM C KpUTepusiMm Bcemup-
HOW opraHu3auuu 3gpaBooxpaHeHus (BO3), koTopas nogpasaensieT ee Ha NEPBUYHYIO U BTOPUYHYto. CunTaetcs, 4to FBM
NPOUCXOAMUT U3 MMManbHbIX KNETOK, MeeT Anddy3HbI XapakTep POCTa, OfAHAKO ee 3TUONIOrUs U NaToU3n0orus He BNoIHe
M3Yy4YeHbl Ha CEerogHSALWHUN AeHb. BbicTpoe NnporpeccupoBaHme onyxosn, eé aHaToMnyeckas siokanusayums B roJlOBHOM
MO3re 4acTo orpaHmymBalrT ahHeKTMBHOCTb TepaneBTUYECKMX BMeLIaTeNIbCTB. HecMOTpsA Ha BCe HayYHO-TEXHMYECKNe
[ocTmkeHus, FTBM ocTaeTcsi HemaneynmbiM 3a60NeBAHMEM C MeANAHON BbIXXMBAEMOCTM NaLMEHTOB NpuMepHo 18 Mec.
CTaHAapTHble CXeMbl SIeYeHUs, BKOYatoLLMe B ce6si MakCMMasibHOe XMPYPruyeckoe yaaneHune onyxonu ¢ nocneayowmm
06/ly4eHNEM U XMMUOTEPanuen, He o6ecneynBatoT YAOBIETBOPUTENbHbIX Pe3Yy/bTaToB.

3HauunTenbHble ycriexm B NOHUMaHUM MONEKyNApHON natonorun N'b6M u cBsizaHHbIX C HEW CUTHasbHbIX NyTeW OTKPbIAN
BO3MOXHOCTM /11 HOBbIX METOAOB JIeYeHUS BNepBble ANarHOCTUPOBaHHbIX U peLMAMBUPYIOLLNX onyxosiei. MHorouenesomn
TepaneBTUYECKUI NOAX0A, HanpaBNeHHbIN Ha UCMONb30BaHWE COeAMHEHUI, CNOCOGHbIX MHIMOGMPOBaTL 6osiee YeM OfHY KOH-
KPETHYH MONEKYNSIPHYH MULLIEHD, NPeACTaBNASET CO60M MHOrOO6€LLAIOLLYO anbTePHATUBY CTaHAAPTHBIM METOAAM NeYeHus.
B HacTosLLee BpeMs n3yyaroTcs Takue MHHOBALMOHHbIE BapyaHTbl IeY4eHUs KaK MPUMEHEHMNE HU3KOMOEKYIAPHbBIX UHI K-
6UTOPOB, HaLleNIEHHbIX Ha HapyLLEHWEe CUTHAIbHbIX NyTEN, UMMYHOTepanusi, BKKOYakoLwas MUHIMOUTOPbI KOHTPOJIbHbIX TOYEK,
OHKONUTU4Yeckue BakuuHbl, CAR-T-Tepanus, UCNosb30BaHUe CUCTEM AOCTaBKM fiekapcTB. C TOUKN 3peHus MpUMEHeHUs
MHHOBALIMOHHOIO NoAxofa 0Ccobblil MHTepec NpefcTaBsieT pa3paboTka CUCTEM afpecHOM AOCTaBKM NeKapCcTB, Tak Kak
MMEHHO 3Ta cTpaTerus BbirsSanT Hanbosee NepcreKTUBHOMN B CBA3W C ee CMOCOBHOCTbIO YBENMYMBATb GUOLOCTYMHOCTb
1 3pPeKTUBHOCTb KaK CTaHAapPTHbIX, Tak 1 BNepBble TeCTUPYEMbIX NpenapaToB. B ;aHHOM 0630pe o6cyxaatoTes pesysb-
TaTbl AOKIMHUYECKUX N KNIMHUYECKNX UCCNef0BaHNIN MHHOBALMOHHbIX TepaneBTUYECKUX MOAXOAO0B, X NpenMyLLecTBa
M HepgocTaTku. OxXnpgaeTcs, YTo peanusaumsa MeXXAUCUUMNIIMHAPHOIO Noaxofa crnocobHa 06beAUHUTbL pesynbTaThl nepe-
[OBbIX UCCNEefOBaHNIA B 3TOW 061acTH, NPUBECTM K CO34aHMIO HOBbIX O6HaAeXUBaloLWMX TepaneBTUYECKUX CTpaTerni
B OTHOLLEHUW NaumeHToB ¢ TBEM.
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INTRODUCTION

Glioblastoma (GBM) is the most malignant and
common primary tumor of the central nervous
system (CNS), accounting for 30 % of all CNS tu-
mors [1]. It is believed that GBM originates from
glial cells, has a diffuse growth pattern, and its
etiology and pathophysiology have not yet been
fully studied to date [2]. In recent years, GBM has
been classified and treated in accordance with the
criteria of the World Health Organization (WHO),
which divides it into primary and secondary [3].
According to WHO, primary GBM occurs de novo,
aggressive in nature, is characteristic mainly of
the elderly (median age 62 years), while secondary
develops through malignant progression from less
aggressive tumors, such as diffuse astrocytoma
(grade Il) or anaplastic astrocytoma (grade Ill) and
manifests itself in younger patients (median 45
years) [3]. Although GBM can occur at any age, it
should be noted that the incidence increases with
age, with the average age of diagnosis being about
65 years, the median overall survival is about 15-18
months, and the average time interval before re-
lapse is about 7 months, with a 5-year survival rate
of less than 10 % [4].

To date, the standard of treatment for patients
with GBM involves maximum surgical resection fol-
lowed by radiation and chemotherapy, temozolomide
(TMZ) is used as a first-line drug [4]. Due to the high
degree of invasiveness, radical resection of the pri-
mary tumor mass does not lead to a complete cure,
since infiltrating tumor cells invariably remain in the
surrounding tissues. In this regard, further stages of
treatment in the form of radiation (LT) and chemo-
therapy (CT) are required to prevent the progression
and/or recurrence of the disease [4; 5] LT is one of
the ways to combat malignant neoplasms/ cells
based on the use of ionizing radiation. Cell death
is caused by two causes: cellular stress and DNA
damage, represented as single-stranded and double-
stranded breaks [5].

The chemotherapeutic stage is based on the use
of TMZ, which belongs to the class of alkylating
agents with the ability to overcome the blood-brain
barrier (BBB). After absorption, TMZ undergoes
spontaneous hydrolysis and turns into an active
metabolite of 5-(3-methyltriazene-1-yl) imidaz-
ole-4-carbosamide, which is further hydrolyzed to
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the methyldiazonium cation and 5-aminoimidaz-
ole-4-carboxamide [6].

The mechanism of action of the drug is realized by
transferring an electrophilic alkyl group to a nucleop-
hilic DNA atom, methylation of the nitrogenous bases
of DNA adenine (at position N3) and guanine (position
N7) occurs. At the same time, various types of damage
formed in DNA activate specific repair pathways that
allow to eliminate damage and can contribute to re-
sistance to radio and chemotherapy. In this regard, the
efforts of researchers are aimed at developing various
approaches to the treatment of GBM, aimed at new
molecular targets that could be used as therapeutic
alternatives. However, most of them fail during clinical
trials [6-11]. These failures may be associated with
compensatory mechanisms due to the activation of the
DNA repair system, high systemic toxicity, insufficient
stability of drugs and other factors.

Nevertheless, new approaches to the creation of
optimized treatment methods related to the under-
standing of the complex biology of GBM are able
to increase the survival rate of patients with this
disease [7].

In this regard, the purpose of the review was to
consider some options for new therapeutic strate-
gies currently being developed, such as inhibition
of pathological signaling pathways, immuterapeutic
drugs, drug delivery systems, as well as to discuss
their advantages and disadvantages.

1. Therapeutic targets associated with the p53

signaling pathway.

TP53 is one of the most frequently deregulated
genes in terms of cancer. It encodes the protein p53,
which is associated with invasion, migration, prolif-
eration, prevention of apoptosis and the properties
of GBM stem cells.

Normally, p53 exhibits suppressor activity by al-
tering the expression of genes involved in cell cycle
arrest, apoptosis, stem cell differentiation, and cellu-
lar aging. It is usually activated in response to DNA
damage, genotoxicity, oncogen activation, aberrant
growth signal transmission and hypoxia [8]. Under
normal conditions, its activity is low and is controlled
by MDM2 and MDM4 proteins through ubiquitination
and subsequent degradation.

MDM2 and MDM4 act as oncogenic inhibitors of
p53 suppressive activity against tumors. MDM2 neg-
atively regulates p53, causing its degradation in the
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proteasome. Thus, inhibition of MDM2/p53 interac-
tion for reactivation of p53 function is a promising
strategy for cancer treatment, including GBM [9].
MDM2 transcription is induced by p53, creating a neg-
ative feedback loop. MDM4, unlike MDM2, which is
responsible for cleavage of p53, inhibits this protein
by binding it to the transcription activation domain.

Amplification of MDM2 and MDM4 can inactivate
p53, which leads to the loss of various functions of
tumor suppressors: growth arrest, apoptosis, and
aging [11; 12]. MDM2 and MDM4 genes have been
shown to be amplified and/or overexpressed in sev-
eral different types of cancer [10].

P53 and a5B1 integrins also play an important role
in cellular processes, being part of the convergence
pathway that controls the apoptosis of malignant
neoplasms, which encourages researchers to look
for effective molecules that can regulate both targets
simultaneously [11].

For example: idasanutlin (RG7388,) is an MDM2 in-
hibitor, has greater efficacy and selectivity [12]. It has
been recognized as an attractive therapeutic strategy
for reactivating p53 by inhibiting MDM2 and MDM4,
negative suppressors of p53. However, acquired resis-
tance and toxicity continue to limit the development of
this MDM2 inhibitor as a clinical antitumor agent [13].

Nutlins belong to the cis-imidazoline group of mol-
ecules that were detected by screening a chemical
library of molecules to study anti-cancer efficacy.
Some studies on animal models have shown that
nutlin treatment, in particular nutlin3, led to an in-
crease in p53 concentration, increased apoptosis
and decreased oncogenicity in cells [14].

Later, nutlin analogues RG7388, MI77301,
CGMO097, MK8242 and AMG232 were developed
and tested in clinical trials. Among them, AMG232
(KRT-232) has been shown to be the most effec-
tive and selective oral MDM2/p53 inhibitor with
favorable toxicological properties in vitro and in
vivo [15]. AMG232 showed relative selectivity to-
wards wt-p53 stem cells and was very effective in
inhibiting the growth of three-dimensional tumor
spheroids [16]. It is assumed that the molecule
will have a low clearance rate and a long half-life
in humans.

2. RTK inhibition.
Signaling cascades of receptor tyrosine kinases
(RTK) coordinate intracellular signaling in response

to growth factors, chemokines, and other extracel-
lular stimuli to control biological processes [17]. In
healthy cells, receptor activity is strictly controlled,
and RTK signaling regulates cellular processes such
as apoptosis, growth, survival, and translation. RTK
activation is triggered by the binding of extracellular
ligands, which leads to the oligomerization of recep-
tors and autophosphorylation of tyrosine residues in
cytoplasmic domains, which leads to further signal
transmission, the result of which is a change in the
expression of a number of proteins important for
cell life [17; 18].

RTKs include more than 50 different human re-
ceptors, including platelet growth factor receptors
(PDGFR), vascular endothelial growth factor recep-
tors (VEGFR) and epidermal growth factor receptors
(EGFR/HER/ERBB) [18]. It has been demonstrated
that RTK mutations associated with the occurrence
and progression of multiple malignancies, including
GBM.

A large number of studies have shown that ma-
lignant neoplasms, including GBM, are character-
ized by active angiogenesis due to the secretion of
regulatory growth factors, such as vascular endo-
thelial growth factor (VEGF), platelet growth factor
(PDGF) [19].

The platelet growth factor (PDGF) family is nec-
essary for a wide range of physiological processes,
such as migration and proliferation of pericytes,
which contribute to the formation and proper func-
tioning of blood vessels. The deregulated activity
of PDGFR contributes to the occurrence of various
pathological conditions, and, consequently, members
of the PDGF/PDGFR family are important therapeutic
targets [20].

There are three main approaches to inhibiting
the PDGF/PDGFR pathway: 1) sequestration of the
ligand with neutralizing antibodies, soluble extra-
cellular parts of the receptors; 2) disruption of the
interaction between the ligand and the receptor by
blocking the receptor with receptor-specific anti-
bodies or low molecular weight inhibitors; 3) using
low molecular weight inhibitors to block the kinase
activity of PDGFR [21].

Imatinib is one such drug that has an inhibito-
ry effect on PDGFR. Although imatinib has activity
against other malignancies, it has not shown signifi-
cant activity against GBM during clinical trials. Tumor
growth and overall survival remained unchanged
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regardless of whether the drug was used in mono- or
combination therapy [22; 23].

Tandutinib is another PDGFR inhibitor that has
shown little therapeutic effect in clinical trials for
recurrent GBM. AG1433 is another PDGFR inhibiting
molecule that has proven its activity in preclinical
studies on several HGG cell lines (gliomas of high
malignancy) in vitro. In 2019, it was tested on 11
and 15 HGG cell lines with and without radiation
therapy. It was found that the AG1433 molecule is
effective, but the combination with irradiation does
not increase its activity [23].

Vascular endothelial growth factor (VEGF) plays
a crucial role not only in stimulating the growth
of tumor vessels, but also in the formation of an
immunosuppressive state. VEGF can inhibit the
function of T cells, enhance the involvement of reg-
ulatory T cells (Tregs) and suppressor cells of my-
eloid origin (MDSC), and hinder the differentiation
and activation of dendritic cells (DC) [23]. The VEGF
family includes VEGF A, VEGF B, VEGF C, VEGF D
and placental growth factor (PIGF). These ligands
with different affinities bind to three endothelial
receptor tyrosine kinases: VEGFR1, VEGFR2 and
VEGFR3 [24].

VEGF promotes tumor angiogenesis by stimulat-
ing, proliferating and surviving endothelial cells, as
well as increasing vascular permeability and recruit-
ing vascular progenitor cells from the bone marrow.
Unlike the formation of mature vessels under normal
conditions, intra-tumor vessels are complex, disor-
ganized, irregular and leaky, which leads to hypoxia
and ineffective delivery of antitumor agents into the
tumor microenvironment [24]. The combination of
these factors makes it possible to consider an angio-
genesis inhibitor as one of the options for antitumor
therapy.

However, the absence of an antitumor effect when
using a VEGF inhibitor, observed in some models of
orthotopic GBM xenografts in rodents, may be due
to a decrease in permeability and vasogenic cerebral
edema. Several adaptive resistance mechanisms
can neutralize the potential initial benefit provided
by antiangiogenic therapy. Under conditions of inhi-
bition of VEGF signaling, the tumor and its microen-
vironment release alternative proangiogenic growth
factors to stimulate VEGF-independent angiogenesis,
which is further enhanced by recruiting proangiogen-
ic myeloid cells [24; 25].
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One of the options for antiangiogenic therapy
is bevacizumab, which is an antibody to VEGF. Al-
though bevacizumab has become a standard part
of the treatment of GBM relapses, numerous studies
have shown that it nevertheless does not increase
survival [25-27].

It is assumed that the simultaneous adminis-
tration of low-molecular-weight VEGF and PDGF
inhibitors may have a positive effect on the re-
sults of chemoradiotherapy. Sorafenib is a multi-
purpose RTK inhibitor that is active in VEGF
(VEGFR-2 and —-3) and PDGF (PDGF B and Kit). In
a preclinical assessment on cells, U87 adminis-
tered in monotherapy mode showed a significant
improvement in survival, but there was no positive
dynamics in clinical studies. Vatalanib (PTK787) is
another of the low molecular weight inhibitors of
VEGFR, PDGFR and c-Kit., which has demonstrat-
ed safety and tolerability during clinical trials for
the treatment of GBM [26]. Vandetanib (ZD6474),
a low molecular weight tyrosine kinase inhibitor
of VEGFR, EGFR and RET 23, in combination with
other chemotherapeutic agents in clinical trials
in patients with GBM showed good tolerability,
but the survival rate did not change significantly.
An unsatisfactory result may be associated with
a number of problems, such as heterogeneity, in-
ability to overcome BBB [26].

The epidermal growth factor receptor (EGFR)
plays a central role in cell division, migration, adhe-
sion, differentiation, and apoptosis. When bound to
ligands, EGFR is activated by homodimerization or
heterodimerization on the cell surface, which leads
to phosphorylation of its intracellular tyrosine kinase
domain. Studies have shown that EGFR amplification
and mutation are the most common genetic changes
occurring in more than 50 % of GBM cases [26; 27].

Many EGFR inhibitors such as erlotinib, gefitinib
and lapatinib have been widely evaluated in the clinic
for the treatment of GBM. Gefitinib in neoadjuvant
mode showed that its concentration in the tumor
was 20 times higher than in plasma, but this dis-
covery was not associated with inhibition of the
downstream pathway. Thus, the drug effectively
acts on the EGFR receptor, but does not affect the
downstream targets of this pathway. The same con-
clusion can be made to erlotinib and lapatinib [27].
These studies show that first-generation EGFR does
not effectively inhibit EGFR signaling in GBM, and the
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above observation may be the reason for the failure
of these drugs.

Another of the selective EGFR inhibitors is
AZD3759, which effectively penetrates the BBB, has
a free concentration in the blood, cerebrospinal fluid
and brain tissues.

The main problems of modern EGFR targeting
strategies are the lack of BBB permeability, the mo-
lecular heterogeneity of GBM and the need to in-
crease the specificity of low molecular weight EGFR
mutation inhibitors [27].

2.1. Therapeutic targets, related to the I3K/Akt/
mTOR pathway.

Several studies has shown that, with GBM signal
transmission is realized through PI3K/AKT/mTOR.

PI3K/AKT/mTOR, the central component of
which is phosphatidylinositol-3-kinase (PI3K), as
well as AKT and mTOR kinases, is considered one
of the universal signaling pathways characteristic
of most human cells. It is responsible for avoiding
apoptosis, growth, cell proliferation, and metab-
olism. The PI3K/Akt/mTOR signaling cascade is
considered as a promising target of modern com-
bination therapy. A number of inhibitors targeting
key components of this pathway are undergoing
clinical trials.

2.1.1. PI3K inhibitors.

PI3K is involved in proliferation, differentiation,
migration, metabolism and survival and is divided
into three classes depending on their substrate spec-
ificity and homological sequence. A growing amount
of preclinical and clinical data suggests that PI3K
inhibitors offer promising treatment options for on-
cological diseases, including GBM [28].

One of the PI3K inhibitors buparlisib is promis-
ing for the treatment of GBM due to its ability to
penetrate the BBB. In xenograft models, buparlis-
ib demonstrated antitumor activity regardless of
EGFR status. In addition, the synergistic activity of
buparlisib in combination with TMZ was manifested
in xenografts of mice. However, clinical results have
shown insufficient inhibition of general signaling by
tolerated doses in patients with relapse. The reason
for the lack of efficacy is that the PI3K pathway can-
not be completely blocked in tumor tissues. Recent
studies have shown that buparlisib in combination
with the PARP inhibitor rukaparib shows improved

antitumor efficacy compared to monotherapy with
these molecules [29].

It has also been shown that PQR309 (bimiralisib)
is an effective PI3K/mTOR inhibitor with good BBB
penetration. This molecule has a strong inhibitory
effect on PI3K, rather than on mTOR. It has been con-
firmed that bimiralisib has antitumor activity against
GBM in vitro and in vivo. In addition, the combination
of this molecule with an AKT inhibitor shows strong
activity against GBM in the LN-229 63 cell line xeno-
graft model in BALB/c Nude mice [30].

Another PI3K and mTOR inhibitor with good
pharmacokinetic parameters is GNE-493. However,
its poor penetration into the brain limits its use as
a treatment for GBM. This molecule was used as
a starting compound to obtain its analogues with
improved permeability, by reducing the number of
hydrogen bond donors. One of such analogues is
GNE-317. It was developed taking into account the
aforementioned shortcomings, and is an effective
brain-penetrating PI3K inhibitor [30; 31].

The PI3K/mTOR inhibitor voxtalisib showed good
activity on GBM xenografts, both in monotherapy
and in combination with conventional therapeutic
agents [31].

2.1.2. AKT/mTOR inhibitors.

In addition to PI3K, such components of this
signaling as AKT and mTOR also contribute to the
development and progression of GBM. It has been
shown that an increase in the level of activated phos-
phorylated AKT, as well as hyperactivation of mTOR,
contribute to uncontrolled growth of GBM cells and
a decrease in survival, and therefore they can be
considered as possible therapeutic targets [32-34].

In particular, GDC-0068 (ipatasertib) is a high-
ly selective ATP-competitive inhibitor of pan-AKT,
which leads to increased antiproliferative activity
in cell lines with PI3K/AKT activation. Preclinical
data have shown that ipatasertib can enhance the
antitumor activity of classical chemotherapeutic
drugs [35].

Among the mTOR inhibitors sirolimus, temsi-
rolimus and everolimus are approved by the FDA.
Sirolimus, a well-studied drug with antifungal, im-
munosuppressive and antitumor effects, is a mac-
rolide antibiotic. Sirolimus is known for its ability to
inhibit the mTOR signaling pathway and has been
extensively studied for its therapeutic potential [36].
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Palomin 529 (P529) is a dual mTORC1/2 inhibi-
tor that can increase the effectiveness of radiation
therapy by delaying the DNA repair mechanism [37].
P529 penetrates well into the brain, which provides
support for further evaluation of its use in the treat-
ment of GBM. AZD2014 is also a dual inhibitor of
mTORC1/2, which enhances radiosensitivity both
in vitro and in orthotopic conditions in vivo. It is as-
sumed that a dual mTORC1/2 inhibitor may be a suit-
able radiosensitizer for the treatment of GBM [38].

Rapalink-1 is a third-generation mTOR inhibitor,
which consists of sirolimus and MLN0128. It showed
good inhibitory activity in mice with intracranial xe-
nografts U87MG, was well tolerated and significantly
improved survival.

Currently, there are a large number of targeted
drugs targeting the PI3K/Akt/mTOR pathway that
are undergoing preclinical or clinical trials. However,
targeted GBM therapy has not yet demonstrated
significant clinical survival benefits. Currently there
are several possible reasons for the limited effect:
1) BBB, therefore targeted drugs cannot reach effec-
tive concentrations; 2) heterogeneity of GBM [39].

3. Immunotherapy.

For a long time, based on experimental data,
the central nervous system was considered as an
"immunoprivileged" system due to a small num-
ber of antigen-presenting cells (APC) and limited
penetration of lymphocytes through the BBB. Cur-
rently, some studies have refuted this postulate
and demonstrated the penetration of activated
T-lymphocytes through the BBB, thereby showing
that the central nervous system interacts with the
immune system [40]. With a variety of pathological
processes, there is a change in the permeability
of the BBB due to anti-inflammatory cytokines. As
a result, a large number of lymphoid and myeloid
immune cells penetrate into the tissues of the cen-
tral nervous system.

However, in comparison with other solid tumors,
GBM is characterized by low infiltration of NKand T
cells, nevertheless, various immunotherapy strate-
gies for malignant brain tumors are currently being
actively developed. The basic principle is that the
host immune system can destroy the tumor pro-
vided the effector function is enhanced, this leads
to the elimination of cancer cells by improving the
recognition of tumor agents [41]. Immunotherapy
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is based on such strategies as immunomodulatory
cytokine therapy, anti-cancer vaccines, checkpoint
inhibitors, CAR-T therapy.

3.1. Cytokine therapy.

Cytokine therapy uses mediators of immune acti-
vation and proliferation, such as interleukins, inter-
ferons and granulocyte-macrophage colony stimu-
lating factor, to create a broad antitumor response.
Interleukins activate lymphocytes to initiate innate
and adaptive immune responses. Interferons induce
immune cells and inhibit angiogenesis in cancer
immunotherapy [42].

However, the administration of cytokine therapy
to patients with GBM is ineffective due to the short
half-life and limited ability to overcome BBB. To solve
these problems, high doses of cytokines should be
administered, which in turn can lead to cytokine
storms, autoimmune reactions and systemic side
effects [43].

3.2. Immune control checkpoints inhibition.

Immune checkpoint inhibitors (ICls) are mole-
cules that reduce the activity of regulatory pathways
that limit the activation of T cells. These inhibitors
are aimed at interacting with cellular proteins that
prevent the cytotoxic effect of T-lymphocytes [44].
The most studied molecules for cancer immuno-
therapy using ICl inhibitors are CTLA-4 receptors
(cytotoxic T-lymphocyte-associated protein 4), PD-1
(Programmed cell death 1) and its PD-L1 ligand (Pro-
grammed death-ligand 1).

CTLA-4 and PD-1 are expressed on the surface of
T cells. Tumor cells, evading the immune ones, ex-
press PD-L1. However, despite the positive results
obtained during preclinical trials, some clinical stud-
ies using ICl inhibitors (anti-PD-1 and anti-CTLA-4,
separately and in combination) in GBM showed
no improvement in patient survival [45-47]. These
and other studies have revealed the reasons for
the low effectiveness of these inhibitors: BBB, low
infiltration by tumor T cells and multilevel immu-
nosuppression by elements of the tumor microen-
vironment [47].

3.3. Vaccines.

Vaccines are known as a means to stimulate im-
mune effector cells and enhance their infiltration
into tumors. They are divided on the basis of nucleic
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acids, neoantigens, peptides and cells. Therapeutic
vaccines contribute to the determination of anti-
gens expressed by tumor cells for further detection
and destruction of the cancer focus by the immune
system.

Nucleic acid-based vaccines are injected as a seg-
ment of genes, DNA or RNA encoding tumor anti-
gens and causing an immune response. Vaccines
containing RNA have certain advantages over those
containing DNA, this is due to the direct translation
of antigenic proteins and higher safety. However,
one should not forget that "pure" RNAs are suscep-
tible to nucleases and can be destroyed before APC
transfection [48].

Neoantigenic vaccines are new epitopes re-
sulting from mutations in the genome of tumor
cells. They have high specificity, antigenicity and
safety [48]. At the stage of the first clinical trials
is a personalized combined vaccine GAPVAC-101,
containing neoantigen and unmutated antigen tar-
geted against GBM.

Cellular vaccines are mainly created using den-
dritic cells (DC), which are responsible for acti-
vating adaptive immunity and stimulating Band T
lymphocytes. In this type of immunotherapy, DC
is isolated from the blood of patients to stimulate
antigen-presenting properties in vitro, and then
injected back into the patient to activate effector
cells [49]. The advantages of therapy with this type
of vaccine are the induction of an antitumor T-cell
response, an increase in tumor immunogenicity
due to the strengthening of antigen-presenting
functions of DC and the ability to link innate im-
munity with adoptive immunity. This is important,
in particular for low-immunological tumors, such
as GBM [50].

3.4. Chimeric antigen receptor T cells (CAR).

Adaptive T-cell immunotherapy is an antigen-
specific approach based on the transformation of
the patient's own immune cells. T-cells obtained from
patients with tumor diseases undergo modification
outside the human body. As a result of modification,
the T-lymphocyte acquires a tumor-specific chimeric
antigen receptor (CAR) to provide more effective
target recognition [51].

One of the barriers affecting the effectiveness
of CAR-T-cell therapy in solid tumors, such as GBM,
is the high heterogeneity and diverse expression of

tumor antigens. The creation of CAR T cells targeting
multiple antigens by expressing multiple CARon T
cells is considered as an approach to overcoming
this limitation [37].

4. Alternative drug delivery systems.

The search for alternative effective treatment
methods is associated not only with the emer-
gence of new therapeutic agents, but also with
the development of drug delivery systems. Sys-
temic drug delivery is seen as a promising and
universal prospect that can overcome the failure
of systemic drug administration. In this area of
research, there are a number of materials that can
be used to increase the absorption of chemothera-
peutic drugs by cells. In some works, the results of
work in the field of application of nanostructures
of various sizes, physico-chemical properties and
forms for the treatment of oncological diseases
were demonstrated. They may include lipid and/or
polymer materials that are capable of generating
structures such as liposomes, micelles, exosomes,
polymer and inorganic nanoparticles, polymer con-
jugates. In this regard, their properties depend on
the components used, which determine their fur-
ther function [52].

Each nanostructure should be carefully studied
and designed to achieve maximum therapeutic ef-
fect with minimal possible side effects on the body.
Most of them can be modified so that they respond
to various internal or external stimuli, which is an ad-
vantage for controlling the release of encapsulated
therapeutic substances. The design of drug delivery
systems must be specific in order to successfully
target the affected area without affecting the sur-
rounding tissues [53].

Nanoparticles (NPS) are transport systems rang-
ing in size from 1 to 100 nm. Their use can pro-
vide such advantages as prevention of premature
degradation of drugs in the bloodstream, improved
penetration into cells, targeted delivery of immune
drugs and enhanced absorption [54]. Also, LPS are
used to overcome BBB, which is known to be one of
the main reasons complicating the delivery of thera-
peutic molecules into the brain, thereby limiting their
effectiveness. To overcome this limitation, modern
therapeutic agents are loaded inside polymer or lip-
id nanostructures that have the ability to penetrate
through the BBB.
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Lipid nanocarriers are divided into categories
depending on the physicochemical properties and
methods of creation. The main lipid — based carriers
include: 1) niosomes, which are lamellar self-as-
sembling structures consisting of nonionic surfac-
tants and cholesterol; 2) transferosomes, similar
to niosomes and liposomes, consisting of a lipid
bilayer created from a lipid matrix stabilized by var-
ious surfactants; 3) liposomes, which are spherical
vesicles created by a lipid bilayer of phospholipids;
4) solid lipid nanoparticles consisting of a solid lip-
id core and 5) nanostructured lipid carriers whose
core contains a liquid lipid phase inside a solid lipid
phase [55-58].

Solid lipid nanoparticles are one of the newly
developed groups of lipid-based nanocarriers. They
have the ability to efficiently deliver both lipophilic
and hydrophilic drugs, as well as other therapeutic
molecules, to numerous affected tissues. They re-
duce the toxicity of the therapeutic molecule they
carry, while protecting them from clearance by the
reticuloendothelial system. Their inherent ability
to dissolve poorly in water leads to a controlled
and delayed release of drugs, long-term stability
allows them to be used for a long period of time.
Against the background of many advantages, solid
lipid nanoparticles have a number of disadvantag-
es: displacement of the encapsulated therapeutic
agent, tendency to gelation and low encapsula-
tion efficiency. The low encapsulation efficiency
is due to the internal structure of the lipid nucle-
us, which does not create empty spaces during
crystallization, which makes it difficult to retain
the potentially encapsulated substance inside the
solid phase [56—-59].

Polymer nanoparticles are stable structures
that provide controlled and delayed release of
the drug and can be modified in such a way as
to respond to external or internal stimuli. In the
literature, most nanoparticle delivery systems that
have been used to treat brain diseases consist of
synthetic polymers such as polyethylene glycol,
polylactide, chitosan, poly(L-lactide-co-glycolide)
(PLGA), polyacrylic acid (PAA), polylactide (PLA),
polyvinyl alcohol (PVA). Their chemical composition
affects stability, biodegradability, biocompatibility,
bio-distribution, cellular and subcellular fate. They
can be modified to package and deliver therapeutic
agents to the desired site of action or to respond
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to certain physiological and external stimuli [57;
58]. One of the conditions for the development of
polymer nanoparticles for medical applications
is their biodegradability, which should depend on
the therapeutic application, target sites (organs,
tissues, cellular or subcellular organelles) and the
route of administration.

This system has a negative impact on humans:
low solubility and decomposition in acidic by-prod-
ucts is a limitation for their use in brain diseases.
In addition, the use of organic solvents to produce
most of these nanoparticles is another disadvantage
that can cause problems of increased toxicity [58].

Metal nanoparticles (MNPs) are a nanomaterial
for targeted therapy and visualization of malignant
brain tumors. Conjugation of peptides or antibodies
with the surface of MNCs allows direct targeting of
the surface of tumor cells and potentially disrupting
active signaling pathways. Most MNCs are being
developed as contrast agents for magnetic reso-
nance imaging (MRI) and computed tomography
(CT) probes [59]. However, most of these studies
are only preclinical.

Among MNPs, only iron oxide nanoparticles
(IONP) are approved by the FDA for preclinical and
diagnostic studies. Their unique properties, such as
low toxicity, biocompatibility, superparamagnetic
properties, excellent solubility in water and catalyt-
ic behavior, make them promising candidates for
biomedical applications [59].

Medicines created thanks to the development of
nanotechnology have been widely used in the bio-
medical field in the last decade. These compounds
can be inorganic or organic, of various shapes and
sizes. The combination of different materials gives
these nanostructures their universal properties and
makes them so attractive in nanomedicine.

CONCLUSION

Up to the date, an obvious need to develop new
effective methods of treating GBM still remains.
The solution of this difficult biomedical problem is
greatly facilitated by the pronounced progress of
interdisciplinary research and the promising results
obtained during them. One of the priorities in this
area is the development of low-molecular-weight
inhibitors of signaling pathways associated with
the development of this disease. Also, the poten-
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tial possibility of using immunotherapeutic strat-
egies aimed at strengthening the functions of the
immune system in the aspect of recognizing tumor
cells and their subsequent destruction deserves
close attention. From the point of view of applying
an innovative approach, the development of drug
delivery systems is of particular interest, which can

increase the bioavailability and effectiveness of
both already approved antitumor drugs and new
promising compounds. It is expected that ideas
that can combine the most outstanding results of
individual research areas can lead to the creation of
new promising therapeutic approaches for patients
with GBM.
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