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1 | BACKGROUND

| Sergey Yurjevich Taskaev>® |
| Elena Vladimirovna Kuligina'

Abstract

The development of new accelerators has given a new impetus to the devel-
opment of new drugs and treatment technologies using boron neutron capture
therapy (BNCT). We analyzed the current status and future directions of BNCT
for cancer treatment, as well as the main issues related to its introduction. This
review highlights the principles of BNCT and the key milestones in its develop-
ment: new boron delivery drugs and different types of charged particle acceler-
ators are described; several important aspects of BNCT implementation are dis-
cussed. BCNT could be used alone or in combination with chemotherapy and
radiotherapy, and it is evaluated in light of the outlined issues. For the speedy
implementation of BCNT in medical practice, it is necessary to develop more
selective boron delivery agents and to generate an epithermal neutron beam with
definite characteristics. Pharmacological companies and research laboratories
should have access to accelerators for large-scale screening of new, more specific
boron delivery agents.
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ery agents and an epithermal neutron beam with suitable
characteristics. This review addresses what in our view

Given that morbidity and mortality of cancer continue to
remain at relatively constant levels, we believe that a new
cancer therapy, boron neutron capture therapy (BNCT),
deserves to be further developed [1]. The prospects for such
development and for the clinical implementation of BNCT
are promising despite various problems. In particular, the
speedy implementation of this method in clinical practice
will require the development of more selective boron deliv-

are the most important issues relating to the introduction
of BNCT. The principles of BNCT and the key milestones
in its development are described in details, covering the
mechanism of BNCT-induced cell death, the role of BNCT
as a treatment modality for different cancers, the char-
acteristics of the currently available boron preparations,
and approaches to the delivery of isotope B to tumor
cells.
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2 | BNCT 2. The University of Tsukuba together with the High
Energy Accelerator Research Organization, Japan

2.1 | Historical aspects Atomic Energy Agency, Hokkaido University, Ibaraki

The existence of the neutron was the first postulated in
1932 by Chadwick [2], who explored the properties of the
penetrating radiation emitted from beryllium and boron
when bombarded by the alpha particles of polonium.
Subsequently, several researchers compared the effects of
neutrons and X-rays on normal and tumor tissues. In
1936, Locher [3] published a work about neutrons which
had therapeutic possibilities. He proposed the principle
of BNCT based on the selective concentration of boron
in tumors and its irradiation by thermal neutrons. In
this context it is to be noted that tumor tissue receives
a higher radiation dose than normal tissue. In 1951, the
first attempt at BNCT in a patient with malignant glioma
was performed using the Brookhaven Graphite Research
Reactor [4]. Thereafter other attempts were made to use
BNCT for treatment of cancer patients, but serious adverse
effects were encountered, including radiodermatoses of
the scalp, cerebral edema, intractable shock, and brain
necrosis. Because of poor neutron penetration in deeply
seated tumors, in addition to non-selective accumulation
of boron compounds in the tumor, these experiments
failed. Owing to the toxicity and adverse effects, the United
States stopped these clinical trials of BNCT in 1961.

In 1968, Hatanaka reported the results of clinical tri-
als of BNCT in Japan with borocaptate sodium wherein
the beam of neutron was aimed directly at the intracra-
nial tumor bed. In this experiment a 5-year survival rate of
58% was achieved [5]. This gave rise to renewed interest in
BNCT clinical trials in the United States and Europe. The
use of boronophenylalanine as a boron compound was first
reported in 1987 in Japan by Mishima, who applied BNCT
to treat malignant melanoma [6].

As a result of the efforts of different scientific research
groups, today there are several BNCT clinics equipped
with different types of charged particle accelerators and
targets:

1. A Japanese company, Sumitomo Heavy Industries
(Tokyo, Japan) manufactured and installed a cyclotron
with an energy of 30 MeV and a current of 2 mA,
with a beryllium target, in the Clinic of South Tohoku
(Koriyama, Japan) [3]. On 12 March, 2020, Sumitomo
Heavy Industries, Ltd. announced that they obtained
approval from Japanese Ministry of Health, Labor and
Welfare for manufacturing and selling the accelerator-
based BNCT system (NeuCure™ System) and the dose
calculation program (NeuCure™ Dose Engine). It is
worth noting that this approval is valid only for the
treatment of unresectable head and neck carcinoma.

Prefecture, and Mitsubishi Heavy Industry Co. have
produced an 8-MeV 5-mA linac with a beryllium target
for the BNCT clinic in Tokai (Tsukuba, Ibaraki, Japan)
[7]. To date, a proton beam with a current of 2 mA has
been obtained.

3. The third BCNT clinic is located at the National Cancer
Center in Tokyo. Here, a 2.5 MeV linac with a current
of 20 mA is used, which was installed by Cancer Intel-
ligence Care Systems, Inc. [8]. To date, a proton beam
with a current of 11 mA has been obtained.

4. The fourth BNCT clinic is being built at the Helsinki
University Hospital (Helsinki, Finland). For this clinic,
Neutron Therapeutics Inc. (Danvers, MA, USA) man-
ufactured a 2.6 MeV, 30 mA direct-acting electrostatic
accelerator Hyperion™ with a rotating lithium target
and began to assemble it in the fall of 2018. In July 2019,
it was announced that Neutron Therapeutics Inc. has
agreed with the Tokushukai Medical Group to install a
nuBeam system for BNCT at Shonan Kamakura Gen-
eral Hospital in Kamakura, Japan. Clinical trials with
involvement of patients with recurrent head and neck
cancer will be initiated if the Finnish health authority
gives an approval.

5. The fifth BNCT clinic is being built in Xiamen Human-
ity Hospital (Xiamen, Fujian, China). For this clinic,
Neuboron Medtech Ltd. (Nanjing, Jiangsu, China), TAE
Life Sciences (Foothill Ranch, CA, USA), and the Bud-
ker Institute of Nuclear Physics were commissioned
to manufacture a 2.5 MeV, 10 mA tandem accelerator
with vacuum insulation and a lithium target, prototypes
of which were proposed and developed at the Budker
Institute of Nuclear Physics (Novosibirsk, Russia). This
facility was expected to enter operation by fall 2019.

6. The sixth clinic is being built in Osaka, Japan. Kansai
BNCT Medical Center has a Sumitomo Heavy Indus-
tries cyclotron with an energy of 30 MeV and a current
of 2 mA, with a beryllium target.

It should be noted that only three accelerators meet the
requirements of the International Atomic Energy Agency
(IAEA) in respect of current parameters and give a more
monochromatic neutron spectrum [9]. The latter is nec-
essary to reduce the adverse effects of y radiation and
thermal neutrons. Another important factor in minimiz-
ing the adverse effects of irradiation is the main charac-
teristic of the neutron beam, namely the homogeneous
distribution of thermal neutrons in the tumor, including
the area around the tumor and areas suspected of har-
boring tumors. This is because the absorbed dose in a
healthy tissue is less than that in a boron-containing tumor
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FIGURE 1

tissue. Also, for the production of parallel beams of focused
neutrons, a neutron collimator is required. The follow-
ing accelerators are available: the linac, manufactured by
Hitachi; the tandem accelerator with vacuum insulation,
manufactured by the Budker Institute of Nuclear Physics;
and the direct-acting electrostatic accelerator Hyperion™,
manufactured by Neutron Therapeutics. On the other
hand, the requirements of IAEA are out of date and need to
be revised in accordance with technological progress and
development.

Accordingly, today we are witnessing a surge in the
development and the clinical research and testing of BNCT
based on the use of different types of accelerator. Clini-
cal trials of several accelerators are undergoing: Phase II
clinical trials are underway in Japan and trials are soon
to be initiated in Finland [1]. The high-tech companies
are open to engaging in this process; for example, TAE
Life Sciences is developing their own accelerator, which is
compact and designed for optimal BNCT delivery. In case
of successful clinical trials, BNCT undoubtedly has great
prospects for development and implementation in routine
practice.

Asforits use on the territory of the Russian Federation, it
is planned to build a clinic for BNCT in collaboration with
the Budker Institute of Nuclear Physics using a tandem
accelerator characterized by a proton beam current of 9 mA
and an energy of 2.3 MeV [10]. To gain the necessary pro-
ton beam, a new type of particle accelerator has been pro-
posed and built - a tandem accelerator with vacuum insu-
lation. With this new accelerator, the values of current and
energy required for BNCT have been obtained. A lithium
target has been developed and used to generate neutrons.

/ E.;= 0.84 MeV

The principle of boron neutron capture therapy action on malignant cells

This target contains a thin layer of lithium evaporated over
backing, which is being effectively cooled and is radiation-
resistant. Targets of this design with some variations are
now in use within almost every project. The moderator and
compound reflector have been used in the beam-shaping
assembly for the first time, thus increasing the quality of
the resulting therapeutic neutron beam. Ideas realized in
the charged particle accelerator, in the neutron-generating
target, and in the beam-shaping assembly are protected
by patents. Of course, the constant functioning of these
accelerators is accelerating the identification and testing of
new boron isotope delivery agents, and their entry into the
market.

2.2 | Physical bases
BNCT is based on nuclear capture and “B(n, «)’Li fis-
sion reactions [11]. 1°B atoms capture the thermal neutrons
and instantly decay to produce an alpha particle (*He), a
recoiled lithium nucleus ("Li), and low linear energy trans-
fer (LET) y radiation (Figure 1).

10B isotope atoms absorb low-energy thermal neutrons
(< 0.5 eV), resulting in the reaction: B + n — ’Li +
“He, wherein alpha particles acquire the high-LET, ~150
keV/um, "Li ion, ~175 keV/um [12]. A feature of these par-
ticles is that they provide a high energy along their very
brief pathway (< 10 um), which is comparable to the diam-
eter of one cell. Also the effectiveness of BNCT depends on
the intracellular localization of 19B. Thus, only cells con-
taining '°B are destroyed by the use of these methods. It is
assumed that any cells not containing '°B are spared from
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the high-LET radiation. The minimum concentration of
10B required for BNCT (lethal damage) is about 1 x 10° 1°B
atoms per cell or 20 ug/g of tissue [1]. To measure boron
pools in vitro, equipment with subcellular scale resolution,
for example, a secondary ion mass spectrometer (SIMS),
is used [13]. The effectiveness of BNCT depends more on
the delivery of 1B in the tumor than on the characteristics
of beam. Consequently, the development of boron deliv-
ery agents is very active today, as discussed further below.
For the administration of a boron compound, the intra-
venous infusion is used usually, followed by the irradiation
with thermal neutrons. Because of the specificity of deliv-
ery agents of 108 to tumor cells, the neutron beams selec-
tively destroy the boron-containing tumor cells, wherein
surrounding normal tissue stay intact. The y radiation can
penetrate tissue, contributing to the total absorbed dose,
and therefore small collimator-scattered proton beams are
considered to be responsible for some adverse effects of
BNCT [14, 15].

2.3 | Delivery agents
The requirements necessary for boron delivery agents are
listed below: low normal tissue uptake with high tumor
tissue uptake, boron concentration in tumor should be
~20 ug '9B/g tumor tissue, tumor-normal tissue (T/N) and
tumor-blood (T/B) boron concentration ratios not less than
3, rapid clearance from blood and normal tissues, low sys-
temic toxicity, and constant concentration in tumor during
BNCT [16].

Three groups of boron delivery agents are distinguished
on the basis of their specificity regarding tumor cells and
toxicity [11]:

2.3.1 | First-generation boron compounds
Boric acid and its derivatives used in the 1950s and 1960s
in the first clinical trials. These were elementary chemi-
cal compounds that were non-discriminatory and had low
specificity for tumor.

2.3.2 | Second-generation boron
compounds
These include sodium mercaptoundecahydro-closo-

dodecaborate (Na,B;,H;;SH) or sodium borocaptate
(BSH), and the boron-containing amino acid (L)-4-
dihydroxy-borylphenylalanine, or boronophenylalanine
(BPA), which were used in 1960s. It is noteworthy that
these compounds are currently used in many research

studies and clinical trials [17, 18], e.g., L-BPA as a fructose
complex (BPA-F, 2-fluoro-4-borono-l-phenylalanine),
or the combination of L-BPA and BSH, or (18)F-BPA
[where (18)F is used as positron emitters] to determine the
uptake of BPA-F by positron emission tomography (PET).
L-[(18)F]BPA/PET is essential for selecting the appropriate
candidate for BNCT by evaluating the BPA accumulation
in the tumor using T/N or T/B ratio. It has been already
used in a routine clinical practice before BNCT. BPA
enters tumor cells by selective uptake mediated by the
system L-amino acid transporters (LAT1). The expression
of LAT1 is highly up-regulated in various cancers, where it
is presumed to contribute to tumor growth by increasing
the amino acid supply. The functions of the different
transporters (ATB®*, LATI, and LAT2) in BPA uptake has
been evaluated by high-performance liquid chromatog-
raphy [19]. Furthermore, (18)F-BPA is also a substrate of
LATI1 and shows comparable transport ability with BPA
into the tumors, and tissue boron concentration of BPA
can be quantitatively estimated using L-[(18)F|BPA/PET
[20-23].

BSH contains 12 boron atoms and is an anionic polyhe-
dral borane icosahedron. It is considered that BSH uses
passive diffusion through the plasma membrane to enter
tumor cells [24]. BSH has a high T/N ratio with weak
accumulation in tumor cells, while BPA accumulates well
in tumor cells but has a low T/N ratio [25, 26]. At 2 h
after the intravenous administration of BPA, the maximum
T/N boron concentration ratios are observed [27]. In 1994,
BPA-fructose complex was used to treat glioblastoma [28].
It is interesting that BPA and boron-containing unnatu-
ral amino acid, 1-amino-3-borono-cyclopentanecarboxylic
acid (cis-ABCPC) could deliver approximately 70% of the
boron in the free or bound form to the nucleus and cyto-
plasm of human glioblastoma cells [13]. There is some bal-
ance between intracellular and extracellular boron con-
centrations. In the case of BPA, the presence of pheny-
lalanine in the nutrient medium may affect the intracel-
lular free boron. Accordingly, it would be better to give
patients a low phenylalanine diet before BNCT [13]. In a
non-clinical experimental study, it has been shown that in
the treatment of osteosarcoma, a high boron concentration
in tumor is necessary prior to BNCT as a valid therapeutic
option [21]. As regards the excretion route of BPA and its
metabolites, a high concentration of boron is found in the
kidneys [27, 29].

2.3.3 | Third-generation boron
compounds

Since the first- and second-generation compounds did
not adequately satisfy the requirements for boron delivery
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FIGURE 2 Chemical structures of several boron compounds, including third-generation boron compounds. A: boronated lipopeptides

[32]. B: boron-containing liposomes [38]. C: boronated peptides [33]. D: maleimide-functionalized closo-dodecaborate albumin conjugates [41].

E: carboranyl nucleosides [42]. F: boron-containing nanoparticles [44]

compounds indicated above, third-generation agents
including one or more polyhedral anions of borane or
carboranes have been investigated [30]. The stable boron
delivery agents with low and high molecular weight con-
nected with a tumor-targeting component or moiety via a
hydrolytically stable linkage (boron carriers) belong to this
group of compounds (Figure 2). In particular, these third-
generation boron compounds include boronated DNA
intercalators [30], boronated amino acids [31], boronated
lipopeptides [32], boronated peptides [33], boronated folate
receptor [34], boronated epidermal growth factor (EGF)
or epidermal growth factor receptor (EGFR) monoclonal
antibodies (MADs) [35], boron-containing immunolipo-
somes [36] and liposomes [37, 38], BSH-loaded polymeric
micelles [39], transferrin-polyethylene glycol liposomes
[40], maleimide-functionalized closo-dodecaborate
albumin conjugates [41], carboranyl nucleosides [42],

boronated porphyrins [43], boron-containing nanopar-
ticles [44] coupled with cationic microbubble-assisted
focused ultrasound (MB+FUS) treatment [45], pentanu-
clear porphyrazine complexes [46], boronated cyclic
peptides [47], and boron nitride nanotubes [48].
Promising results have been achieved using electropo-
ration as well as FUS treatment and pulsed high-intensity
focused ultrasound (HIFU) as methods for the delivery
of boronated compounds to tumor cells [43]. It has been
shown that electroporation can significantly increase the
absolute and relative tumor boron concentrations and
assist in optimizing the qualitative micro distribution of
boron, as well as the retention of boron in vitro and in
vivo, for different tumor cells [49, 50]. To increase the
efficiency of boron delivery to the tumor, combination
of large boronated compounds with FUS treatment has
been proposed since FUS facilitates the transport of such
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compounds across the blood-brain barrier (BBB) into
tumor [45].

One of the problems that nuclear doctors face when
using neutron irradiation is the lack of a quantitative
imaging method for evaluation of the boron concen-
tration. To solve this problem and to achieve selective
tumor accumulation and reduced toxicity, several
approaches have been applied: (1) coating of boronated
porphyrins with biocompatible poly(lactide-co-glycolide)-
monomethoxypoly(polyethylene-glycol) (PLGA-mPEG)
micelles [43], functionalizing mesoporous silica nanopar-
ticles [51], labeling MMT1242 with a nitrobenzoxadiazole
frame, which emits green-yellow fluorescence [52], and so
on, in general, labeling vesicles by different fluorophores
or molecules with fluorescence properties [53, 54]. Ion
microscopy may also be used to evaluate the distribution
of isotope 1B, as was shown in two brain tumor models,
the 9L rat gliosarcoma and the F98 rat glioma [55].

Generally, these compounds show greater specificity for
tumor cells, tumor cell nuclei, and tumor cell DNA, so the
required concentration of boron compounds for effective
BNCT can be reduced. All these compounds are currently
under evaluation, but only BPA and BSH are used in the
clinic. This is why, in parallel to the search for new boron
delivery agents, there is a need to improve the dosing and
delivery of BPA and BSH.

2.4 | The role and impacts of the BBB in
brain drug delivery

BNCT is aimed at treating difficult-to-treat tumors, par-
ticularly brain tumors, where surgery, chemotherapy,
and radiotherapy would either be ineffective or lead to
incapacity of the patient. Acceptable clinical results of
pharmacotherapy for brain diseases are dependent upon
safe drug delivery into the brain parenchyma. Brain
capillary endothelial cells, supported by astrocytes and
pericytes, form the BBB, which controls drug transport
into the brain [56]. Most pharmaceuticals do not suffi-
ciently penetrate into the central nervous system (CNS)
and fail to yield the intended therapeutic outcomes, which
is why the use of an in vitro BBB model for screening
studies may be of value in the early safety assessment of
new boron delivery drugs [19].

The boron delivery agents could interact with the solute
carrier transporters which are involved in influx trans-
port of substances through the BBB, and other potentially
involved systems and transporters include the choline
transport system, the nucleoside transport system, pep-
tide transporters, the hexose transport system, the neutral
amino acid transporter, the beta amino acid transporter,
anionic amino acid transporters, cationic amino acid trans-

porters, the monocarboxylic acid transport system, and the
medium-chain fatty acid transporter [56]. It is worthy of
note that in glioblastoma there is disruption of the BBB by
the primary tumor sites and that this altered BBB allows
passive accumulation of drugs in the brain [57].

3 | MECHANISMS OF BNCT-INDUCED
CELL DEATH

All ionizing radiation (X and y rays, alpha and beta par-
ticles, neutrons, protons, and so on) has a pronounced
biological effect [58]. In the process of converting ioniz-
ing radiation into chemical energy in the body, active cen-
ters of radiation-chemical reactions are generated, and ion-
ization and excitation of atoms and molecules occur [59].
Radiation breaks the bonds between atoms. Free radicals
are formed in the case of paramagnetic breakage of bonds,
while ionic fragments are formed in the case of diamag-
netic breakage of bonds.

The primary cell target of direct ionizing radiation is
DNA, but besides this it can damage different cellular
macromolecules, resulting in the modulation of their func-
tions [60]. Free radicals and ionic fragments produced
by radiolysis of water (non-direct effect) may damage
such macromolecules as nucleic acids, proteins, lipids, and
polysaccharides and particularly influence their stability
or degradation in response to radiation stress [61]. It is well
known that lipid peroxidation due to free radicals results in
damage to unsaturated fatty acids in cell membranes, lead-
ing to disruption of active transport of substances through
the cell membrane, reduction of ionic gradients in the cell,
release of enzymes from their nuclear localization, and,
as a result, disorganization of nuclear structures and cell
death [62, 63]. In addition, there are important biologi-
cal effects, namely irradiation-induced bystander effects
which are the result of interactions between irradiated
and non-irradiated cells [64, 65]. The following bystander
effects are distinguished: (1) the abscopal effect (or long-
range bystander responses), which mediated through lym-
phatic or circulatory systems and gap junction; (2) short-
range bystander responses, which occur in neighboring
non-targeted cells. The type of bystander response depends
on type of received radiations (y radiation, « particle, neu-
tron, and proton). The abscopal effect of BCNT was shown
in the study [66], provided the proof of principle.

Among the various forms of molecular damage, a special
place is occupied by DNA radiation damage. If damage to
other types of molecule can be compensated by the remain-
ing intact protein molecules, polysaccharides, and other
molecules, such a path in DNA is excluded. Ionizing radia-
tion causes different DNA lesions, including single-strand
breaks (SSB), double-strand breaks (DSB), base damage,
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interruption of the sugar-phosphate backbone, and DNA-
DNA and DNA-protein cross links [67]. Nearly 40 DSBs,
1000 SSBs, and 3000 damaged bases are induced by 1 Gy of
Xraysin one cell [68]. In general, BNCT causes lethal chro-
mosome aberrations (dicentrics, rings, micronuclei, and
large deletions) than conventional radiotherapy in tumor
cells [69]. In the event of DNA damage, two alternative
pathways, i.e., cycle arrest/DNA repair and apoptosis, are
activated by the tumor suppressor p53, depending on the
type of p53 modifications (e.g., acetylation, phosphory-
lation, methylation) [70]. It has been demonstrated that
BNCT can increase apoptosis by the Bcl-2/Bax pathway in
glioma cells and by the mitochondria-mediated pathway
through inducing the release of cytochrome c and the acti-
vation of Caspase-9 proteins [71]. The fast and thermal-
ized neutrons are responsible for 50%-65% of DNA strand
breaks; although this is less than the value for X rays, it
is still the majority of the DNA strand breaks [72]. With
increasing!”B isotope concentration, the amount of SSBs
and DSBs could increase in thermalized neutrons.

Besides this, ionizing radiation causes endoplasmic
reticulum stress and reactive oxygen species-dependent
and -independent damages in cells that involves macro-
molecular (basically, DNA) damage, and all these fac-
tors may induce autophagy [73]. The autophagy signaling
begins with the inhibition of the Akt/mTOR pathway. At
the same time, molecules associated with autophagy form
another complex through the PI3K class 3 complex and
are recruited over a double-membrane structure to form
autophagosomes, which merge with lysosomes and lead to
degradation of the contents. It is worth noting that in can-
cer, myopathies, neurodegeneration, and heart, liver, and
gastrointestinal disorders, autophagy is deregulated. Can-
cer development is closely associated with autophagy: in
various cancers and neurodegenerative disorders, mutated
genes such as Beclinl, PARK2, and PINKI are found [74].
Malignant cells with increased autophagy appear to be
highly resistant to various stresses and chemotherapy com-
pared to their normal counterparts [75]. During BNCT,
autophagy is induced by the factors described above, and
in view of the fact that malignant cells already have an
enhanced level of autophagy, it has been suggested that the
efficacy of chemotherapy can be improved with autophagy
inhibitors.

The types of induced DNA lesions, their distribution,
and the mechanism of the repair mechanism depend on
the type of radiation used during BNCT, and particularly
on LET characteristics (each component of ionizing radi-
ation has different LET characteristics). Low-LET y rays
in the beam, as well as those resulting from the capture
of thermal neutrons by hydrogen atoms ['H(n,y)*H],
high-LET protons obtained as a result of scattering of fast
neutrons, and high-LET protons as a result of capture of

thermal neutrons by nitrogen atoms [**N(n,p)*C] produce
a non-specific background dose. Previously, it was shown
that the relative biological effectiveness (RBE) values for
the fast neutron and N(n,p)*C reaction components of
the total dose were too low [76, 77]. At the same time,
the apparent RBE for the °B(n,a)’Li reaction with BPA
was higher than that with any other boron compound
tested, namely the sulfhydryl dodecaborate monomer or
dimer, or boric acid. In this connection, different effects
could be received from different LET radiations because,
in comparison with low-LET radiation, high-LET radia-
tion induces DSBs, broken chromosomes, and complex
chromosome rearrangements very efficiently [78]. SSBs
and base damages are of minor relevance for cell survival
insofar as the base excision repair mechanism efficiently
repairs these lesions [79].

Two pathways, non-homologous end joining (NHEJ)
and homologous recombination (HR), participate in repa-
ration of the majority of DSBs induced by low-LET radia-
tion [80, 81]. DSBs produced by high-LET radiation mostly
represent the complex type, little DSB repair occurs [67].
This has been explained by the fact that high-LET radi-
ation induces high RBE due to inefficient DNA repair,
Ku-dependent NHEJ, which in turn may be associated
with ineffective binding of Ku proteins with DNA [82].
When cells are exposed to high-LET radiation, traces of
heavy ions do more damage to neighboring DNA compo-
nents than traces of low-LET radiation, and it generates
short DNA fragments of less than < 40 bp. These short
DNA fragments impact on Ku binding efficiency, which
lead to inefficient NHEJ, more cell death, and high RBE.
The MRN complex which contains MRE11, RAD50, and
NBS], can initiate HR repair; ATM and ATR are involved
in the signaling and various phosphorylation downstream
participants. The choice of NHEJ or HR is dependent on
BRCAI, which counteracts TP53BP1 at DSB ends in the S
and G2 phases, thereby impeding NHEJ and facilitating
HR. Which of the pathways will be chosen for DNA repair
depends on these mediators (53BP1 and BRCAI; Ku pro-
teins and the MRN complex).

Less than 5% of DSBs produced by low-LET radiation
cannot be repaired due to plenty complexity. The cell will
continue its cell cycle if the DNA damage can be com-
pletely and correctly repaired. Otherwise, there will be the
initiation of cell cycle arrest in the G2/M phase, cell death
by apoptosis, mitotic catastrophe, or senescence. It was
shown for BNCT that in the in vitro experiments, glioma
stem/progenitor cells were killed through cell cycle arrest
and apoptosis [71].

For further development of BNCT, it is necessary to
evaluate early and late markers of the cellular responses
after BNCT. It has been shown that yH2AX (phospho-
rylated histone H2AX), TP53BP1, poly(ADP-ribose), and
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high-mobility group protein 1 (HMGB1) may be markers
of value in monitoring the DNA damage induced by BNCT
[18]. The persistent presence of yH2AX and PAR in the
nuclei may serve as a late marker, whereas HMGBI1 up-
regulation could be an early marker [83]. HMGBI directly
binds to a variety of bulky DNA lesions and allows them
to participate in DNA repair pathways, including NER,
base excision repair, DNA mismatch repair, and NHEJ [84,
85]. Respectively, lack of HMGBI under oxidative stress,
chemotherapy, and irradiation leads to DNA damage and
decreases DNA repair.

In conclusion, it is worthy of note that the exact mecha-
nism of cell death after BNCT is unknown. There are sev-
eral reasons why the cell may die, relating in particular to
the cell type, the cell cycle phase when irradiation occurs,
the oxygen supply, and the radiation dose [86]. Hematopoi-
etic, lymphoid, and leukemia cells are susceptible to rapid
irradiation-induced cell death by apoptosis. The apoptosis
is more common among most solid tumors than mitotic
cell death. However, when irradiated, most normal cells
must follow the pathway of senescence.

4 | BNCT IN CANCER TREATMENT
BNCT combines two fundamental approaches, i.e.,
chemotherapy and traditional radiotherapy. While the
selective concentration of boron compounds in tumor
cells can enhance the effect of neutron beam radiation
[87], BNCT may fail because of non-specificity of the boron
delivery agents, the presence of boron delivery agents in a
high concentration in the blood, and inadequate radiation
dose [1].

Of course, this type of therapy is not yet a widely avail-
able cancer treatment, and indications for its use are lim-
ited. To date, BNCT has been applied to treat the following
cancers: glioblastoma multiforme [88], head and neck can-
cer [89], multifocal hepatocellular carcinoma [90], recur-
rent lung cancer [91], squamous cell carcinomas, salivary
gland carcinomas, sarcomas, recurrent malignant menin-
gioma [92], and extramammary Paget’s disease [93]. Expe-
riences with BCNT for cancer treatment are summarized
in Table 1. Due to the fact that BNCT is more often used to
treat glioblastoma, melanoma, head and neck cancer, and
malignant mesothelioma, we focus on these malignancies
below.

4.1 | Brain tumor

Glioblastoma multiforme (GBM) or grade IV glioma,
according to the World Health Organization (WHO) clas-
sification, is the most common malignant brain can-

cer among adults. It has a very poor prognosis, and
there is urgent need to improve patient stratification
and treatment. GBM are neuroepithelial tumors. It orig-
inates from the supporting glial cells of the CNS. Sev-
eral histological types of glial tumor have been identi-
fied, i.e., astrocytoma, oligodendroglioma, mixed oligo-
astrocytic tumor, and mixed glioneuronal tumor, which
originate from astrocytic, oligodendroglial, mixed oligoas-
trocytic, and neuronal-glial cells, respectively. On the
basis of histopathologic characteristics (cytological atypia,
anaplasia, mitotic activity, microvascular proliferation,
and necrosis), the WHO classification categorizes gliomas
from grade 1 (lowest grade) to grade 4 (highest grade). It
should also be mentioned that integrated diagnosis incor-
porating all the tissue-based information and the molec-
ular genetic information can assist in improving clinico-
pathologic predictions, interobserver reproducibility, and
therapeutic planning [94].

The mortality of brain cancer patients remained stable
from 2000 to 2014, while the incidence varied between
2009 and 2013 according to sex: among men there was
a significant decrease in the incidence of brain cancer
and other nervous system cancers over this period (brain
tumors: P = 0.005), whereas among women the incidence
remained unchanged [95]. Primary brain tumors are the
second most common pediatric malignant tumors [96].
According to the data of National Cancer Institute, approx-
imately 23,820 new cases of brain cancer and other nervous
system cancers were diagnosed in the United States in 2019
[97]. Gliomas account for 32% of all primary CNS tumors,
17% of which are astrocytic tumors; 28% are glioblas-
tomas in young adults (20-34 years of age) [98]. The life
expectancy of patients with GBM is approximately 12-15
months, even when using the standard therapy, surgery
and radiotherapy with the simultaneous administration of
temozolomide. GBM is the second most common cause of
cancer death in children under the age of 15. Despite the
generally very poor prognosis, 2-year overall survival rates
of 25-40% have been observed for high-grade gliomas [99].

The different subtypes of GBM respond differently to
treatments. There is a high heterogeneity between dif-
ferent types of cell line. It is associated with the expres-
sion and mutations in several key genes. Several genes
(PDGFRA, IDH1, EGFR, and NFI) are considered as genetic
markers to improve the classification of subtypes [100, 101].

Treatment of glioblastoma is associated with several dif-
ficulties, among which are the limited penetrability of the
BBB, the resistance to conventional therapy, and low DNA
repair capacity. Unfortunately, the clinical results obtained
by different groups have not shown sufficient effective-
ness of BNCT as a treatment modality for glioblastoma
[102-105]. According to the European Organization for
the Research and Treatment of Cancer, the best treatment
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TABLE 1 Boron neutron capture therapy in cancer treatment
Type of cancer Number of patients Country Year Reference
Recurrent head and neck cancer 62 Japan 2001-2007 [87]
Recurrent glioblastoma 22 Finland 2008 [120]
multiforme
Head and neck cancer 26 (19 squamous cell Japan 2001-2009 [18]
carcinomas, 4 salivary
gland carcinomas, and 3
sarcomas)
Recurrent malignant 19 Japan 2005-2011 [121]
meningioma
Recurrent malignant 30 Finland 2003-2010 [122]
meningioma
Recurrent late stage head and 10 China 2003-2004 [123]
neck cancer
Recurrent head and neck 6 Japan 2004 [124]
malignancies
Recurrent malignant gliomas 7 Japan 2013-2014 [125]
Glioblastoma 21 Japan 2002-2007 [126]
Glioblastoma multiforme 9 Czech Republic 2000-2002 [127]
Glioblastoma multiforme 53 USA 1994-1999 [28]
Brain tumors 22 USA 1996-1999 [128]
Glioblastoma multiforme 6 USA 2002-2003 [129]
Extensive squamous cell 1 Japan 2007 [130]
carcinoma
Glioblastoma multiforme 17 Sweden 2002 [131]
Recurrent hepatic cancer 1 Japan 2011 [132]
Recurrent lung cancer 1 Japan 2012 [133]
Recurrent laryngeal cancer 9 Finland 2006-2012 [112]
Extramammary Paget’s disease 2 Japan 2012 [134]
Vulvar melanoma and genital 7 Japan 2005-2014 [93]

extramammary Paget’s disease

results are obtained using the combination of postopera-
tive photon irradiation with the administration of temo-
zolomide, and only effective and newly developed delivery
drugs suitable for inclusion in clinical trials could change
this paradigm.

4.2 | Head and neck cancer

Head and neck squamous cell carcinoma (HNSCC), com-
monly named head and neck cancer, is a common malig-
nant cancer with a high mortality and morbidity [106].
Worldwide, approximately 650,000 cases and 330,000
deaths due to HNSCC occur annually. Head and neck can-
cer is formed from the squamous cells that line the sur-
face of the mucous membrane inside the head and neck
(for example, inside the mouth, nose, and throat) and is
also formed from the salivary gland in rare cases. In most

cases (75%), these cancers are caused by tobacco and alco-
hol use [107]. Human papillomavirus type 16 and Epstein-
Barr virus infection can also be considered risk factors for
some types of head and neck cancer, especially oropharyn-
geal and nasopharyngeal cancers.

Treatment of HNSCC includes surgery, radiotherapy,
and platinum-based chemotherapy. The only targeted ther-
apy for HNSCC is cetuximab, which was approved by FDA,
and represent a monoclonal antibody targeting EGFR, but
it has displayed limited efficacy due to the emergence of
resistance [108]. In addition, HNSCC is often radio- and
chemoresistant. BNCT could be a solution to this prob-
lem in general. It was shown in vitro that BNCT inhibits
oral SCC cells in p53-dependent and -independent man-
ners [109]. Oral SCC cells with p53 mutations are more
resistant to BNCT than those with p53 wild-type; in addi-
tion, the absence of Gl arrest and subsequent apopto-
sis could contribute to the resistance [110]. Recently, the
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efficacy of BNCT on HNSCC has been demonstrated in
different clinical trials with an overall response rate of up
to 90% [111-113]. In spite of this, due to non-homogeneous
distribution of BPA-F in tumor, recurrence has often been
observed [112].

4.3 | Melanoma

Malignant melanoma is considered an aggressive cancer in
humans and is responsible for almost 60% of all lethal skin
tumors. Melanomas occur when unrepaired DNA dam-
age to skin cells causes mutations that lead to their repro-
duction. There are several types of melanoma: nodular
melanoma, acral lentiginous melanoma, lentigo maligna,
and superficial spreading melanoma. Nodular melanoma
is invasive from the outset, whereas the remaining three
types begin in situ on the top layers of the skin and may
become invasive. The occurrence of melanoma is due to
the interaction between exogenous and endogenous risk
factors. The incidence of melanoma has increased sig-
nificantly in the past two decades among both men and
women [95]. Age-standardized incidence rates from 2000
to 2014 were 16.6 and 26.8 per 100,000 persons for females
and males, respectively. It has been shown that melanoma
is characterized by high genomic instability [114]. This is a
feature uncommonly encountered in benign melanocytic
lesions, including Spitz nevi.

The standard treatment of melanoma is surgical exci-
sion. However, when the tumor is at an advanced stage
with metastases, the effectiveness of these therapies is
poor. In 1987, BNCT was applied to treat malignant
melanoma using BPA [6]. This was the first time that BNCT
had been used outside the CNS. Patients with melanoma
who are treated with the same BNCT protocols can show
different clinical outcomes despite identical histopatho-
logic diagnoses [29]. Because of the ability of melanomas
to metastasize, both immunotherapy and BNCT, could
be recommended for treatment of melanomas in difficult
anatomic regions, such as the vulva [1].

4.4 | Malignant mesothelioma

Malignant mesothelioma (MM) is a rare and aggressive
tumor with a poor prognosis. The incidence and mortality
of MM depend on the past level of exposure to asbestos,
and MM may occur even after a latency period of 30-
50years. The median survival since diagnosis is shorter
than 9-12 months [115]. While malignant cells are found in
the pleura or the peritoneum, MM may also form in the
heart or testicles, though this is rare [116]. The presence of
several radiosensitive tissues decreases the effectiveness of
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conventional radiotherapy and imposes restrictions on the
maximum dose [117]. An effective targeted therapy does
not exist due to the lack of highly specific molecular mark-
ers, which also reduces the possibility of early diagnosis of
MM [118]. BNCT is a promising treatment for inoperable
patients due to their age or the presence of other illnesses
[119].

5 | CRITICAL PERSPECTIVE ON BNCT
Several obstacles stand in the way of development of
BNCT. The transition from one technology involving a
source of neutrons and reactors to another, accelerators,
has required both time and financial investment, as well
as the development of principles of its use. The latter was
spelled out in the requirements of the IAEA [9]. This tech-
nical memorandum for the parameters of a neutron beam
was developed in 2001. For BNCT implementation, it is
necessary to have a beam of epithermal neutrons of high
intensity (with energies from 0.5 eV to 10 keV). In this
case, the neutron spectrum of the beam should be such
that the maximum density of the thermal neutron flux is
obtained at the location of the tumor. Over the past sev-
eral decades, many projects involving accelerator neutron
sources have been proposed for BNCT, but only a small
number are approaching successful completion because
of the complexity of the task. Neutron beam parameters
of all accelerator-based neutron sources meet the require-
ments of IAEA [9]: providing intensity of epithermal neu-
tron flux more than 10"(9)n X cm™(-2) X s"(-1); fast neutron
and photon beam contamination less than 2 X 10%(-12)Gy X
cm’(2)/n. Three neutron sources (NoNNe 3, 4, 5), using low-
energy protons and lithium target, provide neutron flux
with a narrower energy distribution and a smaller contri-
bution of thermal and fast neutrons, which is important
for the quality of therapy. For ongoing development and
improvement of different accelerators, the IAEA technical
memorandum needs to be revised periodically.

Regarding the development of new delivery agents, the
limiting factor is the lack of a large number of accelerators
in different countries for their routine testing and vali-
dation and to facilitate their entry into the market. The
construction and launch of new BNCT clinics using accel-
erators will lend impetus to the search for third-generation
boron compounds. Indeed, we expect new accelerators
to be commissioned in the near future. Another limiting
factor is the availability of 1B, in terms of both its sale
on the market and the procurement of raw materials for
its manufacture. Currently, around the world a limited
number of companies sell 1B, and a few produce delivery
agents for BNCT; for example, in Russia there are no
manufacturers of 1B or its derivatives.
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The agents being developed should all meet the require-
ments, including low cytotoxicity; sufficient concentration
of 1B isotope in cancer cells; a definite ratio between
1o isotope concentration in cancer cells, blood, and nor-
mal cells; chemical stability; water solubility; and preser-
vation of a constant concentration during the procedure.
The alternative to the discovery of new delivery agents is
to change the dosage and methods of administration for
already existing boron compounds, BSH and BPA (e.g., by
increasing the dose of BPA and the infusion time), or to
further develop delivery methods, in particular FUS treat-
ment and electroporation.

6 | CONCLUSIONS

Although several accelerators for BNCT are currently
being evaluated in clinical trials, and the results will be
announced in the near future, the need for a specific deliv-
ery agent for the '°B isotope with high tumor accumu-
lation could obstruct the use of BNCT as a cancer treat-
ment modality. Despite some problems with the direct
source of neutrons and radiation dosimetry, the main chal-
lenges are the development of a new and more effective
delivery vehicle or a new approach to delivery and better
microdistribution of already existing delivery drugs (BPA
and BSH). Pharmacological companies and research labo-
ratories should have access to accelerators for large-scale
screening of new, more specific boron delivery agents.
Only after the announcement of the results of clinical tri-
als in which all the above challenges have been overcome
will one convincingly be able to say that BNCT is a cancer
treatment modality.
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