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Abstract: The success of boron neutron capture therapy (BNCT) depends mainly on sufficient spatial
biodistribution of boron (1°B) localized around or within neoplastic cells to produce a high dose gra-
dient between the tumor and healthy tissue. Contrary to what is usual in radiotherapy, BNCT pro-
poses treatment planning directed at the cell level rather than the tumor mass. However, it is not yet
possible to precisely determine the concentration of B in a specific tissue in real-time using non-
invasive methods. Some critical issues still need to be resolved if BNCT is to become a valuable,
minimally invasive, and efficient cancer treatment. This review article provides an overview of the
fundamental principles, recent advances, and future directions of BNCT as a cell-targeted cancer
therapy. The main emphasis is on topics related to biological dosimetry, methods for assessing boron
concentration, mechanisms of action of BNCT, and its physical bases for clinical implementation.
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1. Introduction

Cancer, a multicellular and multigenic disease, is one of the leading causes of death
in the world. It is the first/second cause in 112 of 183 countries and the third/fourth in 23
countries according to estimated data from the World Health Organization (WHO) in
2019. In 2020, 19.3 million new cases and 10 million cancer deaths were recorded accord-
ing to GLOBOCAN estimates of 36 cancers in 185 countries [1]. Given that the annual
incidence continues to increase, the clinical management of cancer remains a significant
challenge. Cancer can arise from all organs and different cell types with a multifactorial
etiology. In general, cancerous cells exhibit inherent phenotypical characteristics, known
as the hallmarks of cancer. Hanahan and Weinberg [2] originally suggested six alterations
in cell physiology that collectively dictate malignant growth: environmental independ-
ence for growth, evasion of apoptosis (programmed cell death), limitless proliferative po-
tential, sustained angiogenesis, tissue invasion, and metastasis to other parts of the body.
In a more recent update, they also included deregulated metabolism and immune system
evasion as additional hallmarks, as well as two characteristics that allow the acquisition
of those hallmarks: genome instability and inflammation [3].

In countries with a high gross domestic product, radiotherapy (RT) is used in more
than 50% of patients either to treat the disease in a local stage or to control and alleviate
symptoms of irrecoverable cases, depending on the cancer stage [1]. RT aims to deliver
the optimal dose to tumor volume while preserving normal tissues, but these volumes are
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considered at the macroscopic level of treatment in treatment planning following an evi-
dence-based population medicine approach. To achieve more efficient personalized treat-
ment, it is desirable to select the cells to be treated, reducing damage to healthy ones.

Currently, estimates of the global demand for RT by cancer patients indicate that, for
87% of new cases of breast cancer patients, RT is an important part of therapy according
to clinical guidelines and evidence-based medicine. In the case of surgery in the early
stages of breast cancer and systemic therapies in metastatic cases, RT is applied as adjunc-
tive therapy. [4]. In several tumor types, such as head and neck cancers, skin cancers, cer-
vical cancers, brain tumors, and others, RT is considered as the alternative curative treat-
ment option or even the basis of the definitive, curative treatment. Additionally, in many
locations of the disease, RT is usually required as a prophylactic agent after surgery. In
locations such as the lungs, the accuracy of the radiation beams allows the usage of RT
under ablative conditions when surgery is not applicable. This is the case of Stereotactic
Ablative Radiotherapy (SABR), where vascular endothelial injury and immune activation
are new radiobiological aspects that must be added to the 5 R's of radiobiology (reoxygen-
ation, repair, radiosensitivity, redistribution, and repopulation) for explaining the abla-
tion effect.

These data indicate that the role of RT has increased in prominence compared to sur-
gery in the treatment of localized solid tumors, the most widespread expression of cancer.
Among other reasons, these achievements are the result of several innovative therapeutic
methods and technological improvements, such as the implementation of devices to shape
and adapt the irradiation beam to the tumor volume while safeguarding organs at risk, or
the successful implementation of advanced imaging procedures used in planning and
treatment [5]. The goal of RT is to achieve more accurate and efficient dose delivery to
organs and tissues [6]. Patients often vary between tumor responses to RT due to differ-
ences in tumor type and other specific genetic factors not considered in treatment plan-
ning. Unfortunately, in conventional RT the dose prescription is essentially a population-
based approach through the target volume segmentation in the image data of patients
usually provided from CT devices.

Boron Neutron Capture Therapy (BNCT) is a high linear energy transfer (LET) radi-
ation therapy used for cancer treatment. Boron can be selectively localized in tumor cells.
Thus, BNCT is a promising disease-targeted therapy as neutrons kill preferentially the
cells labeled with 1°B. A fundamental principle of this method is °B(n,a) ’Li nuclear reac-
tion, which occurs when the stable isotope 1°B, delivered preferentially to the tumor cells,
is subsequently irradiated with an external epithermal neutron beam to produce an a-
particle (*He) and a 7Li nucleus. A schematic representation of this reaction is presented
in Figure 1. Released a-particles (~1.47 MeV) and 7Li nuclei (~0.84 MeV) have high LET
~175 keV/um [7-9]. About 94% of the time, the recoiling 7Li ion is produced in an excited
state and emits a low LET 477 keV gamma-ray during deexcitation. In the remaining 6%
events, ’Li is emitted with no gamma-ray emission in the ground state.

‘*He™+ "Li +y (477 keV)

9y

1B + n,, —— 11>
.
6% s oo B
He '+ ’"Li

Figure 1. 1°B(n,a)’Li reaction.

Unfortunately, after many years of research led by scientists and specialists, they are
still struggling with some critical issues of BNCT. Firstly, generating a therapeutic beam
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with an optimal energy spectrum that can deliver the neutrons to the correct location
while minimizing the dose delivered to healthy tissue. Second, finding nontoxic B deliv-
ery agents: the boron carrier compound is one of the fundamental aspects of BNCT and
should bring significantly more isotopes to the cancerous cells than to the healthy tissue
or, ideally, only into the cancerous cells. It should also meet requirements such as water
solubility, chemical stability, and preservation of a constant high concentration during the
treatment procedure [10]. As the boron concentration level directly affects the intensity of
the boron neutron capture reaction and hence the dose to the tumor and other tissue, it is
also essential to image the boron distribution when considering BNCT. Several modalities
are widely used to assess the boron dose delivered to the residual tumor volume, and they
can provide information on the distribution of °B at the microscopic level [11,12]. To im-
prove molecular imaging, several other approaches have been proposed [13-15]. Another
critical issue is developing treatment planning programs and systems to calculate the
dose, predict the particle fluxes, and expect the incidence angles on the patients to achieve
the adequate relative dose distribution. If the reactor generates the BNCT treatment
beams, the treatment planner must determine the dose induced by neutrons and gamma
photons. In this case, most of the gamma photons occurring in the beam originate from
the reactor core. Fortunately, development research on compact, in-hospital accelerator-
based neutron sources, ready for installation in hospital environments, has been ongoing
for many years in several countries. It allowed for more widespread use of the BNCT
technique. The world's first accelerator-based system for clinical BNCT irradiation (C-
BENS) with cyclotron of Sumitomo Heavy Industries has been developed at the Kyoto
Research Reactor Institute [16]. Within Europe, one of the first commercial accelerator-
based Boron Neutron Capture Therapy Platforms was designed by Neutron Therapeutics
and installed in the Helsinki University Hospital. Numerous reasons define why the cell,
after BNCT treatment, may die. They relate mainly to the cell cycle phase in which irradi-
ation occurs, the cell type, the radiation dose, and the oxygen supply. However, what
drives cell cancer during switching from a repair program to cell death, and what drives
the cancerous cell to choose a specific pathway of death? The specific mechanism of cell
death and the mechanism of repair after BNCT are not sufficiently known. In this case,
the evaluation of early and late markers of cellular responses after the introduction of
BNCT should be considered. They are crucial for the further development of BNCT.

This review highlights the issues described above and evaluates them in future di-
rections and the further development of Boron Neutron Capture Therapy as an effective
cancer treatment. Later in the article, the possible mechanisms BNCT-induced cell death
are described and the different types will also be presented. The answers to the presented
and other questions that will undoubtedly arise in the further development of research on
cancer radiation therapy and the progression in solving the issues presented, even in part,
will eventually lead to continued improvement in BNCT cancer treatment.

Section 2 describes the general principle of BNCT therapy, starting from boron deliv-
ery agents, to physical bases and fundamental dosimetric process of BNCT, such as the
main components of the absorbed dose. It also describes mechanisms and types of cell
death that occur during and after irradiation and cites and describes several studies that
attempt to investigate DNA damage and repair induced by BNCT. At the end of the chap-
ter, in the section ‘BNCT biological dosimetry”, the focus was on the biological component
of BNCT and the understanding and evaluation of the increased radiosensitization effect
on the example of the conducted research. Chapter 3 describes methods for assessing bo-
ron distribution within the body in tumor cells and normal tissues. Modalities such as
positron emission tomography and magnetic resonance imaging, mass spectrometry im-
aging, single-photon emission computed tomography, and prompt gamma photon detec-
tors are presented and described in the order mentioned above.
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2. Mechanisms of action of BNCT

Two types of neutron beams are commonly used in BNCT: thermal beams (~0.0254
eV) and epithermal beams (0.5 eV to 40 keV). For clinical purposes, the most useful are
epithermal neutrons because, while entering the tissue, they create a radiation field with
maximum thermal flux at a depth of 2-3 cm, which then drops exponentially. In turn,
when a thermal beam enters the tissue, the thermal flux, which is created as a result, falls
exponentially from the surface. For BNCT in boron-labeled tumor cells, an adequate ther-
mal neutron field must be created. Therefore, a neutron source compliant with the stand-
ards of the International Atomic Energy Agency (IAEA) is required. [17]

Until recently, the value of BNCT was largely restricted and the number of patients
treated with BNCT was very limited because treatment could only be performed in nu-
clear research reactors, the only neutron source at the time. Furthermore, most of the clin-
ical trials conducted were carried out in facilities at nuclear reactor sources. However,
with the improvement of neutron beam-generating instruments, BNCT would be able to
damage tumor cells more effectively while at the same time avoiding affecting normal
peripheral cells.

Boron delivery agents are one of the essential aspects of BNCT. 1°B should be retained
in the tumor, at least for the duration of neutron irradiation, which can take up to an hour.
However, the way to concentrate B in enough amounts and preferentially in cancer cells
is currently the main limitation of the effectiveness of BNCT. Many compounds have been
developed to date, but at present, only two boron agents are widely used as boron carriers:
sodium borocaptate (Na:B12HiSH [[''B]BSH]) and [“B]4-borono-L-phenylalanine (BPA),
two low molecular weight boron-containing drugs.

BSH consists of 12 1B atoms and is used mainly to treat malignant gliomas. BSH is
not delivered to the normal brain through the intact blood-brain barrier (BBB), and it is
difficult to selectively internalize BSH in tumor cells because of its high hydrophilicity. Its
concentration in the target is related to the concentration of the agent in the blood and the
vascularization of the neoplasm [18]. BSH has a passive diffuse accumulation mechanism.
In malignant cells in the brain, it accumulates only in the tumor region where the blood-
brain barrier is disrupted [19].

On the other hand, BPA is a derivative of phenylalanine and is actively transported
into tumor cells, mainly through the L-type amino acid transporter 1 (LAT 1) [20]. BPA
logP is negative (-3.65), and this indicates that it will not pass BBB passively because only
small molecules with logP in the range +1...+2 can cross BBB with passive (diffusive)
transport [15,21]. Therefore, the only way for BPA to cross the BBB is to sneak it through
some transporter, such as an L-type amino acid. BPA has been reported to accumulate
specifically in tumor cells due to its structural similarities to tyrosine [5]. The structure of
tyrosine and phenylalanine is visualized in Figure 2. As L-type amino acid transporters
are involved in some important human diseases and are overexpressed in human tumors,
they improve targeted delivery into the brain and cancer cells. LAT 1 is also present in the
blood-brain barrier (BBB), the blood-retina barrier, the cerebral cortex, testes, placenta,
and bone marrow. Injection of [""B]BPA for intravenous administration in BNCT is pre-
pared as the [""B]BPA-fructose complex [22]. The reason for tagging compounds with pos-
itron emitters is to accurately determine the boron distribution and concentration in the
tumor and surrounding tissue using PET. BPA was approved in Japan as a commercial
drug with social security reimbursement and has been available on the market since 20%
May 2020 under the name Borofalan (1°B) [23].
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Figure 2. Amino acid chemical structures: phenylalanine (top), tyrosine (bottom)

Three generations of boron compounds can be distinguished: (I) Boric acid and its
derivatives used in the first clinical trials. (II) Boron-modified amino acids. This group
included boron carriers such as BPA, BSH, NaBizHuSH, and (L)-4-dihydroxy-
borylphenylalane. (III) The third generation of boron agents has attracted the attention of
scientists over the past two decades. They focus on using biochemical pathways to accu-
mulate boronated analogues in subcellular structures. These new BNCT agents include
boron-containing small molecules, peptides, antibody-based delivery systems, boron
compound conjugates, boron-dispersed nanoparticles (nanomaterial-based delivery sys-
tems), and many others currently under evaluation. Targeted boron delivery agents com-
bine boron-containing agents with tumor-targeting molecules (e.g., nucleosides, porphy-
rins, peptides, proteins, or antibodies). Boron-delivery nanomaterials can transport vari-
ous boron-containing compounds into tumor cells by taking advantage of the enhanced
permeability and retention effects of nanomaterials and the active targeting effects medi-
ated by tumor-targeted ligands grafted on the surface of the materials. The following bo-
ron-delivery nanomaterials can be distinguished: dendrimers, liposomes, polymeric na-
noparticles, boron nitride, carbon nanotubes, mesoporous silica nanoparticles, ferromag-
netic and paramagnetic nanoparticles — some of them used for MRI imaging, — gold nano-
particles, and BPOs nanoparticles. There are many promising routes in drug delivery sys-
tems, and there is still a pressing need to develop new boron delivery agents, but without
adequate research and clinical trials, it is difficult to determine which is the most feasible
[24,25].

2.1. Physical bases and fundamental dosimetric process of BNCT

Ionizing radiation has many forms, from alpha, beta, proton, or neutron particles to
X or gamma rays and others. In Boron Neutron Capture Therapy, the components that
contribute to the total absorbed dose rate are due to the elastic interaction of incident neu-
trons with hydrogen, the gamma-ray dose emitted by the source, and thermal neutrons
captured by hydrogen, nitrogen, and boron [26]. Each of the components has various bi-
ological weighting factors. The total biologically absorbed dose (Gy-Eq) is the sum of the
physical dose components (D) multiplied by the compound biological effectiveness (CBE)
or relative biological effectiveness (RBE) of each dose component. RBE is the ratio of the
dose absorbed from the reference radiation to the value of the tested radiation dose, pro-
ducing the same biological effect, whereas CBE represents values of the biological efficacy
for each dose component, depending on the boron carrier used. CBE differs from RBE
with high LET general radiation in that the value varies with the target cells and the tissue
and type of boron compounds used [27]. However, because of the occurrence of events at
the cellular and subcellular levels, the different energies and types of radiation involved,
the dosimetry and accurate estimation of the RBE, CBE, and therefore the biological
effectiveness of BNCT is challenging.
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Streitmatter et al. [28] presented a multiscale system of dosimetric and radiobiologi-
cal models that better assess biological effectiveness. It can predict not only CBE and RBE
but also other critical biological metrics for neutron sources, such as boron microdistribu-
tion and tissue types. The model was tested against results from published experiments
in vitro and in vivo, with and without boron, and showed good agreement between both.

Human tissue also contains certain isotopes that react with neutrons. Due to the val-
ues of nuclear cross-sections, the most significant interactions of neutrons with human
tissue involve 'H, 12C, “N, and *O atoms, which represent 99.2% of all atoms in the human
body [29]. The different types of DNA lesions include base damage, DNA-protein or
DNA-DNA crosslinks, double-strand breaks (DSB), single-strand breaks (SSB), sugar-
phosphate backbone interruption, etc. and its distribution and the repair pathways de-
pend strongly on the type of radiation used during BNCT, and its LET characteristics
[10,30]. Consequently, all described components should be considered during the evalu-
ation and calculation of the received doses because they could also be responsible for the
adverse effects of BNCT. The most advanced methods of calculating the fluxes and doses
in complex geometries with a heterogeneous physical density like those in the patient are
based on Monte Carlo techniques. Four main absorbed dose components in BNCT can be
distinguished:

1. Fast neutron dose: according to 'H(n,n)p reactions, fast and epithermal neutrons
cause elastic neutron collisions with hydrogen in tissue (giving recoiling protons and
gammas). Other energy depositions from fast neutron reactions like 2C(n,a) are also
included.

2. Incident and secondary gamma ray's dose: Primary gamma dose from the beam port
and secondary gamma dose by "H(n,y)2H.

3. Nitrogen dose: according to the “N(n,p)™“C reaction, the “N element in the tissue
captures a thermal neutron, and, as a result, a ~600 keV proton is emitted. The dose
is obtained from locally delivered energy from the recoiling “C nucleus and the en-
ergetic proton.

4. Boron dose: energy deposited by the 'B(n,a)’Li reaction. '°B captures a thermal neu-
tron, and as a result, an alpha particle and recoiling “Li ion are emitted. The dose
derived from the reaction products is ~2,31 MeV.

The cross-sections for some of those reactions are shown in Figure 3.
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Figure 3. Cross-sections of reactions that take place because of neutron collisions. 'H(n,y)?H (blue),
19B(n,at)’Li (magenta), “N(n,p)“C (red) [31].
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The recoil ionization of hydrogen is the leading way by which neutrons with energy
>0.01 MeV deposit the dose. However, the “N(n,p)™“C reaction at neutron energies <leV
is responsible for ~80% of the energy released in the tissue [29]. 88.8% of thermal neutrons
are absorbed in the "H(n,y)?H reaction, and 10.6% of thermal neutrons are absorbed in the
“N(n,p)**C reactions. Additionally, in the reactions mentioned above, the N atom also
loses an electron. However, the proton and electron are not combined instantly as 'H. For
this, the proton is moving too rapidly through the tissue (Q =0.58 MeV) and will cause
further ionization due to the high LET. The emitted proton average residual range in soft
tissue (after entering the high-LET Bragg peak phase) is longer than the diameter of a
typical cell nucleus but shorter than the diameter of a typical human cell. It is also neces-
sary to estimate the cell-killing potential of the “N(n,p)!*C reaction and consider it, since
the adenosine of the bases of ATP, ADP, AMP, DNA and RNA, and other common mole-
cules such as NADH contain a significant amount of nitrogen. In a tissue exposed to a
dose arising from a fast neutron beam, cells killed by “*N(n,p)"C reactions compared to
those killed by recoil proton and heavy-ion tracks are imperceptible [29]. Additionally,
the doses of “C decay compared to background radiation and the statutory limits are in-
significantly smaller. The fraction of respiratory phosphate molecules —i.e., AMP, ADP,
ATP, etc. — that undergo the “N(n,p)"*C reaction are negligible at therapeutic neutron
doses. Determining the dose resulting from the reaction “N(n,p)**C is necessary for situ-
ations where people may be exposed to prolonged exposure to significant thermal neu-
tron fluxes [29].

As a result, the dosimetry of BNCT requires an in-depth analysis of various compo-
nents of the radiation field. To predict a biological effect, the dose arising from each of
these four components must first be multiplied by an appropriate biological weighting
factor to account for differences in relative biological effectiveness and, ultimately, com-
bined [17]. The accepted values of the biological weighting factors are 1.3 for the dose of
boron in normal tissues, 3.8 for the dose of boron in the tumor, 3.2 for the thermal and fast
neutron dose, and 1 for the gamma dose.

2.2. Mechanisms of cell death

In BNCT, cells are killed mainly when the alpha particle or 7Li ion causes various
DNA lesions leading to genome instability. During BNCT treatment, clustered DNA dam-
age or multiple local damage sites may occur. In addition to DNA, cellular macromole-
cules can also be damaged, which can modulate their functions [32]. All of this happens
when a heavy particle passes through the cell nucleus. The reaction products have a con-
cise range (a < 10um and 7Li < 5um) [33], so the kinetic energy is delivered to the target
cell, whose diameter is usually ~10 um. Therefore, it does not affect the surrounding
healthy cells. Intracellular boron localization is critical because normal healthy tissue can
be spared from nuclear reactions if it does not uptake 1°B. Unfortunately, with the cur-
rently available boron carrier compounds, some of B also accumulate in healthy cells.
The development of boron carriers is still very active today [34].

During and after irradiation, damage occurs at the cellular level. The damage can be
divided into two groups - direct and indirect action mechanisms. In the first, radiation
directly affects DNA, causing the ionization of atoms within the DNA molecule. However,
ionization caused by radiation must take place within a few nanometers of the DNA mol-
ecule for this action to take place. In the second indirect action scenario, the radiation in-
teracts with other target molecules or atoms that it encounters - usually water [35]. As a
result, highly reactive species like HO- and H:, which can diffuse some distances in the
cell, are produced. These free radicals are formed in irradiated body tissue and blood cells.

DNA damage increases together with LET of radiation [36], and the higher the LET,
the higher the relative biological effectiveness (RBE). The radiation field generated during
BNCT consists of components with different LET characteristics that act independently.
Low-LET radiation ionizes sparsely, whereas high-LET radiation causes denser ionization
along the track and can lead to more complex DNA damage. DNA damage after high-
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LET radiation remains unrepaired for a long time, leading to genome instability or cell
death [37]. The density of radiation affects the presence and quality of radiation-induced
DSB.

Like many cancer treatments, radiation therapy achieves its therapeutic effect by
causing a reaction of different types of cell death: apoptosis, mitotic cell death or mitotic
catastrophe, necrosis, autophagy, and others. Apoptosis or mitotic cell death are the most
common types. Radiation-induced apoptosis is a progressive and degradative process.
Extrinsic (death receptor) and intrinsic (mitochondrial) apoptosis can be distinguished.
Intrinsic apoptosis is a type of regulated cell death (RCD) initiated by perturbations of the
intracellular microenvironment and demarked by permeabilization of the mitochondrial
outer membrane. The extrinsic apoptotic pathway is triggered by the binding of death
ligands to transmembrane receptor proteins (eg. TNF-a to TNFR1). Mitotic cell death is a
specific variant of RCD driven by mitotic catastrophe, an oncosuppressive mechanism to
control mitosis-incompetent cells [38]. Wang et al. [39] confirmed that in glioma cells,
BNCT-induced apoptosis was mediated by the Bcl-2/Bax pathway.

Another important goal of radiation therapy is to deprive cancer cells of their poten-
tial to divide and multiply indefinitely [6]. The primary and presumed cell target of the
ionizing radiation is DNA itself. However, damages or mutations of different cellular
macromolecules cannot be fully eliminated, and as a result, their functions could be mod-
ulated, and other subsequent biological changes can be observed after cancer treatment
[32].

The DNA-DSB repair process is complex and depends on many factors, including
cell cycle phase and checkpoints, DSB-inducing agents, ncRNAs, and various gene muta-
tions characterized by different cancer cell lines. Several attempts have been made over
the past few years to investigate the specific response to cellular DNA damage induced
by a mixed neutron-gamma field [37,40,41]. Despite that, this phenomenon is not fully
understood and determined.

Rodriguez et al. [42] have attempted in vitro studies of DNA damage and repair
mechanisms induced by BNCT. The human thyroid follicular cancer cell line was used for
the research. The evaluation of DNA damage was made by detecting H2AX histone phos-
phorylation foci (YH2AX foci). Two mediating pathways repair of the DBS have been iden-
tified in mammalian cells, HRR and NHE]. After the analysis of follicular carcinoma cell
analysis, repair pathways were observed with an increase in Rad51 and Rad54 mRNA
expression at 4 and 6 h after irradiation showing the expression of enzymes belonging
mainly to the HRR pathway, specifying a different DNA damage pattern, and showing
activation of both repair pathways. However, what exactly determines the activation of
HRR or NHE] is not yet completely clear.

To increase anticancer biological activity during BNCT therapy, Ikuhiko Nakase et
al. performed an in vitro BNCT assay [43]. The study also assessed cell death pathways to
understand cell killing activity that occurs after thermal neutron irradiation. They synthe-
sized and demonstrated organelle-targeted cell-penetrating peptide (CPP)-conjugated bo-
ron compounds. CPPs help to control intracellular localization, cell membrane penetra-
tion, and further enhance cellular uptake of the boron compound. This controlled delivery
affects the types of cell death and the efficacy of the cancer cell killing activity. Treatment
of DB-RLA ((BODIPY) — labeled dodecaborates conjugated to the RLA peptide) showed a
higher reduction of the ATP content than other peptides tested. ATP depletion enhances
necrosis, which consequently might induce necrosis in BNCT. This could be one of the
significant factors of the cell-killing activity- detailed mechanisms should be further stud-
ied.
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2.3. BNCT biological dosimetry

As noted previously, the effect of BNCT is heavily dependent on a biological compo-
nent. Thus, it is crucial to assess the increased radiosensitization effect promoted, in addi-
tion to the physical dose enhancement. This is a hard task that depends specifically on in
vivo or in vitro studies, which involve methodologies such as proliferation tests, clonogenic
tests, or the evaluation of DNA damage.

Sung et al. [44] performed clonogenic tests, evaluating survival in terms of prolifera-
tive capacity of irradiated cells, and obtained a dose-dependent suppression of cell sur-
vival when treated with BPA under BNCT irradiation schemes. This effect showed up to
~10 times less survival when boron was present during a ~3 Gy irradiation. Furthermore,
they also analyzed the mitochondrial metabolic activity of irradiated cells with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The results showed
a significant decrease in metabolic activity in different cells irradiated with BPA compared
to cells irradiated without BPA, ranging from ~20% up to ~80% at 3 days after irradiation,
depending on the cell line evaluated. This result suggested a decrease in proliferative ca-
pacity after BNCT. In addition, they also pointed out cell cycle arrest at G2/M checkpoints
and an increase in apoptotic cells after BNCT versus neutron irradiation, using flow cy-
tometry assays. The increase in apoptotic cells and cell cycle arrest in G2/M was confirmed
in terms of increased expression of caspase-9 and cytochrome c and decreased expression
of cyclin B1 and CDKI, respectively, using western blots. These results are consistent with
reports from other studies [39,45]. Moreover, newer studies even proposed mathematical
models that fit data from experiments that study the same biological-effectiveness-related
cellular parameters [46].

In any case, the radiosensitization effect could be observed at a more precise level in
terms of DNA damage. Thus, studies that evaluate the presence of DSB repair markers
such as YH2AX foci have provided further insights into the matter. This is the case of the
study by Rodriguez et al. [50], which determined that the number of localized lesions was
lower when comparing gamma-ray radiation with neutron or BNCT radiation, but the
damage caused by BNCT was densely concentrated in clusters, which correlates with the
expected more complex damage caused by high LET radiation. Moreover, these large foci
lesions were persistent when observed for longer timeframes, describing firm or irrepara-
ble long-term damage [47,48]. Thus, despite an initial lower YH2AX foci count, the BNCT
DNA damage profile involves more complex and irreparable damage patterns that would
mean a higher radiobiological effect. Besides, it is well known that the dose rate plays a
crucial role in radiosensitization [49]. Hence, the long-term effect of the appearance of
such discrete events of large dose deposition prompted by BNCT remains to be deter-
mined. These events differ greatly from the more continuous events that occur in conven-
tional y irradiation, depositing less dose each one.

At the same time, BNCT treatment has been shown to alter cellular oxidative stress
levels, both due to BNCT itself and due to tumor-targeting boron carriers [50,51]. The ef-
fects of these on oxidative stress changes in biological effective dose and radiosensitiza-
tion need to be further studied.

3. Methods for assessing the concentration of boron in the residual tumor volume and
healthy tissue

BNCT agents deliver boron atoms precisely to tumor cells, maintaining an appropri-
ate concentration higher in the tumor than in normal tissue. The effectiveness of the ther-
apy depends on where the neoplastic cell drug was in the population of neoplastic cells
and within the tumor cells. Intranuclear location of boron increases the chances of killing
cells by DNA damage. The lack of a method for a quantitative imaging evaluation of the
boron concentration was always one of the issues nuclear doctors faced when using neu-
tron irradiation. Thus, methods for assessing the three-dimensional distribution of boron
drugs, boron dose, and all complex radiation compositions delivered to residual tumor
volume and healthy tissue are one of the most critical issues of Boron Neutron Capture
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Therapy. Chemical imaging of cellular and subcellular levels is necessary to support clin-
ical efficacy, dosimetry studies, and generally novel drug delivery research in BNCT. To
solve this problem and achieve selective tumor accumulation and reduced toxicity, sev-
eral approaches have also been applied, such as coating, functionalizing, and many others.
Labeling with different fluorophores or molecules with fluorescence properties was also
researched and developed for better imaging [13,14].

The boron concentration level directly affects the intensity of the boron neutron cap-
ture reaction and the dose to the tumor and other tissue. So, it is essential to image the
boron distribution while considering BNCT. Therefore, alternative methods to predict
blood boron levels must be developed and evaluated between measurements and during
irradiation. Substantial improvement in BNCT will be achieved when boron concentration
is measured in situ. Additionally, it should also be considered that the uptake of the bo-
ron-carrying molecules in target cells is heterogeneous. It depends on factors such as tu-
mor cellularity (that is, the number of tumor cells arranged in clusters) [52], cell cycle
phase, and others) [62]. It is one of the crucial factors, often marked as a drawback in
BNCT, because it causes ambiguity in the calculated dose distributions. For effective treat-
ment with BNCT, the ratio of 1B concentration in the tumor and its concentration in nor-
mal tissues (T/N ratio) should be 3:1 or more, and the concentration of 1°B in the target
should be at least ~15-30 ug g or ~10° atoms per cell to perform lethal tumor cell damage
[63]. To summarize, to avoid unfavorable effects, the concentration of 1°B in tumor cells
and normal tissues must be known.

3.1. Positron emission tomography and magnetic resonance imaging

Clinically applicable imaging modalities are positron emission tomography (PET)
[55] and magnetic resonance imaging (MRI) techniques (*H in BPA) [18,56]. Positron emis-
sion tomography has many abilities, such as (I) quantifying biochemical processes, (II)
reconstructing the distribution of a boron carrier (this information can be later used in
treatment planning), (III) finding and determining the extent of metastasis in the body,
(IV) predicting the optimal time of neutron exposure to BNCT, (V) controlling the thera-
peutic effects, and (VI) assessing whether the patient is suitable for BNCT. The suitability
of positron emission tomography for the establishment of boron concentration in healthy
tissues and tumors and the needs for treatment planning have been examined in many
studies [53,57,58]. However, PET imaging with current technology can mainly measure
the boron distribution prior to treatment. As a result, the therapeutic dose distribution
calculated with PET may disagree with the actual dose delivered. The most common ra-
diolabelled derivative of BPA used to estimate BPA concentration in vivo through PET is
[18F] FBPA. Figure 4 shows the structure of both BPA and [¥F]FBPA. Scientists are still
conducting studies to detect a compound with a greater potential for non-invasive quan-
tification of local boron concentration via PET imaging, e.g., theranostic agent - metaboli-
cally stable boron-derived tyrosine [59].

OH OH
HO NH, HO_ NH,

OH OH

Figure 4. Structure of BPA (left) and ['SF]FBPA (right).
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MRI also performs well as a modality for indirect quantification of the in vivo boron
distribution at the target site, during and before neutron irradiation [60]. It can provide
functional and morphological information without using radiation, which makes it safer.
For this purpose, to obtain high-contrast images, it is necessary to introduce nontoxic °B
molecular compounds tagged with a paramagnetic ion into the body, such as gadolinium,
which will work as an MRI reporter during the mapping of the boron distribution [61-
63].

In the paper [64], Balcerzyk et al. explored the possibility of PET measurement of
boron concentration if the compound contains the R-BFs moiety labeling it with 8F. This
method was applied to [18F]NaBF4 used in the preclinical study of thyroid cancer.

However, measurement of the net content of B atoms — bound and free pools of
boron - and factors affecting net in individual tumor cells are not widely described in the
literature and remain challenging, as both PET and MRI modalities do not offer sufficient
spatial resolution to quantify boron atoms in single cells [65].

3.2. Mass spectrometry imaging

Mass spectrometry imaging (MSI) is a powerful tool capable of imaging and profiling
various molecules with high sensitivity, i.e., subcellular structures and individual cells,
without labeling in a single experiment, e.g., intracellular localization of pharmaceuticals.
However, the disadvantage is that the use of MSI absolute quantification is usually not
possible, as opposed to secondary ion mass spectrometry (SIMS), because of the diversity
of factors that affect the intensities of ion signals recorded within the region of interest.

SIMS operates in the MSI mode and can routinely achieve spatial resolutions at the
sub-micrometer level. Therefore, it is a powerful tool that is often used in microbioanalyt-
ical investigations and drug distribution studies [66]. Due to this dynamic, SIMS was used
for quantitative mapping of boron directly at subcellular resolutions, allowing a success-
ful evaluation of the effectiveness of various BNCT pharmaceuticals and comparison of
boron concentration in subcellular regions [67].

Two directions of studies focused on SIMS use in BNCT can be distinguished: (I)
microprobe methods combined with post-ionization laser techniques, and (II) use of the
ion microscope technique applying a high current primary beam Oz* and afterward with
the use of position-sensitive detector detecting positive secondary ions [54].

Chandra et al. successfully performed many SIMS-based investigations and quanti-
tative evaluations on boron neutron capture therapy drugs. The evaluation of free or
loosely bound boron pools was performed in the cytoplasm and nucleus of cryogenically
prepared cultured human glioblastoma multiforme cells exposed to BPA. Both evaluated
boron agents delivered ~ 70% of the boron pool in the bound and mobile form to the nu-
cleus and cytoplasm [65,68].

Aldossari et al. [54] in their study also conducted an application study for the locali-
zation and quantification of therapeutic levels of the BNCT agent L-para-(dihydroxy-
boryl)-phenylalanine (BPA) in a primary cell using a high-resolution dynamic SIMS in-
strument. Cell cultures were obtained from patients (humans) who suffered from glio-
blastoma multiforme tumors.

3.3. Single-photon emission computed tomography and prompt gamma photon detectors

Many feasibility analysis of a single-photon emission computed tomography
(SPECT) instrument for quantifying the boron dose has been carried out over the years.
However, some of them, like the BNCT-SPECT method, would provide only dosimetric
data, such as the absolute number of BNCT reactions occurring within the measured re-
gion. [69,70]. Later, modification of BNCT SPECT [71], able to extract information allow-
ing to determine the boron concentration in real time, was proposed. It is based on the
number of neutrons that pass the patient, measured by taking advantage of the cadmium
neutron capture reaction *Cd(n,y) occurring in the detector.

Imaging prompt gamma (PG) photons resulting from the 9B(n,x)’Li reaction is an-
other possible method for detecting boron determination and concentration. It is a similar
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approach as applied in SPECT. Many different devices like detectors (semiconductor de-
tectors: CZT [72,73], CdTe[74,75]; scintillator detectors [87], and others) have been pro-
posed in the course of numerous researches to promote the clinical translation of this
method. Feng et al. [33] proposed a dual prompt gamma detection method that could
allow an accurate three-dimensional determination and reconstruction of the boron con-
centration in vivo and the dose distribution in the region of interest (ROI) during BNCT.
This method is based on the relationship between °B(n,a)’Li and 'H(n,y)?H reactions.
However, there are still many technical challenges to be solved before implementing this
method in clinical applications. 3.4. Other molecular imaging tools in BNCT.

Hu et al. evaluated Particle and Heavy Ion Transport code System (PHITS) for mi-
crodosimetry in BNCT. It can help to evaluate doses in radiobiological experiments. Ad-
ditionally, it can consider intracellular and intercellular heterogeneity in the distribution
of 1°B. Therefore, it was proposed as a model that can estimate the biological effectiveness
of newly developed B compounds for BNCT, which would be advantageous in future
drug discovery research. The study resulted in the general conclusion that PHITS can be
applied in the evaluation of the dose rates of absorbed gamma rays and the thermal neu-
tron fluxes within a tumor imitating medium [45,77].

Note that boron measurements at the subcellular level in the cytoplasm and nuclei
samples collected after fractionation of tumor cells cannot also be made with high confi-
dence by bulk methods of boron determination, which are vital to BNCT. Free and loosely
bound boron pools would be lost (more likely) from their native subcellular locations, e.g.,
during the liquid centrifugation or in other steps of fractionation. Bulk techniques cannot
also determine the increased accumulation of 9B within the cell nucleus [65].

4. Conclusions

Boron Neutron Capture Therapy incorporates the targeted principles of some chemo-
therapies and targeted therapies and the anatomical location principles of conventional
radiotherapy. Since some types of cancer, such as glioblastoma (GBM), remain exception-
ally resistant to all current forms of therapy, such as chemotherapy, surgery, radiotherapy,
and immunotherapy, Boron Neutron Capture Therapy is a promising option for these tu-
mor types. However, some critical issues must be resolved if BNCT is to become a better
and valuable cancer treatment. Since controlled intracellular targeting is of great im-
portance in inducing the cell-killing activity of BNCT due to specific cell death pathways,
such targeting should be further assessed together with the conduct of adequate research
and clinical trials to determine the most profitable and promising routes in drug delivery
systems. Activation of DNA response, like damage and repair mechanisms of complex
double-strand DNA break activated by a mixed neutron-gamma beam, has been poorly
studied; therefore, it is not fully determined. A deeper understanding of how cells prefer-
entially select specific DNA damage responses generated by high-LET and mixed radia-
tion and detailed mechanisms of enhanced necrosis due to depletion of ADP may lead to
improved therapeutic efficiency in BNCT. Individual tumor cell quantification of bound
and free pools (net cellular content) of 'B needs to be further addressed, as it remains
challenging (due to insufficient spatial resolution) with clinically applicable techniques.
Studies designed to test and improve boron detection methods could reduce detection
limits and identify accumulation regions in tumor cells and normal tissues more precisely.
Further research on mechanisms for detecting the distribution of prompt gamma rays
arising during BNCT could also be profitable. However, the ideal dose paradigm for
BNCT, the real-time measurement of the distributions of reactions like °B(n,a) 7Li and
1“N(n,p)"“C, and the quantitative mapping of boron concentration in the body have yet to
be determined.
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