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ABSTRACT

Purpose: To evaluate the efficacy of boron neutron capture therapy (BNCT) for a heterotopic U87
glioblastoma model in SCID mice using boron phenylalanine (BPA), sodium borocaptate (BSH) and
liposomal BSH as boron compounds at a unique, accelerator-based neutron source.

Materials and methods: Glioblastoma models were obtained by subcutaneous implantation of
U87 cells in the right thighs of SCID mice before administration of 350 mg/kg of BPA (BPA-group),
100 mg/kg of BSH (BSH-group) or 100 mg/kg of BSH in PEGylated liposomes (liposomal BSH-group)
into the retroorbital sinus. Liposomes were prepared by reverse-phase evaporation. Neutron irradi-
ation was carried out at a proton accelerator with a lithium target developed for BNCT at the
Budker Institute of Nuclear Physics, Novosibirsk, Russian Federation. A proton beam current inte-
gral of 3mA/h and energy of 2.05MeV were used for neutron generation.

Results: Boron compound accumulation in tumor tissues at the beginning of irradiation was
higher in the BPA group, followed by the Liposomal BSH and BSH groups. Tumor growth was sig-
nificantly slower in all irradiated mice from the 7th day after BNCT compared to untreated controls
(p < .05). Tumor growth in all treated groups showed no large variation, apart from the Irradiation
only group and the BPA group on the 7th day after BNCT. The overall trend of tumor growth was
clear and the differences between treatment groups became significant from the 50th day after
BNCT. Tumor growth was significantly slower in the Liposomal BSH group compared to the
Irradiation only group on the 50th (p=.012), 53rd (p=.005), and the 57th (p=.021) days after
treatment. Tumor growth in the Liposomal BSH group was significantly different from that in the
BPA group on the 53rd day after BNCT (p=.021) and in the BSH group on the 50th (p=.024),
53rd (p=.015), and 57th (p=.038) days after BNCT. Skin reactions in the form of erosions and
ulcers in the tumor area developed in treated as well as untreated animals with further formation
of fistulas and necrotic decay cavities in most irradiated mice.

Conclusions: We observed a tendency of BNCT at the accelerator-based neutron source to reduce
or suspend the growth of human glioblastoma in immunodeficient animals. Liposomal BSH
showed better long-term results compared to BPA and non-liposomal BSH. Further modifications
in liposomal boron delivery are being studied to improve treatment outcomes.
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Introduction

‘ W) Check for updates‘

Human glioblastoma is the most common of all glial tumors,
being the most malignant and one of the most radioresistant
(Ostrom et al. 2014). The standard treatment for glioblastoma
is a combination of surgical resection and adjuvant radiother-
apy and chemotherapy (Kobyakov et al. 2016). However, des-
pite and
multidisciplinary treatments, median overall survival is only
about 15months after diagnosis (Zanders et al. 2019).

advances in modern therapies complex,

The causes of glioblastoma resistance to various methods
of treatment are uncontrolled cell proliferation, dysregula-
tion of apoptosis, severe tumor invasion and angiogenesis
(Byvaltsev et al. 2015).

To combat this resistance, boron neutron capture therapy
(BNCT) is a promising direction in the treatment of brain
tumors. It was designed to be binary, first proposed by Locher
(1936), and it is based on the interaction of two relatively
harmless components: a '°B-nucleus and a thermal neutron.
Selective accumulation of '°B inside tumor cells and
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subsequent irradiation with epithermal neutrons results in
destruction of only tumor cells. At the same time, surrounding
healthy cells are not exposed to the damaging effects of radi-
ation mainly due to lesser boron accumulation (Locher 1936).
Clinical trials conducted at nuclear reactors showed the efficacy
of BNCT in treatment of brain tumors, including glioblasto-
mas, as well as in soft tissue tumors, tumors of parenchymal
organs and skin cancer (Tarullina et al. 2015; Barth et al. 2018).

Neutrons in a narrow energy range (near the upper bound-
ary of the epithermal range, from 0.5eV to 30keV) with a high
flux density of 10°cm™* s are necessary for BNCT, and, until
recently, the only neutron sources meeting these required
parameters were specialized or remodeled nuclear reactors
(Sauerwein et al. 2012). However, construction of accelerators
that could be used to conduct BNCT started in the 1990s
(Anderson et al. 1994) and, to date, several prototypes of pur-
pose-built installations have already been created in different
countries (Taskaev et al. 2018; Taskaev 2019). The advantage of
using an accelerator when conducting BNCT is the high con-
tent of epithermal neutrons in the irradiation beam (Kanygin
et al. 2015) which makes it possible to achieve maximum thera-
peutic effects with minimal negative effects of radiation. One of
the most advanced BNCT installations exists at the Budker
Institute of Nuclear Physics in Novosibirsk Science City, which
is based on a tandem accelerator with vacuum insulation and a
lithium target (Taskaev 2015). Due to its unique construction, a
stationary proton beam with an energy of 2MeV and a current
of up to 5mA was obtained at the facility (Ivanov et al. 2016),
sufficient to achieve successful in vitro and in vivo BNCT
results (Zaidi et al. 2017; Sato et al. 2018).

For successful BNCT, a compound enriched in the '°B
isotope is required, which needs to be accumulated in tumor
tissue at concentrations greater than 20 ng/g, with a concen-
tration ratio of 3:1 (tumor to normal tissue) or higher dur-
ing the irradiation procedure (Sauerwein et al. 2012).
Currently, sodium borocaptate (BSH) and boron phenylalan-
ine (BPA) are the '°B compounds most widely used in clin-
ical trials (Sauerwein et al. 2012). However, these drugs, as
shown by numerous studies, do not have sufficient selectiv-
ity and studies on development of new '°B compounds cap-
able of selective accumulation in tumor tissues are being
carried out worldwide in a two-pronged approach. On the
one hand, development of new boron-containing drugs with
suitable BNCT characteristics are ongoing while, on the
other hand, technologies are being developed for targeted
delivery of boron-containing compounds that can pass
through the blood brain barrier (BBB) (Barth et al. 2018).

To this end, this study investigates the efficacy of BNCT
for human U87 glioblastoma using a heterotopic (subcutane-
ous) tumor model in SCID mice at an accelerator-based
neutron source with liposomal BSH delivery in comparison
with its free form and BPA.

Materials and methods
Laboratory animals

SCID mice aged 8-12weeks (SHO-PrkdcscidHrhr) and
under SPF status were used in this study. The experimental
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animals were kept in individually ventilated cages by family
groups of 2-5 individuals in the SPF Vivarium of the
Institute of Cytology and Genetics of the SB RAS at a tem-
perature of 22-26°C, at a relative humidity of 30-60% and
a light/dark mode of 14/10 with dawn at 01:00. Food and
water were provided to animals ad libitum.

Tumor cells

U87 human glioblastoma cells were obtained from the
‘Center for Genetic Resources of Laboratory Animals’ of the
Institute of Cytology and Genetics of the Russian Academy
of Sciences, Novosibirsk, Russian Federation. Cells were cul-
tivated in DMEM/F12 (1:1) (Biolot, St.-Petersburg, Russia)
supplemented with 10% fetal bovine serum (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and gentamicin
50 pg/ml (Dalkhimpharm, Khabarovsk, Russia) at 37°C and
5% CO,.

Tumor model preparation

Three weeks prior to irradiation experiments, the tumor
cells were trypsinized, centrifuged and carefully resuspended
in serum-free medium at a concentration of 100 000 cells/
1 pl. This cell suspension was injected subcutaneously in the
right thighs of experimental animals in a volume of 100 pl
(10 million cells per animal) to seed solid U87 glioblast-
oma tumors.

Boron compounds

BPA and BSH (Katchem, Prague, Czech Republic), as well
as the PEGylated liposomal form of BSH, were used as
boron compounds. To prepare the BPA solution, fructose
was used in molar excess according to the protocol by
Rossini et al. (2015). Liposomes were obtained by phase
inversion followed by extrusion with the lipid phase of
DSPC, DSPE-PEG, and CH used in a 2:1:0.11 molar ratio
(Maruyama et al. 2004). One gram of this lipid mixture was
dissolved in 22ml of a solution consisting of chloroform
and diethyl ether in an equal volume ratio. After that, 8 ml
of a 125mM BSH aqueous solution was added dropwise to
the resulting solution, and the resulting emulsion was soni-
cated for 1 min. Then, the emulsion was placed in a rotary
evaporator and the organic solvents were removed for
60 min under a working vacuum at a temperature of 30 °C.
To obtain liposomes with a uniform size distribution, the
obtained gel was extruded through a polycarbonate mem-
brane with a pore size of 100 nm using an extruder (Lipex
Biomembranes, Vancouver, BC, Canada) at 60°C.
Unencapsulated free BSH was removed by ultracentrifuga-
tion at 200,000xg for 20min at 4°C (Optima MAX-XP;
Beckman Coulter) and the suspension was resuspended in
saline. The size and charge of the obtained particles were
measured using a ZetasizerNano ZS90 (Malvern Panalytical
Ltd., Malvern, UK).
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Figure 1. Mice were placed radially with fixation of the right thigh to the center of the container (A). The lid of the container covered their bodies, leaving the leg

with the tumor exposed (B) thereby reducing radiation exposure to the main body.

Boron compound biodistribution

All boron compounds were injected intravenously into the
retroorbital sinus (Yardeni et al. 2011). To assess boron dis-
tribution in tissues, animals were divided into 3 groups,
each receiving either BSH at a dose of 100 mg/kg, BPA at a
dose of 350mg/kg, or Liposomal BSH at a dose of 100 mg/
kg. The animals were sacrificed at different time intervals
after compound injection (1, 2, 3, and 4h for BSH and
BPA; 24h for liposomal BSH). Blood, tumor, brain, kidney
and liver tissues were sampled and processed as previously
reported (Zaboronok et al. 2015) and analyzed for boron
concentration using an iCAP6500 ICP optical emission spec-
trometer  (ThermoFisher  Scientific, Inc, Waltham,
MA, USA.).

Irradiation experiments

For irradiation experiments, animals were divided into 5
groups: the 1st group received BSH at a dose of 100 mg/kg
2h before irradiation (Sauerwein et al. 2012); the 2nd group
received BPA at a dose of 350 mg/kg 1.5h before irradiation
(Carpano et al. 2015); group 3 received a liposomal form of
BSH at a dose of 100 mg/kg 24h before irradiation (Barth
et al. 2018); the 4th group of mice was irradiated without
the administration of boron compounds; and the 5th group
was the untreated control that was not exposed to radiation
or boron compounds.

Irradiation was carried out 3 weeks after orthotopic xeno-
transplantation of U87 human glioblastoma cells to mice
thighs when tumor volumes reached 90-110 mm’ (Kanygin
et al. 2017). Tumor sizes were monitored using high-field
magnetic resonance (MR) imaging (11.7 T, BioSpec 117/16
USR, Bruker, Billerica, MA, USA) by directly estimating the
linear dimensions of the tumor using T1- and T2-weighted
MR imaging techniques. The final tumor size values were
calculated using Paravision 5.0 software (Bruker, Billerica,
MA, USA) based on contrast differences between the sur-
rounding tissues and the tumor.

To carry out the irradiation procedure, the animals were
anesthetized by sequential, intraperitoneal administration of
medetomidine hydrochloride (Domitor, Orion Pharma,
Moscow, Russia) and tiletamine hydrochloride (Zoletil,
Virbac Sante Animale, Carros, France).

For irradiation, the animals were transported to the accel-
erator-based neutron source at the Budker Institute of
Nuclear Physics in a thermally insulated container with ven-
tilation. The source of epithermal neutrons included an elec-
trostatic tandem accelerator with vacuum insulation, a
lithium neutron-generating target, and a neutron beam
shaping assembly (Bayanov et al. 2006; Zaidi et al. 2017).
Detailed parameters of the neutron-producing accelerator
are described previously (Kasatov et al. 2016; Zaidi et al.
2018). The accelerator is designed to deliver an epithermal
neutron beam for clinical use in humans. Therefore, to
irradiate mice, a special plexiglass moderator was positioned
between the target and the mice to ensure maximum ther-
mal neutron density in the tumor area.

The mice were placed radially in a 7.5% lithium poly-
ethylene container with fixation of the right thigh to the
center of the container (Figure 1). The lid of the container
covered their bodies, exposing only the leg with the tumor,
which reduced radiation exposure to non-target areas. The
container was located at a distance of 0.5cm from the target
with 7.4cm of plexiglass attached. The animals were irradi-
ated for 90min as a single irradiation by a neutron beam
with the following accelerator operation parameters: proton
energy — 2.05MeV, current integral - 3 mAh.

The experimental model was compiled and the doses
were calculated using the NMC code to simulate the trans-
port of particles by the Monte Carlo method (Brednikhin
et al. 2012). When calculating the irradiation doses for each
dose component, we used the kerma coefficients introduced
by Goorley et al. (2002). The compound biological effective-
ness (CBE) for healthy tissues was considered as 1.35 and
—3.8 for the tumor tissue (Hiratsuka and Fukuda 2012). In
the experimental model (Figure 2), the mice were set as a
hollow cylinder of water with an outer and an inner radius
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Figure 2. Model of the experiment. The mice were set as a hollow cylinder of water with an outer and an inner radius of 11 and 3cm, a height of 2cm and an
assumed mass of 26 g. The density of the cylinder that modeled the mice was calculated taking into account its mass and volume. Tumors were defined as water
spheres with a radius of 0.3 cm at a distance of 2 cm from the center of the box. PMMA: Poly(methyl methacrylate), or plexiglass.

Table 1. Boron ('°B) biodistribution in tissues after boron compound injection.

198, ug/g Number of animals, n Time after injection, hours Blood Tumor Brain Kidneys Liver
BSH 3 1 134+14 59+05 0.6+0.1 145+28 148+1.2
3 2 34+2.1 1.5+1.0 (24, 1.7; 0.42) 0.2+0.1 44+23 75+58
2 3 28+03 27+0.8 0.2+0.0 33+0.1 43 (n=1)
3 4 1.2£0.2 1.2+0.2 0.1£0.0 44+36 6.2+0.6
BPA 3 1 9.2+13 124+22 49+0.2 387+27 9.9+ 1.1
3 2 69+1.7 10717 53+04 235+59 72+£19
2 3 6.2+27 82+1.1 54+23 19.0+7.1 6.1+2.7
3 4 16+0.2 35+0.8 1.9+0.2 55+06 1.6+0.1
Liposomal BSH 3 24 51+£24 42+23 0.24+0.08 54+25 10915

The data are presented in png/g as means =+ SDs.

of 11 and 3cm, a height of 2cm and an assumed mass of
26 g. The density of the cylinder that modeled the mice was
calculated taking into account its mass and volume. Tumors
were defined as water spheres with a radius of 0.3cm at a
distance of 2 cm from the center of the box.

After irradiation, the animals were kept at the SPF-
Vivarium of the Institute of Cytology and Genetics of the SB
RAS with initial family groups of 2-5 individuals. The condi-
tion of the mice was recorded daily. In particular, changes in
skin, motor activity, behavior, and body weight were eval-
uated. During observation, the tumor volume was measured
with a caliper 3 times a week with an interval of 1-2days
and calculated using the formula: V =length x (width?/2).

A dynamic assessment of tumor growth was performed.
Due to development of ulcers, fistulas and decay cavities in
the tumor area, in some cases tumor volume measurement
was technically impossible. For ethical reasons, mice with a
tumor volume of 3cm® or more were euthanized. Thus, the
tumor growth comparison is shown from the day of irradi-
ation until the 29th day for the untreated control group,
until the 57th day for all irradiated mice, and with the data
of at least 4 animals from each group. On Day 65 after
BNCT, all animals underwent planned euthanasia. The

experiments were performed in compliance with the relevant
directives of the European Community (86/609/EEC).

Statistical analysis

Statistical analysis of experimental data was performed using
SPSS Statistics Version 26 (IBM Corporation, Armonk, NY,
USA) and STATISTICA 8 software (Dell, Round Rock, TX,
USA). The differences between the experimental groups
were analyzed using repeated measures analysis of variance
(RMANOVA) with Bonferroni post hoc testing and the non-
parametric Mann-Whitney test. The tumor volume ratios to
the initial size are given as means+ SEs. p <.05 was consid-
ered as statistically significant.

Results
Boron accumulation

Boron biodistribution over time after compound injection is
shown in Table 1. Boron accumulation in tumor tissues at
the beginning of irradiation was higher in the BPA group,
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followed by the Liposomal
BSH groups.

BSH and Non-liposomal

Absorbed doses

Boron doses are shown in Table 2. Boron accumulation
determined the distribution of boron doses in tissues.
Additionally, according to the results of calculations and
without taking into account the boron dose, the tumor and

Table 2. Boron-related absorbed doses (Gy-Eq) in tissues after irradiation. In
addition to boron doses, the tumor and the leg received 5.3 Gy-Eq and the
body of the mice during that time received 1.7 Gy-Eq.

Dose, Gy-Eq Tumor Brain Kidneys Liver
BSH 0.85+0.6 0.025 +0.004 0.18+0.08 0.3+0.2
BPA 631 0.21£0.01 0.9+0.2 0.28 £0.08
Liposomal BSH 245+1.35 0.026 +0.003 0.2+0.1 0.4+0.06
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the leg received 5.3 Gy-Eq and the body of the mouse during
this time received 1.7 Gy-Eq.

Tumor growth

Tumor growth was analyzed as tumor size ratio to the initial
size in all irradiated groups and the untreated control group
from irradiation day until the 29th day (Figure 3(A)).
Tumor growth was significantly slower in Irradiation only,
BPA, and BSH groups on the 5th day after BNCT compared
to the control group (#p <.05). Tumor growth was signifi-
cantly slower in all irradiated mice from the 7th day after
BNCT compared to untreated controls (*p <.05; **p <.01).
In general, the differences in tumor growth in all treated
groups during the first month after the irradiation was insig-
nificant, apart from the Irradiation only group and the BPA

% %
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Figure 3. Dynamics of subcutaneous U87 tumor volume ratios to the initial size in animals from different groups during the first 29 days (A) and during 31-57 days
(B) after irradiation. Data are presented as means * SEs. The difference in tumor volume ratios between the control group and irradiation only, BPA, and BSH groups,
#p < .05; between the irradiation only and the BPA groups, &p < .05; and differences between the control group and all irradiated groups from the 7th day after
BNCT, *p < .05, **p < .01 (A). Differences in tumor volume ratios between the irradiation only and the liposomal BSH groups, *p < .05, **p < .01; between the lipo-
somal and non-liposomal BSH groups, #p < .05; and the difference between the BPA and the liposomal BSH groups, &p =.021 (B). p-values by RMANOVA.



group on the 7th day after BNCT (&p <.05). All p-values
were calculated by RMANOVA.

On Figure 3(B), tumor growth ratios to the initial size in
all irradiated groups from the 31st till 57th day after BNCT
are shown. Though the overall tendency of tumor growth
was clear, the differences between the treatment groups
became significant from the 50th day after BNCT. Tumor
growth was significantly slower in the Liposomal BSH group
compared to the Irradiation only group on the 50th
(p=.012), 53rd (p=.005), and the 57th (p=.021) days after
treatment (on Figure 3(B), *p<.05 **p<.0l). Tumor
growth in the Liposomal BSH group was significantly differ-
ent from that in the BPA group on the 53rd day after
BNCT (& p=.021) and differed from the tumor growth in
the BSH group on the 50th (p=.024), 53rd (p=.015), and
57th (p=.038) days after BNCT (on Figure 3(B), #p <.05).
All p-values were calculated by RMANOVA.

Skin reactions with and without irradiation

Starting from the 27th day, skin reactions in the form of
erosions (loss of epidermis without an associated loss of der-
mis; Yancey and Lawley 2018) and ulcers (sores on the skin
accompanied by the disintegration of tissue and complete
loss of the epidermis with a break in the basement mem-
brane; Suliman et al. 2017) in the tumor area developed in
most treated as well as in untreated animals (Figure 4(A)).
Reaching their maximum manifestation 40-45days post-
BNCT, erosions and ulcers further developed into fistulas
(here: abnormal connections or passageways between the
inner parts of the tumors and the skin surface (modified
from Garefalakis et al. 2017), and decay cavities in the
tumor area in most irradiated animals resulting from tumor
tissue necrosis (Figure 4(B)). Skin erosions, ulcers and fistu-
las occurred only in the tumor area while the skin on other
areas of the irradiated legs, as well as shielded parts of the
body, was intact (Figure 4(C)). Apart from these side effects,
the overall clinical progression of the animals
was uneventful.

Discussion

In all groups of irradiated animals, a decrease in tumor size
and a slowdown of tumor growth were noted in contrast to
the untreated non-irradiated controls up to 29days after
irradiation. Maximum tumor growth was observed in
untreated animals without irradiation, where tumors in all
animals exceeded the volume of 3cm®, and therefore that
group was withdrawn from the experiment at the 30th day
after irradiation. The average increase in tumor volume in
the treated groups during the first month of observation
after irradiation was approximately 3 times lower compared
to the untreated controls whereas, in the second month after
irradiation, more prominent tumor growth was observed in
all treated groups.

In general, the tumor growth suppression effect observed
in the current study was consistent with the results of previ-
ous in vitro studies (conducted at the same accelerator at
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the Budker Institute of Nuclear Physics) which showed a
significant suppressive effect of BNCT on the growth of
U251 human glioma cells (Zaidi et al. 2017), T98-G, CHO-
1K, and V-79 tumor cells incubated with BPA (Sato et al.
2018). In many respects, this is similar to an in vivo study
of the growth of a subcutaneously implanted U87 tumor in
Nu/J mice after BNCT (Kanygin et al. 2019).

In a previous study by Kanygin et al. (2019), 100 mg/kg
of BSH was injected in the retroorbital sinus of Nu/J mice
bearing subcutaneous U87 human glioma 1.5h before neu-
tron irradiation. This resulted in a demonstrable therapeutic
effect of BNCT as significant tumor growth suppression
occurred in the treatment group compared to untreated con-
trols (as observed from the 4th day after irradiation) with a
30% survival increase in the BSH-treated group.

The results of the current study showed that, compared
to the BPA and BSH groups, tumor growth was significantly
suppressed in the Liposomal BSH group at the end of the
observation period. Additionally, apart from the Liposomal
BSH group, tumor growth in the other two treatment
groups varied only slightly from the Irradiation only group,
possibly because of a relatively low accumulation of non-lip-
osomal BSH in the tumor tissue and possible wash out of
BPA from the tumor along the course of BNCT. Liposomal
BSH demonstrated a comparatively better tumor growth
suppression most likely due to prolonged boron retention in
the tumor tissue, although a more extensive study should be
performed to maximize the effect of liposomal delivery.
Regarding BPA wash out, in a previous human clinical trial,
continuous BPA injection was used during irradiation to sta-
bilize the therapeutic boron concentration in tumor tissue
during the entire BNCT course (Watanabe et al. 2016).

In some studies, boron concentration in animal tumors
after boron compound administration was higher than in
our experiments. lida-Onishi et al. (2009), evaluating the
biological effects of BNCT for the human malignant men-
ingioma cell line IOMM-Lee, published data on BPA accu-
mulation in subcutaneous U87 glioma in BALB/c nu/nu
mice showing an increase in tumor boron concentration in
a dose-dependent manner with values of 3.20%1.00,
7.24+1.16 and 13.25+2.20 pg/g at 2.5h after tail vein injec-
tions of 125, 250 and 375 mg/kg of BPA, respectively. In a
study by Sun et al. (2016), polyamido amine (PAMAM)
dendrimer carriers encapsulating BSH were conjugated with
a CD133 antibody and tested in vitro and in vivo. BSH
administration was used as a control and tumor boron
concentration 1h after tail vein BSH injection was
21.2+19pg/g in CD133+ and 20.8+3.4pg/g in CD133-
SU-2 glioma xenografts. The lack of a reliable BNCT effect
in our BSH group may be due to insufficient accumulation
within the tumor as well as a short deposition time within
the tumor cells (Table 1). In multiple reported studies with
variants of tumor models, quite contradictory results on the
accumulation of BSH in the tumor have been shown and
BSH often quickly washed out of tumors after administra-
tion (Sauerwein et al. 2012; Barth et al. 2018).

Larger boron compound doses injected prior to irradi-
ation or continuous infusions, which might pose technical
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Figure 4. The presence of an ulcer in the tumor area (A), *p <.05, **p <.01 - significant differences with respect to the animals irradiated without boron com-
pounds, chi-square test; the presence of fistulas and decay cavities (B), *p <.01, **p <.001 - significant differences with respect to the animals irradiated without
boron compounds, chi-square test, photo of ulcer in the tumor area (C). Statistical significance by the Mann-Whitney test.

difficulties in small animals, may have improved boron
accumulation and corresponding tumor suppression effects
in contrast to the single boron compound injections we
used. Joel et al. (1999) studied the effect of dose and infu-
sion time on BPA delivery in 9L gliosarcoma-bearing Fisher
344 rats and showed that BPA total dose increases from 250
to 1000 mg/kg, administered intravenously over a 2-h infu-
sion period, resulted in an increase in tumor boron concen-
tration from ~30 to ~70ug '°B/g, with a constant T:B
boron concentration ratio of about 3.7:1. Similarly, extend-
ing the infusion time from 2 to 6h, at a constant dose-rate
of 125 mg BPA/kg/h, resulted in an increase in tumor boron
concentration from ~30 to ~80ug '’B/g, while, again,

maintaining a constant T:B ratio of about 3.7:1. In contrast,
intracarotid infusion of BPA for 1h at a dose rate of 125mg
BPA/kg resulted in an increase in the tumor boron concen-
tration from ~26 to ~38pg '"B/g with a corresponding
increase in the T:B ratio from 3.5:1 to 5.0:1.

Advanced liposomal delivery studied by different BNCT
scientific groups has also shown the increase in the tumor
boron concentration compared to non-liposomal com-
pounds. Maruyama et al. (2004) studied BSH-containing
transferrin  (TF)-conjugated polyethyleneglycol liposomes
that could maintain tumor boron concentration over 30 ppm
for at least 72h after injection. This treatment was superior
to PEG liposomes, bare liposomes and free BSH, resulting in



tumor growth suppression and improved long-term survival
of Colon 26 tumor-bearing mice after tail vein injections at
5 and 20 mg '°B/kg before nuclear reactor-based irradiation
with 2 x 1012 neutrons/cm® for 37 min. Nakamura (2008)
showed boron concentrations of 8.8 ppm in tumor tissue
30h after tail vein injection of BSH-liposomes in EMT6
tumor bearing BALB/c mice with higher tumor boron con-
centrations after i.v. administration of more advanced lipo-
some-based compounds. Kueffer et al. (2013) studied
unilamellar liposomes, developed using an equimolar mix-
ture of cholesterol and 1,2-distearoyl-sn-glycero-3-phospho-
choline that incorporate Nas[1-(2'-B;oHo)-2-NH;3BoHg] in
the aqueous interior and K[nido-7-CH;(CH,)5-7,8-
C,BoH;;] in the bilayer. After two identical tail vein injec-
tions given 24 h apart in female BALB/c mice bearing flank
EMT6 tumors, tumor boron levels exceeded 67 pug/g in
tumors 54h after the initial injection, showing significant
suppression of tumor growth over control mice without
liposome injection after irradiation with 1.6 x 1012 thermal
neutrons/cm? for 30 min. Spermidinium closo-dodecaborate-
encapsulating liposomes were developed by Tachikawa et al.
(2014) and showed maximum mouse Colon 26 tumor boron
concentrations of 202.7 and 82.4 ppm achieved 36 h after tail
vein injection at doses of 100 and 30 mg '°B/kg, respectively.
This was superior to Na,BSH- and Na,[B;,H;;NH;]-encap-
sulating liposomes in tumor growth control and animal sur-
vival after irradiation with 1.3-2.2 x 1012 neutrons/cm® for
50 min at a nuclear reactor.

A recent study by Luderer et al. (2019) was devoted to
thermally sensitive liposomes for improving boron delivery
and mainly focused on differences in accumulation rather
than the amount of delivered boron. The authors developed
an animal model of athymic nude mice containing bilateral
D54 glioma tumors on their right and left flank (2 tumors/
mouse). After 5min of pre-hyperthermia treatment, mice
were tail vein injected with an equimolar BPA-f free drug,
BPA-f TSL, or BPA-f non-TSL. The left side tumor was
exposed to hyperthermia (42°C) for an additional 30 min
post-injection while the right side tumor served as a 37°C
control. A similar boron content was observed in the hyper-
thermic (216+70ppb) and normothermic (341+ 88 ppb)
treated tumors after delivery of BPA-f as a free drug. In
contrast, BPA-f TSL showed an 8.4-fold higher boron accu-
mulation (692+99 ppb) in the hyperthermic treated tumor
compared to the normothermic tumor (82+20ppb). Non-
TSL BPA-f administration resulted in no detectable signals
at normothermic temperatures and a low signal of only
104 + 41 ppb in the hyperthermic tumor.

In comparison to these studies, our BSH-containing pegy-
lated liposomes, in spite of a lower tumor boron concentra-
tion, showed better long-term results compared to BPA and
non-liposomal BSH, albeit only at the end of the 2-month
follow-up period. With boron delivered by liposomal BSH, a
longer follow-up period was needed to verify the BNCT
effect. One explanation of the confirmed BNCT effect in
case of liposomes is the higher chance of localizing boron
compounds inside tumor cells. In this case, the effect of
BNCT is strengthened even with relatively low overall tumor
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boron concentrations compared to non-liposomal com-
pounds. This may be due to non-liposomal compound con-
centration in the intercellular space, resulting in lesser
therapeutic effect even with higher overall tumor boron
concentrations.

The injection site we used was probably atypical for
BNCT experiments, and, to the best of our knowledge, pre-
vious researchers used mainly tail vein injections prior to
neutron irradiation. The injection site could also therefore
influence drug accumulation and corresponding tumor
growth suppression. In an early study by Coderre et al.
(1990), BPA was administrated in single per os (intragastric)
doses and showed significant accumulation of boron in sub-
cutaneous KHJJ murine mammary tumors in BALB/c mice,
subcutaneous and intracranial GS-91 rat gliomas in F-344
rats, and the human U-87MG glioma xenografts in nude
mice. Regarding the boron compounds biodistribution and
further irradiation studies, we can also state, that we do not
irradiate same animals that we take tissue samples from,
therefore, conditions of irradiation experiments, including
stress related to transportation, anesthesia and possible tem-
perature fluctuations might play a role in some discrepancy
in boron accumulation and further irradiation effects. Larger
animal groups and more extensive biodistribution experi-
ments are necessary to verify conformity in the results,
which is out of the scope of the present study. The tumor
size reduction in animals irradiated without boron com-
pounds was apparently due to the presence of a component
of fast neutrons and gamma radiation in the beam which
has a destructive effect on tumor cells. However, this com-
ponent was benign to normal tissues, as we have previously
shown that the flux of epithermal neutrons obtained at the
accelerator does not affect the viability of laboratory animals
at therapeutic doses and does not lead to any significant
damage in vital organs (Kanygin et al. 2017).

The appearance of erosions and ulcers in the tumor areas
in treated and untreated animals and further formation of
fistulous passages in most irradiated animals with longer fol-
low-up period could be due to tissue-specific apoptosis,
which is possible with large tumor volumes and subcutane-
ous localization. The skin reactions that we observed in irra-
diated mice could develop not only due to boron-related
tissue damage during neutron capture reactions, but also
due to the effect of ionizing radiation on tumor tissue itself,
assuming higher susceptibility of constantly dividing tumor
cells to ionizing radiation. Therefore, skin damage was obvi-
ous in both groups as tumor necrosis may have initiated
damaging immune cascades. In all cases, skin erosions,
ulcers and fistulas occurred only in the tumor area and skin
on other areas of the irradiated legs, as well as shielded parts
of the body, was intact, showing no effect of irradiation.
Thus, we believe that skin-related sequelae from treatments
were mainly due to the specific decay/necrosis of tumor tis-
sue rather than direct skin damage. This phenomenon
requires further and detailed investigations to delineate the
exact mechanisms for the observed effect.

Due to shielding of mice bodies, no major complications
in vital organs were observed, and the overall condition of
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the mice, apart from the tumor growth and the abovemen-
tioned tumor site reaction, was uneventful.

In the current study we aimed to reveal the possibilities
of an accelerator-based neutron source for BNCT animal
experiments with the desire to spur further advancement to
clinical trials. However, adjustments in compounds (dos-
ages/administrations) as well as modifications and advance-
ments of the accelerator-based neutron source itself are
important future aims to realize this goal.

Conclusion

We observed a tendency of BNCT at the accelerator-based
neutron source to reduce or suspend the growth of human
glioblastoma in immunodeficient animals. Liposomal BSH
showed better long-term results compared to BPA and non-
liposomal BSH, though only at the end of the 2-month fol-
low-up period. Further modifications in liposomal boron
delivery are being studied to improve treatment outcomes.
In vivo studies have also demonstrated the safety of the neu-
tron beam. Thus, an accelerator-based neutron source spe-
cifically designed for BNCT with its unique ability to create
a fairly uniform generation of accelerated epithermal neu-
trons will undoubtedly provide opportunities for more
extensive studies.
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