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ABSTRACT: Glioblastoma (GBM), as the most CNS intractable disease, has spoiled millions of lives due to its high mortality.
Even though several efforts have been done, the existing treatments have had limited success. In this sense, we studied a lead com-
pound, the boron-rich selective EGFR-inhibitor hybrid 1, as a potential drug for GBM treatment. For this end, we analyzed the in
vitro activity of hybrid 1 in a glioma/primary astrocytes co-culture, studying cellular death types triggered by treatment with this
compound and its cellular localizations. Additionally, hybrid 1 concentrated boron in glioma cells selectively and more effectively
than the BNCT-clinical agent °B-L-boronophenylalanine and thus displayed better in vitro-BNCT effect. This encouraged us to
analyze hybrid 1 in vivo. Therefore, immunosuppressed mice bearing U87 MG human GBM were treated with both 1- and 1-
encapsulated in a modified liposome (recognized by brain blood barrier peptide transporters) observing a potent in vivo per se anti-
tumor activity (tumor size decrease and animal survival increase). These data demonstrate that 1 could be a promising new targeted
therapy for GBM.

= INTRODUCTION is irradiated with neutrons generating high linear energy trans-

Among infiltrative gliomas, glioblastoma (GBM, previously
known as glioblastoma multiforme) is considered the most
devastating and most frequent primary intraparenchymal brain
tumor with a median survival of generally less than 15 months
from the time of diagnosis.! Despite intense efforts, challenges
still arise as the therapeutic options available, including tumor
resection, followed by a combination of radiation and chemo-
therapy (typically using temozolomide, TMZ, Figure 1) do not
improve the prognosis significantly.? In this regard, improve-
ment of treatment options for patients with GBM is an unmet
need. Targeted small molecules therapy toward tyrosine kinase
receptors (TKR) is gaining increasing interest and acceptance
to treat GBM.*% Among them, erlotinib (Erl, Figure 1), is an
oral small molecule that has been extensively studied in pre-
clinical and clinical trials of GBM.”® The best results were
achieved when Erl was combined with other drugs, i.e. TMZ,
and radiotherapy, suggesting that Erl may be beneficial when
combined with other treatments, rather than as a monothera-
py.”®1% On the other hand, another approach that offers thera-
peutic opportunities for GBM is the boron neutron capture
therapy (BNCT) which is based on the nuclear capture and
fission reactions [°B(1n,0))’Li] that occur when the stable °B

fer alpha particles (stripped down helium nuclei, *He?, 150
keV um™) and recoiling lithium cations ("Li**, 175 keV pmr
11112 Dye to these particles having a linear path trajectory
similar to the diameter of a cell (5-9 pum), the irradiation dam-
age can affect only those cells containing sufficient amounts
of boron and spare adjacent normal cells. The most extensive-
ly evaluated agents for BNCT are  (L)-4-
dihydroxyborylphenylalanine, known as boronophenylalanine
or BPA (Figure 1), commonly administrated intravenously as
a BPA fructose adduct (BPA-f), and disodium mer-
captoundecahydro-closo-dodecaborate (Na,B:.H1:SH), com-
monly known as sodium borocaptate or BSH (Figure 1). Nev-
ertheless, the major problem with both BSH and BPA-f is the
significant variability in tumor uptake, especially in brain
tumors. This was plainly confirmed by Goodman et al. in a
biodistribution and pharmacokinetic study involving nearly 20
patients with high-grade gliomas.*® Taking this background as
a starting point, we recently reported a broad range of new
hybrid compounds bearing boron-rich carboranyl clusters and
the anilinoquinazoline-framework from Erl, to be applied as
bimodal therapeutic agents.***® Among them, a lead com-
pound, i.e. hybrid 1 (Figure 1), was selected due to its excel-



lent drug-like properties,*® including EGFR-inhibition ability
against wild type and T790M mutant EGFR (ICs of 2.3 and
1100 nM, respectively),’® selectivity towards tumor cells,
absence of mutagenicity and acute oral toxicity.'’

Herein, we report the performed studies to explore the
pharmacological potential of the hybrid 1: i) Firstly, as to
resemble the cellular environment of a developing brain tu-
mor, hybrid 1 effects and death-mechanisms were studied on
U87 MG cells co-cultured with primary astrocytes using con-
focal microscopy and flow cytometry; ii) Secondly, U87 MG
cellular localization with time of compound 1 was analyzed by

B-Raman microscopy; iii) Thirdly, to determine whether our
in vitro findings would translate into anti-glioma effect in vivo,
anti-cancer activity using an experimental U87 MG-glioma
mouse model, was determined by intraperitoneal administra-
tion of hybrid 1 in DMSO or in a modified liposome, which is
able to be recognized by blood brain barrier (BBB) peptide
transporters; iv) Fourth, intracellular boron uptake was quanti-
tatively measured on glioma cells and astrocytes by inductive-
ly-coupled plasma optical emission spectrometry; v) Fifthly,
BNCT-efficacy studies of hybrid 1 were performed on glioma
cells as in vitro proof-of-concept assay.
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Figure 1. TKR-inhibitor Erl, TMZ used in clinical treatment of GBM. Boronated agents used in BNCT, BPA and BSH, and hybrid 1
developed in our group as bimodal therapeutic agent for glioblastoma. The Pan Assay Interference Compounds (PAINS)-filters test was

performed in False Positive RemoverZ®,

m MATERIAL AND METHODS
Chemistry

All chemicals were reagent grade and were used as such un-
less otherwise noted. Erl, TMZ and °B-BPA-f (99 % °B
enriched, L-isomer) were acquired from Baoji Guokang Bio-
Technology Co.-Ltd., Sigma and INTERPHARMA PRAHA,
respectively. Solvents for synthesis were distilled and dried
prior to use. Thin-layer chromatography was carried out on
silica gel plates (Merck 60 F254). Column chromatography
was performed on silica gel (Merck, 60-230 mesh). Hybrid 1
was prepared as previously described.** Modified-liposomes
were prepared as previously described.181°

Biology

Human glioblastoma cell line U87 MG (ATCC HTB-14)
was purchased from ATCC culture collection (Virginia City,
NV, USA). They were incubated in Dulbecco Modified Ea-
gle’s Medium High Glucose (4.5 g/L) with Stable Glutamine
(3.97 mM) (DMEM) supplemented with 10 % heat-inactivated
fetal bovine serum (i-FBS) and 1 % of a solution containing
penicillin-streptomycin (PS-B) at 37 °C in a humid atmos-
phere containing 5 % CO- concentration. Culturing materials

were purchased from Capricorn Scientific. In order to obtain i-
FBS, original FBS was heated at 60 °C for 30 min.

Astrocytes were isolated from newborn mice. The 3-4 new-
born mice were terminally anesthetized, the cerebral cortexes
were dissected with the meninges previously removed. Cere-
bral cortexes were mechanically chopped then enzymatically
dissociated using 0.25 % trypsin for 10 minutes at 37 °C. To
halt trypsin digestion a mix of DMEM with FBS 10 % was
added. Repetitive pipetting thoroughly disaggregated the tis-
sue, which was then strained through an 80 pm mesh and spun
down. The pellet was re-suspended in glia culture milieu and
plated in T25 culture flasks. Glia culture milieu composition is
as follows: DMEM supplemented with 10 % FBS, HEPES
buffer (3.6 g/mL), penicillin (100 IU/mL), and streptomycin
(100 pg/mL). Culture milieu was replaced every 48 h until 90
% confluence was reached.

Confocal microscopy of treated co-cultures of U87 MG
and astrocytes

Astrocytes (3 x 10* cells) were seeded into p35 dishes and
were allowed to grow until 80 % confluence.** Next, 5 x 10
U87 MG stained cells with PKH26 dye were seeded onto a



p35 dish containing a growing primary cell culture of astro-
cytes. After a 48 h-incubation in fresh growing milieu, the p60
dishes were treated with the 1Csqus7 doses of hybrid 1. A p60
dish treated with 1 % DMSO served as a negative control.
Treated cells were incubated for further 24 or 48 h. After that,
treated co-cultures were fixed for 20 min at 4 °C with PFA and
washed 2 times with PBS. Then, samples were permeabilized
for 10 min at room temperature with 0.1 % Triton X-100 in
PBS, passed through washing PBS, blocked with 5 %
BSA:PBS for 1 h at room temperature, and incubated over-
night in a solution of 1 % BSA:PBS containing the primary
antibodies and DAPI at 4 °C. After washing, treated cells were
incubated in 1:500-diluted secondary antibody during 2 h at
room temperature. The following antibodies were used for
immunofluorescence staining: primary antibodies 1:400
mouse monoclonal anti-GFAP (G3893, Sigma, Darmstadt,
Germany) and 1:50 rat monoclonal anti-M2 (12Céc, DSHB,
lowa, United States of America) and secondary antibodies
conjugated to AlexaFluor 633 AlexaFluor 488 (Invitrogen,
Carlsbad, CA, USA), respectively. DAPI was used at a 1:1000
dilution. Antibodies were detected by confocal microscopy
using a laser scanning Zeiss LSM 800 or LSM 880 confocal
microscope.

Cellular death mechanism studies

Astrocytes (6 x 10* cells) were seeded into p60 dishes and
were allowed to grow until 80 % confluence.* Next, 1 x 10°
U87 MG stained cells with PKH26 dye were seeded onto a
p60 dish containing a growing primary cell culture of astro-
cytes. After a 48 h-incubation in fresh growing milieu, the p60
dishes were treated with the 1Csous7 doses of hybrid 1 or Erl.
A p60 dish treated with 1 % DMSO served as a negative con-
trol. Treated cells were incubated for further 48 h. Then, cells
were harvested with trypsin (0.05 %, supplemented with
EDTA, 0.38 mg/mL), and centrifuged at 250 g speed. The
resulting pellet was resuspended in an appropriate volume of
Annexin binding buffer (0.01M Hepes pH 7.4, 0.14 M NacCl,
and 2.5 mM CacCl,) as to get a cell suspension of 1 x 10° cells
per mL. After cell counts, samples were divided and cells
alone and isotype-matched control samples were generated to
control for nonspecific binding of antibodies and for autofluo-
rescence. An Annexin V-FITC antibody solution (catalog
number: A13199) was used at a 1:20 concentration. After 30
min of incubation with the aforementioned antibody at 4 °C,
samples were incubated with DAPI at a 1:5000 concentration
and immediately after were submitted to flow cytometry anal-
ysis. To perform the analysis, cells were first gated for PKH26
in order to tell apart U887 MG cells from astrocytes. In each
type of cells, the following markers were used to define four
different populations: for living cells DAPI low, Annexin V
low; for necrotic cells DAPI high, Annexin V low; for early
apoptotic cells DAPI low, Annexin V high; and finally for late
apoptotic cells DAPI high, Annexin V high. Samples were
acquired using FACSAria Fusion flow cytometer and BD
FACSDiva ™ gsoftware.

Confocal Raman microscopy experiments

U87 MG cells (1 x 10% were incubated in Eagle’s minimal
essential milieu (DMEM) supplemented with fetal bovine
serum (10 %) for 48 h. Then, they were treated with hybrid 1
at 70 or 140 pM in DMSO (lower than 1 %). A control with-
out hybrid 1 and DMSO 1 % was included. After that, the
milieu was discarded and the cells were washed (x5) with
thermostatted PBS and with PBS (10 pL) were deposited on

poly-L-lysine coated glass microscope coverslips for 1 hour
drying with nitrogen and imaged using a Confocal Raman
Microscopy system (WITec, Alpha 300RA). For visualization,
cell samples were stimulated with a diode pumped solid-state
(DPSS) laser operating at 532 nm and visualized with a Con-
focal Raman Microscope system.

Multivariate analysis. The Raman spectra of cells were an-
alyzed using Project Five WITec Plus software, after cosmic
ray removal and background subtraction for each spectrum.
All the hyperspectral data were further analyzed being decon-
voluted by the basis analysis algorithm “True Component” as
implemented in Project Five WITec Plus, according to Dieing
and Ibach.?

In vitro BNCT experiments

Determination of intracellular boron by inductively cou-
pled plasma optical emission spectroscopy (ICP—OES).
Exponentially growing cells (F98, U87 MG or astrocytes)
were incubated with hybrid 1 (0.1 puM, dissolved in DMSO) or
0B-BPA-f (0.925 mM, diluting with water the stock solution
to a final volume of 500 uL). The stock solution of °B-BPA-f
was prepared at a concentration of 30 mg °B-BPA-f per mL
(0.14 M) as follow: °B-BPA was combined in water with a 10
% molar excess of fructose, adjusting the pH to 9.5-10.0 with
aqueous solution of NaOH, and the resulted mixture was
stirred until all solids dissolved; finally the pH was readjusted
to 7.4 with aqueous solution of HCI. After times of incubation
(1, 2, and 4 h), the cells were washed twice with PBS 1x at 4
°C. The pellets were digested with formic acid (500 pL). An
aliquot of 250 pL was diluted to 1.0 mL with an aqueous
solution containing 1pg/L of Y (0.75 mL) as internal stand-
ards. The boron uptake was measured by ICP-OES. Analytical
and internal standard lines (innm) were as follows: B:
249.677and Y: 371.029. Matrix-matched standard solutions
containing the internal standard elements and boron between
0.05 and 0.75 pg/L were employed for daily calibration. The
other aliquot of 250 pL was dried and re-suspended in aqueous
solution of NaOH (0.3 N) and total proteins determined by
Lowry method. The boron amount was referred to the total
proteins.

Neutron-irradiation procedures. Cells were irradiated at
the thermal column of the RA-3 reactor, a 9 MW nuclear
reactor located in Ezeiza (Argentina) where a highly thermal-
ized and homogenous irradiation field is available. Thermal
flux was near to (1.0 £+ 0.1) x 10 neutrons cm? s, the cad-
mium ratio was 4,100 for gold foils, which allows neglecting
fast neutron dose; the gamma dose rate was approximately
(4.1 £ 0.2) Gy ht. Total dose was obtained by adding partial
doses coming from photons, nitrogen capture (a 3.5 % wt of
nitrogen content is assumed) and boron capture. Before each
irradiation, neutron flux at the irradiation position was
checked using calibrated Rh-SPND detectors in a system that
mimics the configuration that will be used (96-well plates or
Tas flasks with no cells inside) while, simultaneously, signal
from a boron-coated ionization chamber was used as a moni-
tor. Based on this measurement, irradiation times were calcu-
lated in order to deliver a dose of 2 Gy with an estimated
uncertainty of 10 %. Figure 7A shows, for each treatment, the
time, the fluence and each dose component of the total physi-
cal absorbed dose of the neutron beam without and with bo-
ron. The intracellular boron concentration at the time of irradi-
ation was assumed uniformly distributed inside and outside the
cells for the dosimetric calculations.



Irradiation of hybrid 1- or 1°B-BPA-f-treated F98 or U87
MG cells assays. F98 or U87 MG cells were seeded at 2,500
cells/well in 96-well plates. Eight different wells were seeded
per treatment. The cells were then treated with compounds
doses equivalents to 1.0 or 10.0 ppm of °B of hybrid 1 (dis-
solved in DMSO) or °B-BPA-f (dissolved in water) for 1h
after plating. Irradiated DMSO (5 %)- or irradiated water-
treated cells and non-irradiated compound-treated cells served
as controls. After this time the cells were irradiated with ther-
mal neutrons with total fluence of 3.88 x 10% + 3 x 10 neu-
trons/cm?.

Cell surviving assay. After irradiation, the milieu was
changed and the cells were cultured at 37 °C for 5 days. After
20 pL of vital dye MTT (Sigma 128, 0.5 %, w/v in PBS) were
added to the culture milieu and after 4 h of incubation at 37 °C
absorbance at 540 nm was read. Results are expressed as per-
centage of untreated controls, dividing the absorbance of the
irradiated-treated cells (with hybrid 1 in DMSO or with 1°B-
BPA-f in water) over the absorbance of the irradiated DMSO-
or water-treated cells.

Frequency of cell death analysis. Cell death of irradiated
treated (1.0 ppm of °B)-cells was evaluated morphologically
by fluorescence microscopy (Olympus BX51, 40X) at 48 h
postirradiation. Briefly, cell pellets (10%) were resuspended in
100 pL of a staining solution containing PI, DAF and Hoechst
33258 at the concentration of 0.6, 0.1 and 0.6 mg/mL, respec-
tively. Results are expressed as percentage of living cells,
apoptotic cells or necrotic cells per 200 total cells.

In vivo anti-glioblastoma studies

Animals. All protocols for animal experimentation were car-
ried out in accordance with experimentation procedures ap-
proved by Technion Institute of Technology Ethical Commis-
sion in the Use of Animal, Israel (Protocol number 1L-143-10-
17 Technion). All animal experimental protocols followed the
principles outlined in the Declaration of Helsinki. Animals
were housed in wire mesh cages at 20 + 2 °C with 12 h artifi-
cial light-dark cycles. The animals were fed ad libitum to
standard pellet diet and water and were used after a minimum
of 5 days acclimation to the housing conditions.

In vitro glioblastoma U87 MG cell growing. Luciferase-
transfected’® glioblastoma U87 MG cells are grown in full
milieu, MEM-Eagle with Fetal Cow Serum (9 %), glutamine
(2 %) and Gentamycin (0.05 %) (Biological Industries, Beit
Ha'emek, Israel). The cells are thawed and grown. After three
days, the cells are split and grown for additional 4 more days
until the injection. The culture milieu is changed every two
days. To prepare the cells for injection into the mouse brain,
they are counted and suspended in PBS.

Stereotactic surgery — cell injection in brain. The mice are
anesthetized either by inhalation of isoflurane or injection of
ketamine-xylazine mixture in physiological saline (ketamine 1
mg/mL:xylazine 20 mg/mL). Eye ointment was applied to
maintain adequate moisture during the procedure. Using a
sterile scalpel, a sagittal incision is preformed over the parieto-
occipital bone, approximately 1 cm long. The exposed skull
surface is then cleaned. Using stereotactic surgery, coordinates
where the cells were injected are marked (1.5 mm right and
1.5 mm backward bregma). A volume of 3 mL containing 2.5-
3.0 x 10° U8B7 MG cells is injected into a depth of 2.5 mm
skull. After the cell injection wait 4 minutes until taking the
syringe out.

Treatments. The experiments were carried out on 7-8 week-
old immunosuppressed BALB/c female mice (17.6-18.0 g of
body weight, bw) bred under specific pathogen-free condi-
tions. At the end of experiments, they were anaesthetized with
isoflurane and sacrificed by cervical dislocation. When tumors
begin to develop, according to bioluminescence imaging (3™
day after cell inoculation), six mice per group were located in
one cage and the treatments began the next day. Three groups
of treatment were defined: i) hybrid 1, dissolved sterile phys-
iological saline:Tween 80 (4:1, v/v), administered at 4 mg/kg
bw ip (n = 4); ii) hybrid 1, encapsulated in modified-liposome,
administered at 4 mg/kg bw ip (n = 5); iii) negative control
(vehicle, sterile physiological saline:Tween 80 (4:1, v/v)) (n =
4). The female mice were treated three days a week every two
days, with resting-days, for as long as the mice lived. Days of
treatments after cells inoculation: 4th, 6th, 8th, 11th, 13th,
15th, 18th, 20th, 22th, 25th, etc. days.

Anti-tumor evaluation. The antitumor activity was evaluat-
ed using both the evolution of the tumor volumes and the
animal survival. Tumor volumes were determined by biolumi-
nescence imaging weekly. The bioluminescence imaging is
based on the oxidation of luciferin [d-(-)-2-(6-hydroxy-2-
benzothiazolyl)-thiazole-4-carboxylic acid] in the presence of
oxygen and adenosine triphosphate. This reaction is catalyzed
by the enzyme luciferase, which converts chemical energy into
photons with resultant emission of light. Luciferase is present
only in the injected cancer cells (that were pre transfected with
plasmid encoding for the enzyme). Bioluminescence monitor-
ing is done once a week beginning two days after cell injection
until mice death. After the administration of luciferin (d-
luciferin potassium salt, 150 mg/kg) via intraperitoneal injec-
tion, mice are anesthetized with isoflurane. Measurements
were taken every minute until 24 min after luciferin injection.
Regions of interest encompassing the intracranial area of sig-
nal are defined using Living Image software, and the total
photons/s/sr/cm? (photons per second per radian per square
cm) was recorded.

Statistical analysis. All results are expressed as the average
of independent experiments + SEM. Differences between
populations were calculated with two-tailed Student’s t-test.
Kaplan—Meier survival curve and comparisons were per-
formed by log-rank test. GraphPad Prism 6 was used for data
analysis.

m RESULTS AND DISCUSSION

Effect of hybrid 1 or Erl on co-cultures of tumor cells
and normal astrocytes

Because the vast majority of cytotoxic drugs used for cancer
therapy do not discriminate between tumor cells and normal
cells, we previously studied the selectivity of hybrid 1 against
C6 cell cultures derived from rat glioma and on a mixed pri-
mary glial cell culture. The results showed a selectivity glio-
ma/healthy cells ratio greater than 3.3 times, indicating more
toxicity to cancer cells than normal cells.** Herein, we have
evaluated the biological behavior of hybrid 1 in an in vitro co-
culture of primary astrocytes and human U87 MG cells, re-
sembling the cellular environment of a developing brain tu-
mor.?! The co-culture was incubated with hybrid 1 at the corre-
sponding 1Cso,us7 mc dose (70 pM) during 24 h and 48 h (Fig-
ure 2). As shown in Figure 2, a significant decrease in the
population of U87 MG cells labeled with the fluorescent dye
PKH26, was observed after 24 h and 48 h. However, the popu-
lation of astrocytes, immunostained with the astrocytic mem-



brane maker M2, was not affected by the incubation with
hybrid 1 for 24 h nor 48 h. On the other hand, astrocyte activa-
tion was observed after treatment with hybrid 1, as denoted by
the upregulation of the glial fibrillary acid protein (GFAP), a
typical marker of activated or reactive astrocytes after an
injury or stress in the CNS.2? This effect on primary astrocytes
is very interesting and encouraging due to activated astrocytes
play an important role in the tumor microenvironment, modu-
lating GBM proliferation as well as radio- and chemo-
resistance. Voskuhl et al. described that the activated astro-
cytes form a scar between CNS lesions and the surrounding
tissue.Z This confinement of the injury site may play a consid-
erable role in speeding up clinical stabilization and thereby
improving patients' survival.* Besides, reactive astrocytes
have also been shown to be involved in facilitating BBB re-
pair. These findings, together with our previous studies, point
out that the hybrid 1 behaves as an entity specifically directed
against tumor cells and thus, render this molecule as a clear
drug candidate.

To understand the type of cell death triggered by exposure to
hybrid 1 or Erl of U87 MG cells co-cultured with mix of glial
cells, flow cytometry analysis study was performed.?®?® For
that, cells were incubated with hybrid 1 or Erl for 48 h at the
corresponding 1Cso,us7 mc dose (70 uM and 63 pM, respective-

ly). Based on simultaneous flow cytometry analysis of Annex-
in V-FITC and DAPI staining, the results showed that after
treating cells with hybrid 1 about 90 % of the population suf-
fered a late apoptosis cell death process in both cell types
(Figure 3). In contrast, Erl, the parent compound, showed
higher significant percentages of early apoptosis than the
untreated cells (DMSO) on mixed glial cells and a higher
percentage of early apoptosis on glioblastoma cells (Figure 3).
On the other hand, recently, we described?” that hybrid 1 pro-
motes death in the non-co-cultured U87 MG cells mainly by
necrosis while Erl promotes mainly early apoptosis. The dif-
ference observed in death-behavior of hybrid 1 and Erl in co-
culture with respect to the observed in U87 MG cells alone,
demonstrates the relevance of using an in vitro model that
resembles the in vivo system as closely as possible in order to
evaluate the actual operative death-mechanisms. These differ-
ential biological behaviors conducted us to study the toxicity
of hybrid 1 or Erl on mouse neonatal astrocytes. The findings
were significantly different between treatments of co-cultured
or no-co-cultured astrocytes (Figure 4). For both compounds,
hybrid 1 and Erl, no other cell death mechanism was observed
different from that was observed in the control. Additionally,
according to confocal microscopy findings hybrid 1 was not
able to activate astrocytes in this condition.

Glia primary culture and U87

DMSO 24h DMSO 48h

PKH26

GFAP

Merge

Hybrid 1 24h

Hybrid 148h

Figure 2. Effect of hybrid 1 on co-cultures cell model of astrocytes with U87 MG tumor cells. Confocal images showing the co-culture
of U87 MG cells (PKH26) and mouse neonatal astrocytes (GFAP, M2). The nucleuses were stained with DAPI. Co-cultured cells were
treated at 1Cso,us7 mc doses of hybrid 1 or DMSO 1% as control for 24 and 48 h. Scale bar = 20 um.
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Figure 3. Phosphatidylserine exposure results for co-cultured mixed glial cells and U87 MG, panel A and B, respectively. Compound 1
and Erl were evaluated at their 1Cso,us7 mc doses (70 uM and 63 pM, respectively) after incubation for 48 h. Panel C, quantitative analy-
sis of flow cytometry results (three independent experiments). (*) p < 0.05; (**) p < 0.01; (***) p < 0.001 when compared to the nega-
tive control by Student’s t-test.
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Figure 4. Panel A, phosphatidylserine exposure results for mixed glial cells incubated with hybrid 1 and Erl at their 1Cso,us7 mc doses (70
uM and 63 pM, respectively) after incubation for 24 h. Panel B, quantitative analysis of flow cytometry results (three independent exper-
iments). (*) p < 0.05 when compared to the negative control by Student’s t-test. Panel C, effect of hybrid 1 or Erl on astrocytes by con-
focal images (GFAP). Nuclei were stained with DAPI. The cells were treated at 1Cso,us7 mc doses of hybrid 1, Erl or DMSO 1% as con-
trol for 24 h. Scale bar = 10 pm.

Hybrid 1 uptake and localization on U87 MG cell autoradiography.? However, some limitations, include the
In the drug discovery pipeline, the distribution of drugs can- requirement radioisotope-labeled probes with the associated
didate inside cells or tissues has been investigated using dif- cyclotron, the use of contrast agents, low sensitivity and/or
ferent gold standard techniques such as magnetic resonance low spatial resolution, make them of limited applicability in

imaging, positron emission tomography, and whole body certain cases. Although less explored technique than the
above, Raman microscopy is a powerful, non-invasive, label



(radioactive or fluorescent)-free method that allows for the
dynamic characterization and imaging of living biological
systems, especially cells. It is a technique that can be used as a
label-free marker to visualize drugs in intracellular spatial
distribution of the cells if they possess bands located in the
“Raman silent” region of cells (1800-2800 cm™) in which no
other frequencies seen in organic molecules can be found.?%
In addition, affords high sensitivity to small intracellular fluc-

tuations as well as a high spatial resolution of approximately
0.5 um. As the v(B-H) bonds of the carboranyl clusters appear
around 2550/2630 cm, in the “Raman silent” region of cells,
carboranyl derivatives can be visualized in cells by this
thecnique.®* Thereby, as a way to know the dynamic of the
internalization process of the hybrid 1 into U87 MG cells
Raman microscopy experiments were performed at different
time points (Figure 5).
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Figure 5. Panels A-E: White-light optical image merge with Raman image (at the left) and Raman image experiments results (at the
right). Imaging of U87 MG tumor cells treated with 70 uM (panels A and B) or 140 uM of hybrid 1 (panels C and D) for 12 h of treat-
ment (panels A and C) or 24 h of treatments (panels B and D). The scanning area corresponds to 30 x 30 um? with 45 x 45 pixels; the
laser excitation wavelength is 532 nm and the power on the samples was adjusted to 10 mW. Scale bar: 10 um in white-light optical im-
age and 4-6 um in Raman image. It is shown phase contrast images superimposed to remark the B—bond Raman chemical features at
2550/2630 cm! (blue). The B-bond Raman images show hybrid 1 accumulation inside the cell. Raman spectra (panel E) of control cells
(red), no-B-bond Raman chemical features were observed. Panel F shows the most representative Raman spectra, according the “True
Component” Analysis for: treated cells (red), hybrid 1 within the cell (blue) and hybrid 1 as control (green).

At the hybrid 1 1Csous7 mc (70 pM) and after 12 h of incuba-
tion (Figure 5A), the boron-localization is observed at the
level of the membrane and inside the cell (and in some cases
outside). This could be explaining by the interaction with the
EGFR, although a subsequent endocytosis process could not
be ruled out. On the other hand, at 24 h (Figure 5B), the loca-
tion of boron within the cell is already clear. This phenomenon

is even more noticeable when we worked with 2xICsous7 mc
concentration (Figure 5C-D), observing a uniform boron-
distribution in the cell periphery at shorter times and within
the cell at longer times. The latter is very important when
considering hybrid 1 acting as a BNCT agent because Monte
Carlo simulation of the biological effect of the BNCT reaction
in cells indicates that Boron accumulating in the proximity of



cell nucleus is much more efficient in cell killing than the
same amount of boron uniformly distributed in the cyto-
plasm.®

Intracellular boron uptake by glioma cells treated with
hybrid 1

For BNCT application, when boron atoms are located out-
side the cell, the physical dose delivered to the nuclei is only
10 %.* For this reason, the accumulation of boron atoms
inside the cells is desirable to reach optimal therapeutic dose.
Considering this and thinking of hybrid 1 as an antitumor
agent with dual mechanism of action, targeted therapy through
tyrosine kinase receptor inhibition, provoking some level of
tumor cells death followed by BNCT for death of the remain-
ing tumor cells, we determined, by inductively-coupled plas-
ma optical emission spectrometry (ICP-OES), the accumula-
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tion of boron in normal and tumor cell lines (Figure 6A, 6B
and 6C).**% Normal murine astrocytes, Rattus norvegicus
glioma-derived F98 cells and the U87 MG-human glioblasto-
ma cells line were incubated for 1, 2 and 4 h, with hybrid 1 or
with the BNCT-reference drug °B-BPA-f, both at 10 ppm of
1B, Hybrid 1 showed selective accumulation on F98-glioma
cells at all exposure times, reaching after 1 h and 2 h of incu-
bation a significant glioma/astrocyte ratio of 2 (Figure 6A). On
the other hand, the hybrid 1 uptake on the U87 MG cell line
was very similar to that of astrocytes after 2 and 4 h of incuba-
tion (Figure 6A). Furthermore, at 2 h of exposure in both F98
and U87 MG glioma cells, boron-cellular uptake of hybrid 1 is
3-times higher than the accumulation due to °B-BPA-f, at the
same dose of 1°B (10 ppm) (Figure 6B and 6C), maybe as
result of the described efflux that suffers 1°B-BPA-f.3
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Figure 6. Amount of elemental boron incorporated into studied cells after compounds exposure. Boron concentration in F98 glioma cells,
U87 MG glioma cells and astrocytes at 1, 2, and 4 h after incubation in milieu containing 10 ppm of 1°B from hybrid 1 (panel A). Boron
concentration in F98 glioma cells (panel B) and U87 MG glioma cells (panel C) at 1, 2, and 4 h after incubation in milieu containing 10

ppm of 1°B from hybrid 1 or 1°B-BPA-f. (*) p < 0.05; (**) p < 0.0001, according to the two way Anova analysis (Tukey’s test).

In vitro BNCT experiments on glioma cells

Finally, the use of hybrid 1 as a potential BNCT agent was
in vitro studied in glioblastoma F98 and U87 MG cell lines
(Figure 7).34% For this, hybrid 1 or 1°B-BPA-f were incubated
at an equivalent mass of 10 ppm of °B during 1 h. After this
period, the plates were irradiated with a neutron flux of (1.0 +
0.1) x 10 % neutrons cm s, receiving a dose of 2 Gy with a
fluence of 3.88 x 10 2 neutrons cm™ (Figure 7A). The cyto-
toxicity due to the capture reaction of hybrid 1 and °B-BPA-f
upon neutron irradiation was evaluated via a MTT assay (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
assay).®”® As observed in Figure 7B, °B-BPA-f (at a dose
equivalent to 10 ppm of °B) not-significantly decreased the
viability of F98 and U87 MG cell lines respect to control,
while after neutron irradiation, hybrid 1 (at the identical dose
of 1°B) provoked a significantly decrease of surviving fraction,
1.4 and 1.5-times on F98 and U87, respectively, compared to
the neutron beam alone. Notably, at a physical dose of 2 Gy,
the in vitro BNCT effect of hybrid 1 was significantly higher
than °B-BPA-f (1.2 and 1.5-times in F98 and U87 MG, re-
spectively). At 48 h post-neutron-irradiation with 2 Gy and at
1 ppm dose of 1°B, the effect of both hybrid 1 or 1°B-BPA-f on
F98-cell death levels, was analyzed by fluorescence microsco-
py (Figure 7C). There was an increase in apoptotic cells and
mitotic catastrophe in the hybrid 1-irradiated group compared

to the untreated control cells group and °B-BPA-f-treated
group.
In vivo anti-glioblastoma studies of hybrid 1

In vivo pharmacological effect of hybrid 1 was studied in
immunosuppressed mouse with an intracranial xenografts
tumor model derived from glioblastoma U87 MG human cells.
Our preliminary data revealed that hybrid 1 exhibited relative-
ly low aqueous solubility.!” However, in vitro enhancement of
anti-glioblastoma activity was achieved employing liposomes
as carriers.!” Consequently, for the in vivo treatments, hybrid 1
vehicularized in DMSO and in a modified-liposome were
intraperitoneally administered, at 4 mg/kg/day three times a
week for as long as the mice lived, using the same dosing
schedule for TMZ, as a reference treatment, and DMSO-
treatment as control (Figure 8A). Because the BBB has selec-
tive permeability and it does not allow for the entry of harmful
substances such as toxins, bacteria and drugs, we previously
developed a drug delivery system based on targeted-
liposome!®%® modified with a pentapeptide selected from the
amyloid beta precursor protein (APP) sequence (Arg-Glu-Arg-
Met-Ser). This liposomal-carrier, conjugated to 1,2-dioleoyl-
sn-glycero-3-succinate-Ala-His-Arg-Glu-Arg-Met-Ser-COOH
inserted in the liposomal membrane, was efficiently used as
drug-delivery system.*®1° In vivo tumor growth was monitored
by bioluminescence of luciferase expressing U87 MG cells.
When we compared, in our experiments, the median survival



of the mice group intraperitoneally administered with the
hybrid 1 against the mice control group (Figure 8B), the
Kaplan Meier graph showed an increase of the median surviv-
al from 25 (control) to 37 (hybrid 1) days, which is translated
to an increase by 48 % of animal survival time over control
group. On the contrary, similar behavior to the control group
was observed for the reference treatment with TMZ (average
survival of 23 days)*®, which has no improvement in the medi-
an animal survival. Next, we analyzed what happened with
animal survival time when hybrid 1 where given liposome-
modified drug delivery system. We found out that when hy-
brid 1 was administered encapsulated in the modified-
liposome, a notable therapeutic effect was observed with an
improvement of a median survival of 51 days, increasing 100
% survival time over control. In addition, we previously found
that animal treated with TMZ-encapsulated in this modified-
liposome survived in average 39 days (62 % increase in sur-

A)

vival time over control and the group of free TMZ).'® Conse-
quently, comparing to TMZ-liposome treated glioblastoma-
bearing animals, the hybrid 1-liposome provoked near to 1.3-
fold increase of death-free period, from 39 to 51 days. Addi-
tionally, it was not observed toxic effects during the time of
treatment (measured as evolution of the mice body weight
during the assay, Figure 8C). Figure 8E shows a representative
image of the bioluminescence of brain tumors undergoing
different treatments. On day 21, the IVIS data collected for
loaded-hybrid-1-treated mice was smaller than the control
group (9.19 x 10° vs. 9.92 x 105, respectively, Figure 8D and
8E). On day 30, the effect of hybrid 1 encapsulation in target-
ed-liposome produced a marked decrease in luminescence
compared to administration of hybrid 1-free (9.3 x 10° vs. 1.26
x 108, respectively, Figure 8D). These results clearly show the
remarkable in vivo anti-glioblastoma activity of hybrid 1.

Irradiation Fluenfze Dose y Dose 1N Total dolge ppm Dose °B Total Relative
10 time (s) (x10 (Gy) (Gy) without B 1og (Gy) dose | error dose
n/cm?) (Gy) (Gy)

Without 676 3.88+0.3 | 0.92+0.11 1.08+0.09 2.00+0.14 0.0 0.00£0.00 2.0+0.1 +7%
With 604 3.3240.3 | 0.78+0.09 0.93+0.08 1.71+0.12 1.0 0.294£0.04 2.0+0.1 +6%
With 263 1.45+0.1 | 0.34+0.04 0.4040.03 0.75+0.05 10 1.3+0.2 2.0+0.2 +8%
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Figure 7. Panel A: Dosimetry for thermal neutron irradiation without and with boron (10 ppm °B). Panel B: F98 (upper panel) and
U87 MG (lower panel) cells survival after treatment with hybrid 1 or °B-BPA-f (10 ppm of 1°B) and post neutron-irradiation (2
Gy) (BNCT in vitro experiments). Unpaired t test (*) p < 0.05. Panel C: Fluorescence microscopy analyzing apoptotic or necrotic
cells post-neutron-irradiation in the different treatments. Representative images from stained cells 48 h after irradiation. Apoptotic
nuclei labeled with Hoechst 33258 (red arrowheads and inset) exhibited peripheral chromatin clumping, blebbing and fragmenta-
tion; cytoplasm of living cells was labeled with 4,5-diaminofluorescein (DAF) and necrotic cells were labeled with propidium io-
dide (IP). Abbreviations: N= assay without compounds incubation and with neutron irradiation; N+BPA 1 ppm °B = assay with
BPA incubation at a dose equivalent to 1 ppm of °B and with neutron irradiation; N+1 1 ppm °B = assay with hybrid 1 incubation

at a dose equivalent to 1 ppm of 1°B and with neutron irradiation.
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m CONCLUSIONS

Hybrid 1, designed as a bimodal agent by combination of a
TKR-inhibitor moiety and a boron-rich group,® demonstrated
excellent ability to inhibit wild type EGFR, good ability to
inhibit mutant EGFRy79om and adequate like-drug properties
(absence of alert in PAINS test, absence of mutagenicity with-
out and with metabolic activation, high oral LDs and ability to
be formulated using liposomes).

Herein, we describe other performed studies that allowed us
to deepen our knowledge of hybrid 1 as a potential anti-glioma
drug. Thus, we showed that hybrid 1 in a simulated tumor
microenvironment: i) produces, unlike Erl, late-apoptosis cell
death in astrocytes and U87 MG cells; ii) increases the activat-
ed-astrocytes population. Furthermore, according to Raman
confocal microscopy, it retains Erl cellular-uptake mecha-
nism.

Moreover, it was demonstrated, by ICP-OES, that hybrid 1
is an efficient and selective way to accumulate boron atoms in
glioma cells, having a F98 glioma/astrocyte boron ratio of 3
after 2 h of incubation, opening, this capability, the possibility
of dual therapy through boron neutron capture therapy along
with TKR inhibition. It was confirmed by the in vitro BNCT
proof of concept assay, over glioma cells, a better activity of
hybrid 1, in the same conditions of dosage and neutrons-
irradiation, than °B-BPA-f. It should also be noted that the
synthesis of hybrid 1 was carried out starting from carborane
with a natural ratio of boron **B/*!B (20 % of °B and 80 % of

1B isotopes), so the next step to take in our laboratory is the
preparation of hybrid 1 enriched 99 % in 1°B.

Additionally, and one of the most significant findings of this
study was that hybrid 1 and hybrid 1-encapsulated in APP-
targeted liposomal system significantly increases the median
survival period of glioma-induced mice, from 1.5 (in DMSO)
to 2 (in modified-liposomes) times higher than both control or
therapeutic used drug TMZ-treated mice median survival.

Overall, these encouraging results are promising and open
the way to further explore the possibility of hybrid 1 as an
anti-glioma drug candidate with a bimodal mode of action.
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ABBREVIATIONS USED

BBB - Blood-brain barrier

BNCT — Boron Neutron Capture Therapy
BPA - Boronophenylalanine

BPA-f - Boronophenylalanine fructose adduct

BSH - mercaptoundecahydro-closo-dodecaborate or sodium
borocaptate

CNS - Central Nervous System

DAF - 4,5-Diaminofluorescein

DMSO - Dimethylsulfoxide

EGFR - Epidermal growth factor receptor

Erl - Erlotinib

GBM - Glioblastoma

GFAP - Glial fibrillary acid protein

ICsp - Half maximal inhibitory concentration

ICP-OES - Jnductively-coupled plasma optical emission
spectrometry

IP - Propidium iodide

MTT - 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazoli-
um bromide

PAINS - Pan-assay interference compounds

PBS - Phosphate-buffered saline

TKR - Tyrosine Kinase Receptors

TMZ - Temozolomide
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A Potential BNCT Agent Selectively Suppresses High-Grade Glioma: In Vitro and In Vivo Exploration
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The boron-rich EGFR-inhibitor 1, with good drug-like properties, is potential BNCT- and a potent in vivo anti-glioblastoma-
agent.
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