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Raymond F. Schinazi,"** Selwyn J. Hurwitz,"* Irina Liberman,’*
Yuliya Glazkova,"* Nicolas S. Mourier,"* Jeffrey Olson,’
and Thomas Keane?
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ABSTRACT

The carboranyl nucleotides B-D-5-o-carboranyl-2’-deoxyuridine (p-CDU), 1-(B-L-
arabinosyl)-5-o-carboranyluracil (D-ribo-CU) and the nucleotide base 5-o-carboranyl-
uracil (CU), were developed as sensitizers for boron neutron capture therapy (BNCT).
A structure activity study was initiated to determine the agent most suitable for
targeting prostate tumors. Cellular accumulation studies were performed using LNCaP
human prostate tumor cells, and the respective tumor disposition profiles were
investigated in male nude mice bearing LNCaP and 9479 human prostate tumor
xenografts in their flanks. D-CDU achieved high cellular concentrations in LNCaP
cells and up to 2.5% of the total cellular compound was recovered in the 5'-
monophosphorylated form. In vivo concentrations of D-CDU were similar in LNCaP
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and 9479 tumor xenografts. Studies in 9479 xenografted bearing mice indicated that
increasing the number of hydroxyl groups in the sugar moeity of the carboranyl
nucleosides corresponded with an increased rate and extent of renal elimination,
shorter serum half-lives and an increased tissue specificity. Tumor/normal prostate
ratios were greatest with the nucleoside base CU. These studies indicate that similar
nucleoside analogues and bases may have different tissue affinities and retention
properties, which should be considered when selecting agents for sensitizing specific
tumors for eventual BNCT treatment. CU was found to be the most suitable compound
for further development to treat prostate cancer.

Key Words: Boron neutron capture therapy; Nucleosides; Prostate tumors.

INTRODUCTION

After skin cancer, prostate cancer is the second most frequently diagnosed cancer
in the US male population. The American Cancer Society estimated that there will be
over 198,000 new cases of prostate cancer diagnosed and more than 31,500 deaths in
the US during 2001.""1 Boron neutron capture therapy (BNCT) is a binary treatment
modality based on the selective uptake of sufficient boron isotope '°B into tumor cells
(~ 10” atoms per cell or 5—30 ppm), followed by irradiation with epithermal neutrons.
The resulting nuclear capture and fission reactions produce o particles and 'Li nuclei
which have high linear energy transfer and path lengths of 9 and 5 pm, respectively,
that are lethal to approximately one cell diameter.>~®! Although surgery and radio-
therapy have been successful,'’”! BNCT may offer theoretical advantages, especially if
1B delivery agents are developed that demonstrate a high specificity for tumor tissue.

Despite considerable drug development efforts only three '°B delivery agents have
received approval from the United States Food and Drug Administration for testing in
humans. These include sodium borocaptate (BSH), a carborane derivative containing
ten '°B atoms per molecule, boranophenylalanine, an amino-acid containing one '’B
atom per molecule and the polyhedral borane dianion [closo B 10H10]2 ~ (GB-10), all
of which have limitations with regard to tumor specificity.”® Provided differences
exist in the accumulation and/or depletion rates '°B delivery agents in tumors and
surrounding tissue, the binary nature of BNCT could be exploited by administering the
neutrons when the tumor to normal tissue or tumor the blood ratio is maximal.”!
Prostate tumors are potential candidates for BNCT since they are readily accessible to
a neutron beam (1.0-1.5 cm from the surface).”'”" Therefore, provided boron
delivery agents are developed that preferentially accumulate in the tumor relative to
surrounding tissues such as the bladder and rectum, damage to surrounding tissue
could be minimized.

Like the endothelial layer that surrounds the brain, the layer of sertoli cells that
surround the prostate gland serves as a protective barrier that is impermeable to many
compounds.””'""'?! During tumor development, these barriers to drug penetration in the
region of the tumor are compromised relative to surrounding non-tumor tissue.
Therefore, compounds similar to those being developed for brain tumors may have
potential to treat prostate tumors. B-D-5-o-carboranyl-2’-deoxyuridine (D-CDU) is a
lipophilic nucleoside derivative (octanol/water partition coefficient = 3.05 x 10°) that
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shows potential for the treatment of brain tumors with BNCT.['*~2%1 The cellular
accumulation of D-CDU is rapid, non-concentrative and not sensitive to the potent
nucleoside uptake inhibitors nitrobenzylthioinosine and dipyridamole or by D-
thymidine. However, the rapid accumulation of D-CDU was strongly inhibited by the
nucleoside base uptake inhibitor papaverine.***!! Therefore, the mechanism of cellular
uptake may resemble other modified nucleoside derivatives such as acyclovir and 5-
fluorouracil where accumulation is at least partially mediated by a nucleoside base
uptake route.?>~**1 p-CDU-5'-monophosphate (b-CDUMP) has been isolated from cells
treated with b-CDU and is formed following incubation in the presence of recombinant
thymidine kinases."'*!>192% That phosphorylation occurs intracellularly and accumu-
lation is inhibited by papaverine, suggests that D-CDU can enter cells. D-CDU-MP is
negatively charged and does not egress cells easily. Phosphorylation of nucleosides
may be enhanced in rapidly dividing cells in tumors. Therefore, phoshorylation may
be a mechanism for increasing the tumor selectivity of compounds related to b-CDU.
D-CDU is non-toxic against exponentially growing human lymphoblastoid CEM cells,
human U-251 glioma cells, and rat 9L glioma cells in the absence of neutron
irradiation, which should limit toxicity to tissues outside the field of neutron therapy.
The therapeutic ratio of BNCT is proportional to the concentration ratio of '°B in the
tumor relative to surrounding tissue at the time of neutron irradiation.

A BNCT study using D-CDU demonstrated a significant increase in the median
survival times of rats bearing 9L intracranial brain tumor isografts.!'> Furthermore, the
related derivatives 1-(B-L-arabinofuranosyl)-5-o-carboranyluracil (ara-CU), 1-(B-L-
arabinosyl)-5-o-carboranyluracil (D-ribo-CU) and the nucleoside base CU have altered
protein binding and cellular accumulation properties.''® Therefore, in vivo studies were
performed to compare the relative tissue specificities of b-CDU, D-ribo-CU and CU, in
order to select the agent most favorable for targeting prostate tumors.

EXPERIMENTAL

Chemical synthesis. The synthesis of D-CDU, CU and D-ribo-CU have been
previously reported.!'®'®! p-CDU, p-ribo-CU and CU were radiolabeled with tritium
(*H) at the 6-position and on the acidic proton of the carboranyl moiety by Moravek
Biochemicals, Inc. (Brea, CA), by hydrolysis of the lithium derivative with carrier-free
tritiated water. The specific activities of CU D-ribo-CU and D-CDU were 59.2, 1.2, and
1.8 Ci/mmol, respectively. '*C labeled p-CDU (55 mCi/mmol) was synthesized using
5-i0d0-2’-deoxyuridine-2-14C. The chemical structures of pD-CDU, D-ribo-CU and CU
are shown in Fig. 1.

Cell culture. LNCaP human prostate cancer cells were obtained from the
American Type Culture Collection (Monassis, VA) and grown as a monolayer in
RPMI 1640 medium (Cellgro, Hernden, VA) at 37°C in 5% CO, in air, and in 75 cm?
tissue culture flasks (Corning Scientific Products, NY). Ten percent heat inactivated
fetal bovine serum (Grand Island Biological Company, Gaithesburg, MD), 2 mM
L-glutamine (Grand Island Biological Company, Gaithesburg, MD) and antibiotics
(penicillin 100 IU/ml and streptomycin 100 pg/ml, Cellgro/Mediatech, Hernden, VA)
were added to the medium (maintenance medium). The doubling time of LNCaP cells
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Figure 1. Chemical structures of the carboranyl compounds: BPA, p-boranophenylalanine;
BSH, borocaptate sodium; CU, 5-o-carboranyluracil; b-CDU, B-D-5-0-carboranyl-2'-deoxyuridine;
D-1ibo-CU, 1-(B-L-arabinosyl)-5-o-carboranyluracil.

was about 18 h. 9437 cells were generously supplied by Dr. Thomas Keane, of the
Department of Urology, Emory University School of Medicine. This hormone-
independent prostate cancer cell line was passaged only as an in vivo xenograft.

Accumulation of p-CDU in LNCaP human prostate cells. Cell accumulation
and egress studies were performed in LNCaP human prostate cancer cells grown in
monolayer in 6-well plates (Nunc, Intermed, Naperville, IL) to 90% confluence
(~0.33 x 10° cells per ml) in 2 ml of maintenance medium. The medium was replaced
with 2 ml of fresh pre-warmed minimal essential medium (MEM) containing 10 uM
*H-p-CDU (specific activity 2.5 Ci/mmol, 1,000 dpm/pmol) and 2% heat inactivated
fetal bovine serum (FBS) and incubated at the above conditions (time =0 for
accumulation experiments). For egress studies, cells were treated with b-CDU for 2 h,
after which the media was removed and the cells resuspended in fresh medium
containing 2% FBS (time = 0). At designated times, cells were placed on ice, washed
twice with ice-cold PBS followed by lysing using 400 pl of 60% methanol in water.
The wells were washed again with a further 400 pl of 60% methanol in water, and the
combined lysates stored at — 70°C until they were assayed using high performance
liquid chromatography (HPLC).

HPLC was used to measure the total amount and the fraction of D-CDU that was
phosphorylated in LNCaP human prostate tumor cells.*” LNCaP samples were thawed
at 4°C and centrifuged for 10 min at 16,000 x g. The samples were dried at room
temperature using a Speed Vac centrifuge dryer (Model SC110, Savant Instruments
Inc., Farmingdale, NY). The dry extract was dissolved in 40 pl of 100 mM tris buffer
containing 20 mM magnesium chloride and divided into two aliquots. To
dephosphorylate possible nucleotides of D-CDU, 22 units of alkaline phosphatase from
calf intestinal mucosa (EC 3.1.3.1, type XXX-A, Sigma, Saint Louis, MO) was added
to each aliquot, prior to incubation at 37°C for 2 h. The solution was then diluted to
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100 pl with buffer and injected into the HPLC. A gradient consisting of mobile phase
A (0.05 M triethylamine adjusted to pH 7 with acetic acid in water) and mobile phase
B (50% acetonitrile diluted with 2-fold buffer A) was used. The starting solvent ratio
was 5% solvent B which increased to 30% solvent B over 40 min. A Whatman
Partisphere Cyg, 5 pm column (Whatman, Clifton, NJ) was used. The CDU metabolites
were detected by UV at 270 nm and *H was monitored using a radiomatic Flo-one Beta
detector (Packard, Downers Grove, IL). The retention times for b-CDU-5'-diphosphate,
the nidop-CDU derivative, D-CDU-5"-monophosphate and D-CDU (closo form) were
validated at 12, 14, 24 and 37 min respectively, using samples of these compounds
which were synthesized in our laboratory.''®

Single dose toxicity of D-CDU in male nude mice. Non-radioactive D-CDU was
injected intraperitonealy (i.p.) into male nude mice (without tumors). Doses injected
were 0, 30, 60 120, 150 mg/kg (n = 3 per group) and 180 mg/kg (n = 6). Mice were
weighed and observed for toxicity over the next 30 days. All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
Veterans Medical Center, Atlanta GA.

Disposition studies in male nude mice bearing LNCaP and 9479 xenografts.
Male nude mice were implanted with human LNCaP and 9479 prostate tumor
xenografts in their flanks by sub-cutaneous injection of ~ 107 cells suspended in 0.2 ml
PBS. Xenografts were grown until they reached the required diameter (see below).

Accumulation in vivo. A comparative in vivo accumulation study of b-CDU was
performed in mice bearing human 9437 xenografts (n = 3 per time point) and in mice
bearing xenografts of the hormone-dependent LNCaP cell line that had been passaged
in vitro (n = 2 per time point). When tumors reached ~1.5 cm in diameter, mice were
given i.p. injections of 5 mg/kg radiolabeled D-CDU dissolved in 100 pl dimethyl-
sulfoxide. The specific activities of the b-CDU injections were 8 pCi of '*C, and 15
uCi of *H for the 9437 and LNCaP bearing mice, respectively. Mice bearing 9437
xenografts were euthanized at 0.5, 1, 3 and 6 h, using an i.p. injection of ketamine
and xylazine (at 0.39 and 0.039 g/kg, respectively). The total radiolabeled compound
was extracted and measured from the tumor, prostate, bladder, rectum, brain and
abdominal fat. A less detailed study was performed using mice bearing LNCaP
xenografts, which were sacrificed at 1, 2 and 3 h after D-CDU injection. The total
radiolabeled compound was measured in the tumor, serum and brain for comparison
with the 9437 xenografts.

To determine the optimal tumor size for comparing compounds related to b-CDU
in 9479 xenografts, tumors were grown until their respective diameters reached 0.5, 1.5
and 2 cm in diameter (3 per group). Animals were euthanized 1.5 h after an i.p.
injection of '“C-labeled p-CDU (5 mg/kg, dissolved in 100 pul DMSO, 8 puCi '*C). The
concentrations of total '“C-labeled D-CDU in the various tumor groups was then
measured (see below). Further experiments were performed in animals bearing 9437
tumor xenografts.

Tumor and tissue concentrations of D-ribo-CU and CU were compared to those
observed with D-CDU in 9437 tumor (~1.5 cm diameter) bearing mice following i.p.
injections at a constant 5 mg/kg dose. The sampling times and experimental design for
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the D-ribo-CU and CU experiments were the same as the D-CDU experiment (see
above). The amount of radioactive compound injected per animal was 15 pCi of *H for
the D-ribo-CU, and CU dissolved in 100 pl DMSO.

Tissue samples were weighed, rinsed with phosphate buffered saline and suspended
in 1 M NaOH for 18-60 h with constant shaking. The suspensions were then
neutralized with an equal volume of 1 M HCI, and extracted overnight in 12%
methanol/water in a final volume of 1.6 ml in a shaker, and centrifuged to clarify
supernatant. One ml of supernatant was combined with 15 ml Ecolite and measured for
*H and '*C using a scintillation counter. Results were expressed as pmol of compound
per mg of tissue wet weight using the specific activities of the respective compound.
Since the carboranyl moiety and the *H and 'C radiolabels were located at stable
positions of the molecules, the radioactivity was considered a direct indicator of boron
accumulated. Previous studies have indicated similar boron concentrations estimated
using radiolabeled D-CDU and direct measurements using boron atomic emission
spectroscopy (DCP-AES).!'”!

Pharmacokinetics in male nude mice 9479 human prostate xenografts. The
plasma concentrations of D-CDU, D-ribo-CU and CU measured at 0.5, 1, 3 and 6 h,
were fitted to the pooled serum data from all mice, using the non-compartmental
pharmacokinetics routine of WinNonlin (Ver. 1.5, 1997, SCI INC, NC), under the
assumption of a non-i.v. route of administration. The terminal half-life (t;,»,5, h) was
estimated using data from 1 to 6 h. The mean residence times (h) were calculated as
the ratio between the cumulative areas under the serum concentration versus time curve
(AUC, pM x h) and the area under the first moment curve (AUMC, pM X h2).[25]
Other parameters estimated include the respective volumes of distribution during the
terminal elimination phase (V) divided by the unknown fraction (F) of total dose
absorbed into the circulation (Vg/F, I/kg) and the total plasma clearance (Cly) divided
by F (ClI/F, 1/h/kg).

RESULTS AND DISCUSSION

The accumulation of carboranyl nucleosides D-CDU, D-ribo-CU and the nucleoside
base CU were studied in vitro and in vivo using radiolabeled compound. Previous
studies with radiolabeled D-CDU have shown that when the radiolabels were inserted in
stable positions within the molecule, radiological measurements are similar to direct
measurements of boron in tissues using direct current plasma-atomic emission
spectroscopy (DCP-AES).!"®! Furthermore, unlike DCP-AES that cannot distinguish
between the boron delivery agent and its metabolites, the use of compound radiolabeled
in a chemically stable position permitted the parent closo-containing compounds to be
distinguished from the less lipophilic nido-compound, and the nucleosides to be
differentiated from their phosphorylated metabolites using reverse phase HPLC with
radiomatic detection.'*!

The accumulation of D-CDU in LNCaP cells in vitro was rapid and achieved
pseudo-equilibrium conditions in less than 10 min. After 2 h incubation, the cellular
concentrations (mean + SD) of D-CDU were 4.08 + 0.38 x 10? pmol/lO6 cells, of
which 2.09 + 1.65 percent was in the 5'-monophosphate form. The half-life of egress for
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the p-CDUMP from LNCaP cells was 0.9 h as measured over a 48 h period (1 of the
natural log of D-CDUMP versus time = 0.87). Therefore, the cellular pharmacology of
D-CDU in human prostate cancer cells was similar to that previously measured in human
lymphoblast CEM cells, U-251 human brain tumor cells and rat 9L glioma cells.''>*!

A previous in vitro study demonstrated that altering the number and orientation of
hydroxyl moieties in D-CDU derivatives altered the cellular accumulation and protein
binding.""®' Therefore, in vivo studies were performed to determine whether, D-ribo-CU
(the most hydrophylic agent), b-CDU and the nucleoside base CU (the most lipophilic
agent), had different tissue affinities which could be beneficial for the more selective
delivery of '°B to tumors at an equal dose of 5 mg/kg.

The concentrations of D-CDU were measured 1.5 h after an i.p. dose of 5 mg/kg, in
two tumor xenografts derived from the hormone dependent human LNCaP prostate cell
line (1.5 cm diameter) were 90 and 47.3 ng/g (wet weight), while those measured in
9437 xenografts of the same diameter were 67 + 13 ng/g (mean + SD, n = 3),
suggesting that the average tumor dispositions observed were representative of more
than one prostate cell line.

The effect of tumor size on the disposition of D-CDU was studied in mice bearing
9437 tumor xenografts (1.5 to 2.0 cm). Concentrations of '°B resulting from p-CDU at
1.5 h following i.p. injection were similar for tumors of diameter 0.5 cm (472 + 80 ng/
g wet weight, mean = SD) and 1.5 cm (432 + 32 ng/g wet weight). However, lower
concentrations were observed in tumors with diameters > 2.0 cm (280 + 57 ng/g). This
probably resulted from the greater degree of necrosis and apparent decreased cellularity
observed in the larger tumors. Therefore, comparative studies of D-ribo-CU, p-CDU
and CU were performed in animals with tumors with diameters of ~1.5 cm.

Figs. 2—4 depict the concentrations of '*C labeled p-CDU, *H-p-ribo-CU and
*H-CU, respectively in the organs of nude mice bearing 9437 tumors in their left flank
following a 5 mg/kg ip. Early serum concentrations (t < 0.5 h) of b-CDU and D-ribo-
CU were higher than those of CU, suggestive of a smaller volume of distribution for
the more hydrophilic agents. CU, the most lipophilic of the series had the greatest
affinity for fat and nerves and the least affinity for bladder tissue. The elimination
profiles of b-CDU, D-ribo-CU and CU from the serum are shown in Fig. 3. Tumor/
serum, tumor/prostate and tumor/bladder ratios versus time indicate a time lag before
equilibration between the prostate tumor and surrounding tissues (Table 1). Tumor/
bladder ratios of D-ribo-CU and CU at 3 h, were 10 and 30 fold higher, respectively
compared to D-CDU. The concentrations of D-CDU, D-ribo-CU and CU at 3 h in the
serum, tumor prostate and brain are shown in Fig. 4.

Early serum concentrations of D-CDU and D-ribo-CU (t < 0.5 h) (Fig. 3) were
higher than those of CU, in agreement with a smaller initial distribution volume for less
lipophilic agents.

As shown in Figs. 2 and 3, p-CDU and D-ribo-CU were cleared from serum more
rapidly (tjpp=1.4 and 1.2 h and MRT = 1.6 and 1.2 h, respectively) with a larger
percentage of accumulation into the urinary bladder compared to CU (t;,3 = 2.2 and
MRT = 3.1 h). The terminal t;,, of 1.4 h for b-CDU measured in mice was similar to
previously published 1.3 h t;,, in rats.*®! The respective Vp/F and Cl/F values were
0.82, 4.76 and 3.17 1/kg, respectively and 0.49, 2.36 and 1.0 1/h/kg, respectively for
D-ribo-CU, D-CDU and CU. This suggests that D-ribo-CU may distribute into a smaller
tissue volume and be eliminated more rapidly by the kidney than D-CDU and CU.
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Figure 2. Organ concentrations of D-CDU (A, 2 mice per time point), D-ribo-CU (B, 3 mice per
time point) and CU (C, 3 mice per time point) in nude mice bearing 9437 tumors in their left flank
and given 5 mg/kg doses of radiolabeled compound. Bars represent tissue levels obtained at 0.5 (&),
1 (8), 3 (@) and 6 (M) h, respectively. An additional time point 0.25 h ([J) was also obtained for
CU (C). Since there are ten '°B atoms per molecule of compound, each ng of '°B/g of tissue
corresponds to 0.01 nmol of compound/g of tissue.

Absolute values for Vg and Cly in the mice were not computed in this study, since i.v.
data were not available. Therefore, a direct comparison could not be made regarding
differences in the corresponding Vg and Cly in mice and rats from this study. The
values for Vg and Cl in the rats following an i.v. injection (F = 1) were 0.70 1/kg and
0.69 1/h/kg.*®" A direct comparison of Vp and Cly values of D-CDU could not be made
between the previously reported i.v. study in rats and this study i.p. study in mice, since
D-CDU was injected i.p. in mice using a DMSO vehicle at a concentration that
exceeded its aqueous solubility. Therefore, complete absorption from the peritoneal
compartment following the i.p. injection could not be assumed (F < = 1).
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Figure 2. Continued.

(continued)

Neutron irradiation should be administered when the '°B concentrations in the
prostate tumor are sufficiently high to achieve fission in the tumor and lower in the non-
targeted surrounding tissue such as the bladder to minimize side effects.!”’ The ratio of
tissue concentration versus time in Table 1 indicates a slower egress rate of the b-CDU
analogues from tumors relative to prostate. The precise mechanism for the relatively
slow clearance has not been elucidated. However, it may result from the physiological
constrains of tumors which are limited by their blood supply and their lack of lymphatic
drainage.”*”! Based on data presented in Table 1, it may be appropriate to administer
neutron irradiation 2—3 h after dosing, since tumors would retain significant drug levels
at that time while the levels in surrounding tissues would have decreased.

Previous studies have demonstrated that bD-CDU crosses the compromised blood—
brain-barrier of isografted rat 9L brain tumors with a tumor/brain ratio of > 10 at 2 h,
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Figure 2. Continued.

suggesting that this agent has potential to treat brain cancer."”’ Concentrations

achieved in the 9437 tumor xenografts were similar to those reported in 9L tumors in
rats treated with D-CDU. The more hydrophilic agents b-CDU and D-ribo-CU cross the
intact blood—brain-barrier less readily than CU. Although CU achieved higher tumor
concentrations than D-CDU, it also produced a lower differential between brain and
non-brain tissues (Fig. 2). Since brain tumors often result in a compromised blood—
brain barrier, drug tumor levels may approach concentrations similar to non-brain
tissues. Thus, a lower brain tumor/brain concentration ratio would be expected for CU
compared to the D-CDU and D-ribo-CU,that penetrate the barrier less efficiently. A
decreased relative survival and a concomitant decrease in tumor/normal brain ratio at
higher doses were observed in rats bearing 9L isografts and treated with 20% '°B
enriched D-CDU and neutrons. This could result from damage to the normal brain when
boron concentrations accumulate to levels sufficient to sustain a neutron reaction.!'!
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Figure 3. Serum concentrations of b-CDU, D-ribo-CU and CU, in nude mice bearing 9437 tumors
in their left flanks and given 5 mg/kg i.p. doses of the respective compound. Since there are ten '°B
atoms per molecule of compound, 1 pM compound corresponds to 100 ng '°B per ml.
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Figure 4. Retention of CDU, D-ribo-CU and CU at 3 h in the serum, tumor, and prostate tissues of
nude mice bearing 9437 tumors in their left flanks and given a 5 mg/kg i.p. dose of the respec-
tive compounds.
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The decreased relative affinity of CU compared to D-CDU in the normal brain suggests
that CU may not be optimal for targeting brain tumors using BNCT. The slower
elimination of CU from prostate tumor xenografts compared to normal tissues, resulted
in the greatest tumor/bladder and tumor/rectum ratios compared to D-CDU and D-ribo-
CU, between 1 and 3 h following i.p. dosing. Therefore, CU should undergo further
development for treating prostate cancer.

D-CDU may have theoretical advantages over p-boranophenylalanine (BPA) and
borocaptate sodium (BSH), which are currently undergoing clinical testing in Japan and
preclinical evaluation in the US for the treatment of brain tumors.>~%?%?°! Unlike BPA
which contains only one boron atom per molecule, D-CDU contains a carborane ring
which delivers ten boron atoms per molecule accumulated in the tumor. Although BSH
contains a dodecaborate cage moiety with two negative charges, which makes it
extremely water soluble, the double negative charge may limit the ability of BSH to
penetrate the cell membrane easily, resulting in low intracellular levels.”°~3*! Due to
the high LET a-particle released in BNCT, boron compounds that localized intra-
cellularly near the nucleus have greater relative efficacy.”"!

The dose administered (5 mg/kg) was used to study the overall disposition of these
agents in vivo. Previous studies with D-CDU have indicated that the compound has
linear pharmacokinetics and is non-toxic in the range of 5 to 150 mg/kg.!'>?®! Therefore,
the dose could be increased for future efficacy studies of these agents to achieve higher
tumor concentrations. The minimum effective dose of CU may be lower than predicted
based on conventional BNCT dosimetry with boric acid (< 5 to 30 pg/g), which assumes
a uniform distribution of '°B throughout the cell.”?®*°! p-CDU has previously shown
efficacy against brain tumor isografts at concentrations of '°B considered too low for
therapeutic benefit (414.8 ng/g). The lipophilic agents related to D-CDU are more
complex than boric acid. In addition, D-CDU and D-ribo-CU may be phosphorylated to
produce anionic intracellular metabolites. Furthermore, the carboranyl moiety may be
reduced to the anionic nido form. Localization or complexation of these metabolites
with subcellular organelles and/or macromolecules may produce a non-uniform con-
centration in the cellular microenvirionments. Since the actual dosimetry of BNCT is
related to the precise subcellular location of '°B relative to the DNA, it is possible that
cell lethality could result during BNCT at lower overall cellular concentrations.

This work lays the foundation for conducting BNCT studies in animal models of
prostate cancer and represent the first publication on this important topic. We have
discovered that high levels of CU accumulate in prostate tissue in mice. Theoretically,
CU could be injected directly into prostate cancer tissues, since a significant retention
of the compound is achieved in an animal model compared to normal tissue. Future
efficacy studies are warranted to test the potential of this compound for the treatment of
prostate tumors using BNCT. This study also demonstrates the importance of comparing
the tissue dispositions of different nucleoside analogues and bases prior to the selection
of a particular agent to target specific tumors for eventual treatment with BNCT.

ACKNOWLEDGMENTS
Supported by DOE grant DEFGO2-96ER62156, and by the Department of

Veterans Affairs. We would like to thank Judy Mathew for assistance in proofreading
this manuscript.

MARCEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1}



10: 54 26 January 2011

Downl oaded At:

304

10.

11.

12.

13.

14.

15.

16.

ORDER | _=*_[Il REPRINTS

Schinazi et al.
REFERENCES

Greenlee, R.T.; Hill-Harmon, M.B.; Murray, R.; Murray, T.; Thun, M. Cancer
statistics 2001. CA Cancer J. Clin. 2001, 57, 15-36.

Barth, R.F.; Soloway, A.H.; Brugger, R.M. Boron neutron capture therapy of brain
tumors: past history, current status, and future potential. Cancer Investig. 1996, /4,
534-550.

Barth, R.F.; Soloway, A.H.; Goodman, J.H.; Gahbauer, R.A.; Gupta, N.; Blue, T.E.;
Yang, W.; Tjarks, W. Boron neutron capture therapy of brain tumors: an emerging
therapeutic modality. Neurosurgery 1999, 44, 433-450.

Flam, F. Will history repeat for boron capture therapy? Science 1994, 265, 468—
4609.

Lu, D.R.; Mehta, S.C.; Chen, W. Selective boron drug delivery to brain tumors for
boron neutron capture therapy. Adv. Drug Deliv. Rev. 1997, 26, 231-247.
Soloway, A.H.; Tjarks, W.; Barnum, B.A.; Rong, F.; Barth, R.F.; Codognic, I.M.;
Wilson, J.G. The chemistry of neutron capture therapy. Chem. Rev. 1998, 98,
1515-1562.

Walsh, P.C.; Retik, A.B.; Stamey, T.A.; Vaughan, E.D. Campbell’s Urology,
6th Ed.; Saunders: Philadelphia, 1992; Vol. 1, 812.

Barth, R.E. A critical assessment of neutron capture therapy; an overview. J.
Neuroncol. 2003, 62, 1-5.

Gupta, N.; Gahbauer, R.A.; Blue, T.E.; Albetson, B. Common challenges and
problems in clinical trials of boron neutron capture therapy. J. Neuroncol. 2003, 62,
197-210.

Allen, B.J. Maximum therapeutic depth in thermal neutron capture therapy.
Strahlenther. Onkol. 1993, 169, 34—41.

Ghabriel, M.N.; Lu, J.J.; Hermanis, G.; Zhu, C.; Setchell, B.P. Expression of a
blood—brain barrier-specific antigen in the reproductive tract of the male rat.
Reproduction 2002, 23, 389-397.

Fulmer, B.R.; Turner, T.T. A blood—prostate barrier restricts cell and molecular
movement across the rat ventral prostate epithelium. J. Urol. 2000, /63, 1591—
1594.

Yamamoto, Y.; Seko, T.; Nakamura, H.; Nemoto, H.; Hojo, H.; Mukai, N.;
Hashimoto, Y. Synthesis of carborane containing nucleoside bases. Unexpectedly
cytostatic and cytocidal toxicity towards cancer cells. J. Chem. Soc., Chem.
Commun. 1992, 157—-158.

Schinazi, R.F.; Goudgaon, N.M.; Fulcrand, G.; El Kattan, Y.; Lesnikowski, Z.J.;
Ullas, G.V.; Moravek, J.; Liotta, D.C. Cellular pharmacology and biological
activity of 5-carboranyl-2'-deoxyuridine. Int. J. Radiat. Oncol. Biol. Phys. 1994, 28,
1113-1120.

Schinazi, R.F.; Hurwitz, S.J.; Liberman, 1.; Juodawlkis, A.; Shi, J.; Liotta, D.C.;
Coderre, J.; Olson, J. Treatment of 9L gliosarcoma isografts with 5-o-carboranyl-2’-
deoxyuridine neutron capture therapy. Clin. Cancer Res. 2000, 6, 725-730.
Goudgaon, N.M.; El-Kattan, Y.A.; Xia, X.; McAtee, J.; Soria, J.; Wey, S.J.; Liotta,
D.C.; Schinazi, R.F. A general synthetic method of 5-carboranyluracil nucleosides
with potential antiviral activity and use in neutron capture therapy. Nucleosides
Nucleotides Nucleic Acids 1997, 16, 2133-2150.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INc. m
270 Madison Avenue, New York, New York 10016 e



10: 54 26 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Tissue Disposition of 5-0-Carboranyluracil 305

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Lesnikowski, Z.J.; Shi, J.; Schinazi, R.F. Nucleic acids and nucleosides containing
carboranes. J. Organomet. Chem. 1999, 581, 156—169.

Mourier, N.S.; Eleuteri, A.; Hurwitz, S.J.; Schinazi, R.F. Enantioselective synthesis
and biological evaluation of new 5-o-carboranyl pyrimidine nucleosides. Bioorg.
Med. Chem. 1999, 7, 2759-2766.

Lunato, A.J.; Wang, J.; Woollard, J.E.; Anisuzzaman, A.K.M.; Ji, W.; Rong, F.G;
Ikeda, S.; Soloway, A.H.; Eriksson, S.; Ives, D.H.; Blue, T.E.; Tjarks, W. Synthesis
of 5-(carboranylalkylmercapto)-2'-deoxyuridines and their evaluation as substrates
for human thymidine kinases 1 and 2. J. Med. Chem. 1999, 42, 3378-3389.
Hurwitz, S.J.; Ma, L.; Eleuteri, A.; Wright, J.; Moravek, J.; Schinazi, R.F. Cellular
pharmacology of the D- and L-enantiomers of 5-carboranyl-2'-deoxyuridine, boron
delivery agents for neutron capture therapy. Nucleosides Nucleotides Nucleic Acids
2000, 79, 691-702.

Plagemann, P.G.W.; Wohlhueter, R.M. Inhibition of the transport of adenosine,
other nucleosides and hypoxanthine in Novidoff rat hepatoma cells by methyl-
xanthines, papaverine, N®-cyclohexyladenosine and N°-phenylisopropyladenosine.
Biochem. Pharmacol. 1984, 33, 1783—1788.

Mahony, W.B.; Domin, B.A.; McConnell, R.T.; Zimmerman, T.P. Acyclovir
transport in human erythrocytes. J. Biol. Chem. 1988, 5, 9285-9291.

Plagemann, P.G.W.; Wohlhueter, R.M.; Woffendin, C. Nucleoside and nucleoside
base transport in animal cells. Biochim. Biophys. Acta 1988, 947, 405-443.
Domin, B.A.; Mahony, W.B.; Zimmerman, T.P. Transport of 5-fluorouracil and
uracil into human erythrocytes. Biochem. Pharmacol. 1993, 46, 503-510.

Kong, A.N.; Jusko, W.J. Definitions and applications of mean transit and residence
times in reference to the two-compartment mammillary plasma clearance model. J.
Pharm. Sci. 1988, 77, 157-165.

Jaragula, V.R.; Schinazi, R.F.; Fulcrand, G.; El-Kattan, Y.; Liotta, D.C.; Boudinot,
F.D. Pharmacokinetics of 5-carboranyl-2'-deoxyuridine in rats. J. Pharm. Sci. 1994,
83, 1697-1699.

Jain, R.K. Transport of molecules in the tumor interstitium: a review. Cancer Res.
1987, 48, 3039-3051.

Goodman, J.H.; Yang, W.; Barth, R.F.; Gao, Z.; Boesel, C.P.; Staubus, A.E.; Gupta,
N.; Gahbauer, R.A.; Adams, D.M.; Gibson, C.R.; Ferketich, A.K.; Moeschberger,
M.L.; Soloway, A.H.; Carpenter, D.E.; Albertson, B.J.; Bauer, W.F.; Zhang, M.Z.;
Wang, C.C. Boron neutron capture therapy of brain tumors: biodistribution,
pharmacokinetics, and radiation dosimetry of sodium borocaptate in patients with
gliomas. Neurosurgery 2000, 47, 608—621, discussion 621-622.

Kageji, T.; Nagahiro, S.; Kitamura, K.; Nakagawa, Y.; Hatanaka, H.; Haritz, D.;
Grochulla, F.; Haselsberger, K.; Gabel, D. Optimal timing of neutron irradiation
for boron neutron capture therapy after intravenous infusion of sodium borocaptate
in patients with glioblastoma. Int. J. Radiat. Oncol. Biol. Phys. 2001, 5/, 120—
130.

Nguyen, T.; Brownell, G.L.; Holden, S.A.; Teicher, B.A. Intracellular distribution
of various boron compounds for use in boron neutron capture therapy. Biochem.
Pharmacol. 1993, 45, 147-155.

Nguyen, T.; Brownell, G.L.; Holden, S.A.; Kahl, S.; Miura, M.; Teicher, B.A.
Subcellular distribution of various boron compounds and implications for their

MARCEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1}



10: 54 26 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

306 Schinazi et al.

efficacy in boron neutron capture therapy by Monte Carlo simulations. Radiat. Res.
1993, 733, 33-40.

32. Capala, J.; Makar, M.S.; Coderre, J.A. Accumulation of boron in malignant and
normal cells incubated in vitro with boranophenylalanine, mercaptoborane or boric
acid. Radiat. Res. 1996, 146, 554—560.

33. Ono, K.; Kinashi, Y.; Masunaga, S.; Suzuki, M.; Takagaki, M. Electroporation
increases the effect of borocaptate ('°B-BSH) in neutron capture therapy. Int. J.
Radiat. Oncol. Biol. Phys. 1998, 42, 823-826.

34. Coderre, J.A.; Morris, G.M. The radiation biology of boron neutron capture therapy.
Radiat. Res. 1999, /51, 1-18.

Received August 27, 2003
Accepted October 17, 2003

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRrcEL DEKKER, INC. m
270 Madison Avenue, New York, New York 10016 ®



Downl oaded At: 10:54 26 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints' link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materiasis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, ater or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/serviet/product/DOI/101081INCN 120027836


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=SPI&publication=NCN&title=Tissue+Disposition+of+5oCarboranyluracilA+Novel+Agent+for+the+Boron+Neutron+Capture+Therapy+of+Prostate+Cancer%0A&offerIDValue=18&volumeNum=23&startPage=291&isn=1525-7770&chapterNum=&publicationDate=&endPage=306&contentID=10.1081%2FNCN-120027836&issueNum=1%262&colorPagesNum=0&pdfStampDate=02%2F05%2F2004+20%3A36%3A52&publisherName=dekker&orderBeanReset=true&author=Raymond+F.+Schinazi%2C+Selwyn+J.+Hurwitz%2C+Irina+Liberman%2C+Yuliya+Glazkova%2C+Nicolas+S.+Mourier%2C+Jeffrey+Olson%2C+Thomas+Keane&mac=%JIPbgzImE1jN929DyUSGw--

