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Abstract

There is a pressing need for new and more efficient boron delivery agents to tumor cells for use in
boron neutron capture therapy (BNCT). A class of boronated unnatural cyclic amino acids has
demonstrated a remarkable selectivity toward tumors in animal and cell culture models, far
superior to currently used agents in clinical BNCT. One of these amino acids, 1-amino-3-
boronocyclopentanecarboxylic acid (ABCPC), has shown a tumor to blood ratio of 8 and a tumor
to normal brain ratio of nearly 21 in a melanoma bearing mouse model. This work represents
further biological characterization of this compound for tumor targeting in an EMT6 murine
mammary carcinoma mouse model and a T98G human glioblastoma cell line. Female BALB/c
mice bearing EMT6 tumors were injected with the fructose complex form of racemic mixtures of
cis- and trans isomers of ABCPC in identical concentrations. Boron concentrations were measured
in the tumor, blood, brain, skin, and liver tissues at 1, 3, and 5 hr post injection. These
observations revealed a remarkable difference in racemic mixtures of cis and trans isomers in
tumor targeting by boron. This implies that further separation of the L and D forms of this
compound may enhance tumor targeting to an even higher degree than that provided by the
racemic mixtures. Since the uptake measurements were made in homogenized tumor and normal
tissues, little is known about the subcellular location of the boron arising from the various
isomeric forms of the amino acid. To study subcellular delivery of boron from ABCPC in T98G
human glioblastoma cells, we employed secondary ion mass spectrometry (SIMS) based technique
of ion microscopy, which is capable of quantitatively imaging isotopic (elemental) gradients in
cells and tissues at 500 nm spatial resolution. The T98G cells were exposed to the nutrient
medium containing 100 ppm boron equivalent of a mixture of both L and D isomers of ABCPC in
the form of a fructose complex for 1 hr. Following this treatment, the cells were fast frozen,
freeze-fractured, and freeze-dried for SIMS analysis. Within an hour of exposure, ABCPC
provided partitioning of intracellular to extracellular boron of 3/1. SIMS imaging revealed that
boron from ABCPC was distributed throughout the cell, including the nucleus. This level of boron
delivery within an hour of exposure is superior to p-boronophenylalanine (BPA) and sodium
borocaptate (BSH), which have been previously studied by SIMS in the same cell line. These
encouraging observations provide compelling support for further isomeric separations of ABCPC
into the D and L forms for enhanced tumor targeting and continued testing of these compounds as
new boron carriers in BNCT.
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1. Introduction

Boron neutron capture therapy (BNCT) of cancer depends on the selective targeting of
sufficient quantities of boron-10 (approximately 30 pg/g of tumor) to the tumor cells for
effective killing via the boron neutron capture fission reaction (Sweet 1997; Godwin et al.,
1955). Since the lethal reaction produced in BNCT is limited to a range of less than a single
cell diameter, BNCT is potentially capable of killing individual cancer cells while sparing
the neighboring normal cells. Extensive international efforts have been made by physicists,
chemists, clinicians, and biologists for over 50 years focused on the development and testing
of BNCT in the treatment of cancer (Barth et al., 2005; Coderre and Morris, 1999; Hatanaka,
1991; Kabalka et al., 2003; Kabalka and Yao, 2006; Li et al., 2006; Pellettieri et al., 2008).
Clinical interest in BNCT has focused primarily on the treatment of high-grade gliomas,
either cutaneous primaries or cerebral metastases of melanoma, and, more recently, head and
neck and liver cancer (Barth et al., 2005; Pellettieri et al., 2008; Cordoso et al., 2007;
Dagrosa et al., 2007; Kankaaranta et al., 2007; Wittig et al., 2008).

The clinical success of BNCT depends on two factors: (i) selective targeting and delivery of
sufficient quantities of 10B atoms to tumor cells and (ii) a neutron flux sufficient to achieve
the required nuclear reaction while minimizing damage to healthy tissue. Early BNCT
clinical trials were disappointing since they failed to achieve either of these goals (Sweet
1997). However, significant advances in the modification of nuclear reactors and in
selectively tumor-seeking boron-containing agents have been made in recent years (Barth et
al., 2005; Soloway et al., 1998). To minimize damage to normal tissues, the quantity of
boron in tumor cells must exceed that found in surrounding normal cells by at least a factor
of three (Fairchild and Bond, 1985; Zamenhof et al., 1992). In BNCT, the cell killing
efficiency is enhanced by intranuclear localization of 10B, where the resulting fission
products have a greater probability of damaging the DNA (Gabel et al., 1987).
Consequently, the development of microanalytical techniques capable of accurately
analyzing subcellular concentrations at the parts-per-million (ppm) level of boron is
critically needed in BNCT. Single cell and subcellular measurements are also necessary for
understanding mechanistic aspects of boron delivery, as well as for identifying the
partitioning of boron between the blood and the tumor cells.

Although two BNCT agents, BPA and sodium borocaptate (BSH), are being used in clinical
trials in Europe and Japan focused on brain tumors, melanomas, head and neck tumors, and
liver metastases, there is increasing emphasis on the need of better tumor-targeting BNCT
agents (Barth et al., 2005; Kabalka and Yao, 2006; Li et al., 2006). It is believed that the
amino acids are preferentially taken up by growing tumor cells (Wittig et al., 2000). Efforts
at the University of Tennessee have focused on the synthesis of boronated unnatural amino
acids as potential boron carriers to tumor cells (Kabalka and Yao, 2006; Kabalka et al.,
2004). The logic for the synthesis of these boron carriers came from positron emission
tomography (PET) studies of glioblastoma multiforme (GBM) and metastatic malignant
melanoma patients using fluorine-18 labeled BPA and carbon-11 labeled 1-
aminocyclobutanecarboxylic acid (Hubner et al., 1988; Nichols et al., 2002). These studies
revealed that cyclic amino acids localize in GBM and metastatic malignant melanoma
tumors more avidly than BPA. The fact that 1-aminocycloalkanecarboxylic acids cross the
blood brain barrier (Aoyagi et al., 1988), provided further impetus to us for focusing on the
synthesis of boronated unnatural cyclic amino acids as boron carriers in BNCT with
potential for targeting the infiltrating glioblastoma cells in the normal brain.

In initial biodistribution studies in mice tumor models, three unnatural boronated amino
acids have shown significantly improved selectivity for targeting the tumor cells when
compared to BPA (Kabalka et al., 2004). The boron analogue of one of these unnatural
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amino acids, 1-amino-3-boronocyclopentanecarboxylic acid (ABCPC), has shown a tumor
to blood ratio of 8 and a projected tumor/normal brain ratio of nearly 21 (Kabalka et al.,
2004). The demonstrated boron delivery by this unnatural amino acid is far superior to that
of BPA and BSH, the compounds currently used in clinical BNCT. The present work
presents further isomeric separation and characterization of this compound for tumor
targeting in an EMT-6 murine mammary carcinoma mouse model and the T98G human
glioblastoma cell line.

2. Experimental section

Synthesis, separation, and biodistribution of 1-amino-3-boronocyclopentanecarboxylic
acid (ABCPC) in EMT-6 murine mammary carcinoma mouse model

The structure of boronated amino acids under study are shown in Fig. 1. BPA is listed as
Compound 1. Several boronated amino acids, Compounds 2—7 (Fig. 1), have been prepared
and their in vivo biodistribution determined in previous studies (Kabalka et al., 2004, Kablka
et al., 2001). The data for the cyclic five membered ring analogue, 5 (ABCPC), was striking,
exhibiting a nearly 22:1 ratio of boron concentration for tumor to brain at the two hour time
point, dropping to 7.3 after six hours (Kabalka et al., 2004). It is important to note that all of
the amino acids were synthesized as racemic and diastereomeric mixtures. For compounds
3, 4 and 5, four isomers were present in the injectate (cis and trans isomers along with each
of their enantiomers.) (Two stereoisomers (enantiomers) were present in each of the
injectates of 2, 6 and 7.) Thus, we reasoned that a single enantiomer of 4 and 5, as well as a
single isomer of 7 might exhibit enhanced selectivity and elevated concentrations in the
tumor. To test the hypothesis, we carried out preliminary studies in which compound 5 was
separated into two pairs of racemates, 8a, 8b and 9a, 9b (Fig. 2).

We were able to prepare the hydantoin precursor 10 to amino acids 8a, 8b and 9a, 9b using
their previously reported methodology (Aoyagi et al., 1988). Attempts to isolate the two
racemates by column chromatography on alumina were unsuccessful due to decomposition
of the borate ester. Fortunately, we discovered that the racemates (8a, 8b and 9a, 9b) could
be readily separated by recrystallization of the corresponding hydantoins using methanol as
solvent prior to hydrolysis. The stereochemistry of the enantiomeric pair 11a, 11b was
confirmed by x-ray crystallography. Hydrolysis of hydantoins, 11a and 11b, in the presence
of hydrochloric acid (12 M), gave amino acids 8 (a and b) and 9 (a and b), respectively (see
Fig. 3 for a synthesis scheme. For clarity, only one isomer of each racemic pair is shown.)

The racemic amino acids (8 and 9) were solubilized as the fructose complex following
procedures previously described for the amino acid BPA (Hubner et al., 1988). Briefly, 1
millimole of 8 or 9 was combined with 1.1 millimoles of fructose in ~1 ml of water. The pH
was adjusted by addition of 10 M NaOH, added dropwise with stirring, until the pH reached
9.5-10.0 and all solids dissolved. The pH was then adjusted to 7.4 with aqueous HCI. The
final volume was adjusted to 4 ml by addition of water and the solution was sterilized by
passage through a 0.22 um syringe filter. The boron concentration in the injection solutions
was 1.87 mg B/ml for isomer 8 and 2.12 mg B/ml for isomer 9. Both compounds contained
natural abundance boron. All boron concentrations quoted below represent the total boron
concentration.

The biodistribution of racemates 8 and 9 was evaluated in the EMT-6 murine mammary
carcinoma in collaboration with Dr. Jeffrey Coderre, Dr. Y. Chung, and Dr. K. Riley of the
Massachussetts Institute of Technology for carrying out the in vivo biodistribution studies on
compounds 8 and 9. Female BALB/c mice were injected subcutaneously on the flank with 1
x 108 EMT-6 tumor cells in a volume of 0.1 ml. After 8-10 days the tumors had reached a
diameter of ~5 mm and were used for the biodistribution study. Five tumor-bearing mice
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were used at each of the following time points: 1, 3, and 5 hours post injection. Each mouse
received an injection of 0.2 mL into the retro-orbital sinus while under brief isofluorane
anesthesia. At the indicated time points, the mice were euthanized by isofluorane overdose,
their blood removed directly from the heart, and tumor and normal tissues collected for
boron analysis.

Subcellular SIMS studies of ABCPC in T98G human glioblastoma cells

The T98G human glioblastoma cells were exposed for 1 hr to a nutrient medium containing
100 ppm boron equivalent of compound ABCPC as a mixture of both L and D-isomers in
the form of a fructose complex. Following this treatment, the cells were fast frozen, freeze-
fractured using our sandwich method, and freeze-dried prior to SIMS analysis (Chandra et
al., 1986; Chandra et al., 2000).

3. RESULTS & DISCUSSION

The biodistribution data for racemate 8 show no difference between tumor and blood at any
of the time points (Fig. 4). The boron concentration in liver is higher than that in tumor or
blood at 1 hour (tumor/liver boron concentration ratio ~0.4:1) and decreases to nearly the
blood level by 5 hours post-injection.

Racemate 9, however, shows a tumor boron concentration that is significantly greater than
blood at all time points (Fig. 5). At 1, 3 and 5 hours post-injection, the tumor/blood boron
concentration ratios for racemate 9 are 2.8 + 0.8, 2.4 + 0.6 and 1.8 £ 0.5, respectively. With
racemate 9, the normal tissues, skin and brain were similar to blood at 1 hour. The boron
concentration in liver was higher than that in tumor at 1 hour.

A direct comparison of the biodistribution of compound 9a (as a racemate) with published
literature on BPA and BSH in Balb/c mice bearing implanted EMT-6 mammary carcinomas
(Miura et al., 2001) is shown in Fig. 6 at the time of maximum concentration in the tumor.
These observations unequivocally show that the compound 9a is at least as efficient as BPA
in delivering boron to EMT-6 tumors but its time dependent uptake characteristics are quite
different than BPA (Fig. 5-6). It should also be noted that compound 9a delivered
approximately the same amount of boron to the tumor at the peak tumor concentration at 1
hr from less than one-half of the dose in comparison to BPA (Fig. 6). The compound 9a (as
a racemate) is clearly superior to BSH in delivering boron to EMT-6 tumors in mice. The
observations for boronated unnatural amino acids also indicate that these compounds, like
any other BNCT agents, will differ in tumor targeting depending on the type of tumor and
the ways of delivery (Barth et al., 2005; Miura et al., 2001).

Figure 7 contains examples of SIMS analyses of 1-amino-3-boronocyclopentane carboxylic
acid (ABCPC), using a mixture of both the L-and D-forms, in T98G human glioblastoma
cells. The high 39K and low 23Na signatures in individual cells indicate the absence of
toxicity to the cells and reveal healthy, well-preserved cells after treatment with ABCPC.
The cell nucleus is identified in one cell by a dotted black line in the 4°Ca and 11B images.
The characteristic lower concentrations of total calcium (both free and bound forms) in
nuclei of cells, as compared to the cytoplasm, clearly reveal the position of the nucleus in
each cell in the field of view. SIMS analysis reveals that the boron-11 from ABCPC is
present in all cells and is distributed with minor heterogeneity. The 11B is clearly present in
the nucleus of each cell. It should be noted that this distribution is distinctly different than
the boron distribution observed for BPA in this cell line (Chandra and Lorey, 2007). The
perinuclear, mitochondrial-rich region that distinctly shows lower boron concentrations from
BPA does not show this characteristic for ABCPC. The superiority of ABCPC for boron
delivery to T98G human glioblastoma cells is evident from the data in Table 1, as ABCPC
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delivers at least twice as much boron to cell interiors when compared to BPA, within 1 hr of
treatment. A similar comparison with BSH (not shown here, see data on BSH in Chandra et
al., 2002) also indicates ABCPC to be far superior in boron delivery to T98G cells within an
hour of exposure. Further isomeric separations of ABCPC may enhance boron delivery to
even higher levels than observed for the isomeric mixture.

4. Conclusion

The present study further characterizes boronated unnatural amino acids as new and more
efficient boron carriers to tumor cells. This preliminary study provides compelling support
for further isomeric separations and testing of these compounds in both in vitro and animal
tumor models at single cell resolution.
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Fig. 1.

Structures of BPA (1) and six boronated unnatural amino acids (2-7).
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Fig. 3.

Syntheses and separation of 8 and 9 (as racemates). Reagents and conditions: (a) CuCl,
BusP, DMF, rt; (b) (NH4)2CO3, KCN, EtOH/H,0 (1:1), 60 °C; (c) separation of
diastereoisomers 8a and 8b in methanol; (d) HCI (12 M), 150 °C
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Fig. 4.
Biodistribution of Compound 8a (as a racemate).
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Figure 5.
Biodistribution of Compound 9a (as a racemate).
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Boron Dose
Fig. 6.

A comparisons of boron concentrations in (mean + SD) in tumor, blood, and brain from
single injection of a boronated unnatural amino acid (compound 9a as a racemate), BPA,
and BSH at the time of maximum concentration in the tumor. Five mice were used for
observations on compound 9a.
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Fig. 7.

SIMS imaging of 39K, 23Na, 40Ca, and 11B subcellular distributions in T98G human
glioblastoma cells treated with 100 ppm boron equivalent of 1-amino-3-boronocyclopentane
carboxylic acid (ABCPC), a mixture of both L- and D- forms, as a fructose complex for 1
hr.
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