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Abstract Multimerization of peptides can improve the
binding characteristics of the tracer by increasing local
ligand concentration and decreasing dissociation kinetics.
In this study, a new bombesin homodimer was developed
based on an e-aminocaproic acid-bombesin(7-14) (Aca-
bombesin(7-14)) fragment, which has been studied for
targeting the gastrin-releasing peptide receptor (GRPR) in
prostate cancer. The bombesin homodimer was conjugated
to 6-hydrazinopyridine-3-carboxylic acid (HYNIC) and
labeled with **™Tc for SPECT imaging. The in vitro
binding affinity to GRPR, cell uptake, internalization and
efflux kinetics of the radiolabeled bombesin dimer were
investigated in the GRPR-expressing human prostate can-
cer cell line PC-3. Biodistribution and the GRPR-targeting
potential were evaluated in PC-3 tumor-bearing athymic
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nude mice. When compared with the bombesin monomer,
the binding affinity of the bombesin dimer is about ten
times lower. However, the 99mT Jabeled bombesin dimer
showed a three times higher cellular uptake at 4 h after
incubation, but similar internalization and efflux characters
in vitro. Tumor uptake and in vivo pharmacokinetics in
PC-3 tumor-bearing mice were comparable. The tumor was
visible on the dynamic images in the first hour and could be
clearly distinguished from non-targeted tissues on the static
images after 4 h. The GRPR-targeting ability of the **™Tc
labeled bombesin dimer was proven in vitro and in vivo.
This bombesin homodimer provides a good starting point
for further studies on enhancing the tumor targeting
activity of bombesin multimers.

Keywords GRPR - Bombesin homodimer -
Radiolabeled - Imaging - Prostate cancer - PC-3 -
*™T¢ - HYNIC - SPECT

Introduction

Prostate cancer is one of the most common cancers in men
in the USA and Europe (Ferlay et al. 2007; Jemal et al.
2008). In the course of the disease, bone metastases will
develop in the majority of cases with advanced prostate
cancer. This number will reach 90 % in patients with
castrate-resistant prostate cancer treated with chemother-
apy (Eisenhauer et al. 2009).

At present, there is an unmet need to measure response
to treatment of prostate cancer metastases in the skeleton.
With a specific radiotracer and specific target in the tumor,
positron emission tomography (PET) and single photon
emission computed tomography (SPECT) would be powerful
diagnostic tools in detection of prostate cancer.
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The gastrin-releasing peptide receptor (GRPR) is a
subtype of the bombesin receptor family. Mammalian
GRPR is preferentially expressed in non-neuroendocrine
tissues of the breast and pancreas and in neuroendocrine
cells of the brain, gastrointestinal tract and lung (Aprikian
et al. 1993; Price et al. 1984; Spindel et al. 1984; Track and
Cutz 1982; Xiao et al. 2001). It has also been shown that
GRPR is overexpressed in a large variety of human tumors,
including prostate, breast, renal and (non) small cell lung
cancer. Due to the enhanced expression of GRPR in
prostate cancer, GRPR is considered as a potential target
for the diagnosis, staging or treatment of prostate cancer.

Bombesin is a 14-amino acid peptide, which was first
isolated from the skin of frogs in the 1970 (Erspamer et al.
1970). Bombesin and its mammalian counterpart share
seven identical amino acid residues at the C-terminal,
which was identified as the binding domain of the bom-
besin receptor (McDonald et al. 1979).

Radiolabeled bombesin analogs have proven their
GRPR-binding ability in several cancer cell lines and
various tumor models (Zhang et al. 2006; Shi et al. 2008;
Ait-Mohand et al. 2011; Liu et al. 2009d). Previously, an
e-aminocaproic acid (Aca) modified bombesin analog was
labeled with '®F and the compound was evaluated in a
prostate cancer animal model (Zhang et al. 2006).
Although 18F-FB-Aca-bombesin(7—14) showed its ability
to target GRPR in an animal model, due to the lipophilic
character of the tracer, detection of the orthotopic prostate
cancer was hampered by high abdominal background
levels.

Recently, we developed HYNIC conjugated Aca-
BN(7-14) and labeled it with *™Tc for SPECT imaging of
prostate cancer in an animal model (Ananias et al. 2011).
Compared to 8E_FB-Aca-bombesin(7-14), *™Tc-HY-
NIC(Tricine/TPPTS)-Aca-BN(7-14) (*™Tc-HABN) showed
reduced abdominal background and improved tumor-to-
normal tissue (T/NT) contrast (tumor-to-muscle ratio from
lower than 5 increased to 13.9 £ 5.9 at 1 h post-injection)
on SPECT images.

While most bombesin-like peptides are monomers, we
applied the dimerization technology and synthesized a new
dimeric bombesin with two identical Aca-bombesin(7-14)
units. Multivalent interactions are frequently found in
nature where they increase the affinity of weak ligand-
receptor interactions such as in the DNA-DNA duplex
formation by multiple weak interactions between individ-
ual complementary nucleotides, or the typical Y-shaped
antibody composed of two heavy chains and two light
chains which are joined by disulfide linkages (Kramer and
Karpen 1998; Handl et al. 2004; Mulder et al. 2004; Vance
et al. 2008). Multivalent structures have become a strategy
for the development of drugs and diagnostic agents. It has
been shown by several research groups that multivalent
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compounds are able to enhance the interaction between the
ligand and corresponding receptor (Joosten et al. 2004; Liu
et al. 2011; Chang et al. 2011; Dijkgraaf et al. 2007, 2011,
Shi et al. 2009). One of the most prominent examples is
multivalent arginine-glycine-aspartic acid (RGD) analogs.
Several isotopes (99mTc, Uiy, 18F, 68Ga, etc.) and chela-
tors (HYNIC, DOTA, DTPA, etc.) have been applied for
the preparation of dimeric and tetrameric RGD tracers (Liu
et al. 2011; Chang et al. 2011; Dijkgraaf et al. 2007, 2011;
Shi et al. 2009). The binding affinity is significantly
increased at higher orders of binding valency, a principle
usually referred to as avidity. The aim of this study is to
investigate the GRPR-targeting characteristics of the
bombesin homodimer as a potential imaging agent for
prostate cancer.

Materials and methods
Chemicals

Tricine (N-(tri(hydroxymethyl)methyl)glycine) was pur-
chased from Sigma/Aldrich (St. Louis, Missouri, USA).
Trisodium triphenylphosphine-3,3’,3"-trisulfonate (TPPTS)
was purchased from Alfa Aesar (Karlsruhe, Germany).
Both were used without further purification. The peptide
Glu[Aca-BN(7-14)], was provided by Peptides Interna-
tional (Louisville, KY, USA). Na”*™TcO, was eluted from
the “’Mo/**™Tc generator MTcG-4 (IAE Radioisotope
Centre POLATOM, Swierk, Poland). '*’I-Tyr*-BN was
obtained from Perkin-Elmer Life and Analytical Sciences
(Waltham, Massachusetts, USA).

Equipment

Semi-preparative reversed-phase high-performance liquid
chromatography (RP-HPLC) was performed on a HITACHI
L-2130 HPLC system (Hitachi High Technologies America
Inc., Pleasanton, CA, USA) equipped with a Bicron
Frisk-Tech area monitor. Isolation and quality control of
9MHYNIC(Tricine/TPPTS)-Glu[Aca-BN(7-14)], (**™Tc-
HABN,) were performed using a Phenomenex reversed-
phase Luna CI18 column (10 mm x 250 mm, 5 pm)
(Torrance, California, USA). The flow was set at 2.5 mL/min
using a gradient system starting from 90 % solvent A
(0.01 M phosphate buffer, pH 6.0) and 10 % solvent B
(acetonitrile) (5 min) and ramped to 45 % solvent A and
55 % solvent B at 35 min (HPLC method 1).

HPLC method 2 used a LabAlliance semi-preparative
HPLC system equipped with a UV-Vis detector
(A =254 nm) and Zorbax CI18 semi-prep column
(9.4 mm x 250 mm, 100 A pore size). The flow rate was
2.5 mL/min. The mobile phase was isocratic with 60 %
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solvent A (0.1 % acetic acid in water) and 40 % solvent B
(0.1 % acetic acid in acetonitrile) at 0—5 min, followed by
a gradient mobile phase going from 60 % solvent A and
40 % solvent B at 5 min to 20 % solvent A and 80 %
solvent B at 30 min.

HPLC method 3 used a LabAlliance semi-preparative
HPLC system equipped with a UV-Vis detector
(4 = 254 nm) and Zorbax C18 semi-preparative column
(9.4 mm x 250 mm, 100 A pore size). The flow rate was
2.5 mL/min. The gradient mobile phase goes from 90 %
solvent A (0.1 % acetic acid in water) and 10 % solvent B
(0.1 % acetic acid in acetonitrile) at O min to 75 % solvent
A at 5 min, followed by a gradient mobile phase going
from 75 % solvent A to 65 % solvent A at 40 min.

Synthesis of HYNIC-Glu[Aca-BN(7-14)],

Sodium succinimidyl 6-(2-(2-sulfonatobenzaldehyde)hy-
drazono)nicotinate (HYNIC-NHS) was prepared according
to the method in literature (Harris et al. 1999).

HYNIC-NHS (21.8 mg, 50 pmol) and Glu[Aca-
BN(7-14)], (5.8 mg, 2.6 umol) were dissolved in 1.5 mL
of DMF. The pH was adjusted to 8.5-9.0 with DIPEA. The
mixture was stirred for 7 days at room temperature to make
sure that the reaction was complete as indicated by the
disappearance of the peptide peak. The product was puri-
fied by HPLC (method 1). The peak of interest at ~28 min
was collected. The collected fractions were combined, and
lyophilized to obtain 1.7 mg product, which was re-purified
by HPLC (method 2). The fraction at ~32.5 min was
collected. Lyophilization of the collected fractions gave the
final product 0.8 mg (13 %) with a purity >95 % by
HPLC. ESI-MS: C] 14H161N3302753, calculated 2,5219,
observed 2,522 (IM+H] ™).

Radiochemistry

100 pL. of the HYNIC-Glu[Aca-BN(7-14)], solution
(1 mg/mL in H,O), 100 pL of tricine solution (50 mg/mL
in 25 mM succinate buffer, pH 5.0), 100 L. of TPPTS
solution (50 mg/mL in 25 mM succinate buffer, pH 5.0),
5 pL of SnCl, solution (3.0 mg/mL in 0.1 N HCl) and
100 pL of NagngcO4 (370 MBgq) in saline were added to a
1.5 mL Eppendorf cup. The Eppendorf cup containing the
reaction mixture was sealed and heated at 95 °C for
20 min. After cooling to room temperature, the mixture
was purified by HPLC (method 1). The product was then
passed through a Waters Sep-Pak CI18 light cartridge.
99mT:. HABN, was eluted with ethanol (0.4 mL) and
diluted with saline solution for in vitro and in vivo
experiments. A sample of the resulting solution was ana-
lyzed by the same HPLC system (method 1).

Partition coefficient

The partition coefficient was determined using the method
described previously (Ananias et al. 2011). The tracer was
dissolved in a mixture of 0.5 mL n-octanol and 0.5 mL
25 mM phosphate buffer (pH 7.4) and well mixed for
5 min at room temperature. Then the mixture was centri-
fuged at 3,000 rpm for 5 min; 100 pL samples were
obtained from n-octanol and aqueous layers. All samples
were counted in a y-counter (Compugamma CS1282, LKB-
Wallac, Turku, Finland). The log D value is reported as an
average of three different measurements.

In vitro stability

The tracer was dissolved in 1 mL saline or L-cysteine
solution (1 mg/mL), incubated at room temperature and
analyzed by HPLC (method 1) at 1, 2, 4, 6, and 24 h post-
incubation.

Human serum from healthy donors was incubated at
37 °C with gngc-HABNz for different time periods (1, 2,
4, 6, 24 h). After incubation, a sample of 250 pL was
precipitated with 750 pL acetonitrile/ethanol (Vcetoniite/
Vethanot = 1:1) and then centrifuged (3 min at 3,000 rpm),
the supernatants were passed through a Millex-LG filter
(Millipore, Co. Cork, Carrigtwohill, Ireland) and afterward
analyzed by HPLC (method 1). Results were plotted as
radiochemical purity (RCP) at different time points.

Cell culture

The GRPR-positive human prostate cancer cell line PC-3
(ATCC, Manassas, Virginia, USA) was cultured in RPMI
1640 (Lonza, Verviers, France) supplemented with 10 %
fetal calf serum (Thermo Fisher Scientific Inc., Logan, UT,
USA) at 37 °C in a humidified 5 % CO, atmosphere.

In vitro competitive receptor binding assay

The in vitro GRPR binding affinities of Glu[Aca-BN(7-14)],
and HYNIC-Glu[Aca-BN(7-14)], were assessed via a
competitive displacement assay with '**I-Tyr*-BN(1-14) as
the GRPR-specific radioligand. Experiments were per-
formed with PC-3 human prostate cancer cells according to a
method previously described (Ananias et al. 2011). The
50 % inhibitory concentration (ICsg) values were calculated
by fitting the data with nonlinear regression using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Experiments were performed with triplicate samples. 1Csq
values are reported as an average of these samples plus the
standard deviation (SD).
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Cellular uptake studies

One day prior to the assay, PC-3 cells at confluence were
placed in six-well plates (0.5 million cells/well). The cells
were washed twice with PBS solution before using for the
experiments. *™Tc-HABN or **™Tc-HABN, (0.0037 MBg/
well) was incubated with cells at 37 °C for 0, 15, 30, 45,
60, 90, 120 or 240 min in triplicate to allow for cellular
uptake; 20 pg of unlabeled Glu[Aca-BN(7-14)], was
co-incubated with “*™Tc-HABN or “’™Tc-HABN, in
blocking groups. To remove unbound radioactivity, the
cells were washed twice with ice-cold PBS and the cells
were lysed by incubation with 1 M NaOH at 37 °C. The
resulting lysate in each well was aspirated to determine the
uptake of activity with a y-counter. Results are expressed as
percentage of incubated radioactivity (mean &+ SD).

Internalization and efflux studies

For the internalization study, 1 million PC-3 cells were
placed in six-well plates before the experiments and kept at
37 °C overnight. The cells were washed with PBS and then
incubated with *™Tc-HABN, (0.0037 MBg/well) for 2 h
at 4 °C. To remove unbound radioactivity, the cells were
washed twice with ice-cold PBS and incubated with the
pre-warmed culture medium at 37 °C for 0, 5, 15, 30, 45,
60, 90 and 120 min in triplicate to allow for internalization.

To remove cell surface-bound radiotracer, the cells were
washed twice for 3 min with acid (50 mM glycine-HCl/
100 mM NaCl, pH 2.8). The acid solution was collected
and measured with a y-counter. The results were collected
as the surface-bound activity. Subsequently, the cells were
lysed by incubation with 1 M NaOH at 37 °C and the
resulting lysate in each well was measured to determine the
internalized radioactivity with a y-counter. Results are
expressed as the percentage of total radioactivity (inter-
nalized activity/(surface-bound activity + internalized
activity)), (mean + SD).

For the efflux study, 1 million PC-3 cells were placed in
six-well plates 1 day before the experiments and kept at
37 °C. The cells were washed with PBS and then incubated
with *™Tc-HABN, (3.7 kBg/well) for 1 h at 37 °C to
allow for maximum internalization. To remove unbound
radioactivity, the cells were washed twice afterward with
ice-cold PBS and then incubated in the pre-warmed culture
medium at 37 °C for 0, 15, 30, 45, 60, 90, 120 and 240 min
in triplicate to allow for externalization. To remove cell
surface-bound radiotracer, the cells were washed twice for
3 min with acid (50 mM glycine-HC1/100 mM NaCl, pH
2.8). Then, the cells were lysed by incubation with 1 N
NaOH at 37 °C, and the resulting lysate in each well was
aspirated to determine the remaining radioactivity in
a y-counter. Results are expressed as the percentage of
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maximum intracellular radioactivity (remaining activity at
specific time point/activity at time point 0) (mean £ SD).

Animal model

In the PC-3 tumor model, 2 x 10° PC-3 cells (suspended
in 0.1 mL sterile saline) were subcutaneously injected into
the left front flank of male athymic mice (Harlan, Zeist,
The Netherlands). During the injection, animals were
anesthetized with a gas composed of ~3.5 % isoflurane in
an air/oxygen mixture. The mice were used for biodistri-
bution experiments and microSPECT and CT imaging
when the tumor volume reached a mean diameter of
0.8-1.0 cm (typically 3—4 weeks after tumor inoculation).

All animal experiments were performed in accordance
with the regulations of Dutch law on animal welfare and
the institutional ethics committee for animal procedures
approved the protocol.

MicroSPECT imaging and biodistribution

The subcutaneous tumor-bearing mice were separated into
four groups (4 animals per group) and used for imaging and
biodistribution when the tumor volume reached
250-300 mm> (4-5 weeks after inoculation).

MicroSPECT scans were performed on a three-head
y-camera (MILabs, U-SPECT-II, Utrecht, The Nether-
lands) equipped with a multi-pinhole high-resolution
collimator. For the microSPECT scans, ~30 MBq *™Tc-
HABN, was administered by penis vein injection under
isoflurane anesthesia; 60 min of dynamic microSPECT
data were acquired immediately after injection. Mice
(group 1) that were used for dynamic scanning were killed
directly after the scan with an overdose of isoflurane
anesthesia. CT scan and biodistribution were performed
afterward. Blood, tumor, major organs and tissue samples
were collected, weighed and counted with y-counter. The
percentage of injected dose per gram (%ID/g) was deter-
mined for each sample. For each mouse, radioactivity of
the tissue samples was calibrated against a known aliquot
of radiotracer.

For static imaging, mice were killed at four (group 2)
and 24 h (group 3) after injection. Afterward, 60 min
microSPECT and microCT images were acquired. Bio-
distribution was performed as described above.

For the receptor-blocking experiment 300 pg of unla-
beled Aca-BN(7-14) was pre-injected 30 min before the
tracer injection. The animals of the blocking group (group
4) were killed and 60-min static microSPECT and CT
images were acquired at 4 h after tracer injection. Biodis-
tribution was performed after the CT scan.

Images were reconstructed by using U-SPECT-Rec v
1.34i3 (MILabs, Utrecht, the Netherlands) with a pixel-
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based ordered-subsets expectation maximum (POSEM)
algorithm. Final images were 1 mm slices, made with
Amide 0.9.1 (open source software).

Statistical analysis

Quantitative data are expressed as mean + SD. Means
were compared using the Student’s ¢ test. p values <0.05
were considered as significant.

Results

Synthesis, radiolabeling, partition coefficient
and in vitro stability

9MTc-HABN, (Fig. 1) was prepared at 95 °C with moderate
labeling yield (>80 %). After purification, the RCP was higher
than 95 %. The specific activity was ~17.4 £ 9.7 GBg/pmol
(n="17). 99mTC-HABN2 was well separated from precursor
using HPLC system. The retention time (HPLC method 1) of
9mTc-HABN, and HYNIC-Glu[Aca-BN(7-14)], was around
28 and 24 min, respectively.

The partition coefficient was determined in a mixture of
n-octanol and phosphate buffer (pH 7.4). The log D value
of ™ Tc-HABN, was —1.54 & 0.16. The in vitro stability of
9911“Tc-HABNz was evaluated in saline, human serum and in the
presence of excess L-cysteine (1.0 mg/mL, pH 7.4) (Fig. 2).
PMTc_HABN, was stable in the presence of excess L-cysteine
and human serum for at least 4 h (RCP > 95 %). The RCP of
9MTc-HABN, in serum slowly decreased to ~ 84 % after 24 h.

Oala  $0,4Na

Fig. 1 99mTC—HYNIC(Tricine/TPPTS)—Glu[Acal—BN(7—14)]2

In vitro competitive receptor binding assay

Using '*I-Tyr*-BN(1-14) as GRPR-specific radioligand,
the binding affinities of Glu[Aca-BN(7-14)], and HYNIC-
Glu[Aca-BN(7-14)], for GRPR were compared via an in
vitro competitive binding assay. Results are plotted as
sigmoid curves for the displacement of '**I-Tyr*-BN(1-14)
as a function of increasing concentrations of Glu[Aca-
BN(7-14)], and HYNIC-Glu[Aca-BN(7-14)], (Fig. 3).
The ICsqy values were found to be 31.4 + 0.4 nM and
63.4 £ 11.7 nM for Glu[Aca-BN(7-14)], and HYNIC-
Glu[Aca-BN(7-14)],, respectively.

Cellular uptake studies

The in vitro uptake of *™Tc labeled bombesin monomer
and dimer in PC-3 cells are shown in Fig. 4. Compared to
9mTc HABN, *™Tc-HABN, has slower cellular uptake
within 30 min of incubation, but keeps accumulating in
PC-3 cells over the 4 h experiment period. The highest
cellular uptake for **™Tc-HABN and “*"Tc-HABN, is
10.9 £ 0.7 % (1 h post-incubation) and 32.5 & 1.8 % (4 h
post-incubation) of added radioactivity, respectively.
Co-incubation with excess unlabeled bombesin signifi-
cantly reduced the cellular uptake of both tracers (<1 % of
added activity was belonging to non-specific uptake).

Internalization and efflux studies

The internalization study depicted in Fig. Sa showed rapid
internalization of **™Tc-HABN, into PC-3 cells within

o % H# [:I/H\(O N S
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Fig. 2 In vitro stability of 9QmTc—HABNz in saline (at room
temperature), human serum (at 37 °C) and vr-cysteine (at room

temperature). Results are plotted as the radiochemical purity at
different time points

|

754

—— GU[Aca-BN(7-14), o
—=— HYNIC-Glu[Aca-BN(7-14)],
0 T T T

-10 9 8 7 v 5

Log[M]

Fig. 3 Inhibition of '*°I-[Tyr*]-BN(1-14) binding to GRPR on PC-3
cells by Glu[Aca-BN(7-14)], and HYNIC-Glu[Aca-BN(7-14)],. Log
[M] = log of increasing concentration (mol/L) of Glu[Aca-
BN(7-14)], and HYNIC-Glu[Aca-BN(7-14)],

Binding ratio of '*§.[Tyr‘}-BN(1-14)(%)

5 min of incubation. The portion of intracellular activity
reached a plateau at 15 min post-incubation and 80 % of
cell bound activity internalized into the cells.

The results of the efflux study is shown in Fig. 5b. For
mTc-HABN,, steady efflux was observed within 2 h of
incubation. About 60 % of the intracellular radioactivity
was maintained in the cells at the end of the 4 h experiment
period. The efflux half-life of **"Tc-HABN, was 84 min.

Biodistribution experiments
Biodistribution of **™Tc-HABN, was evaluated in athy-

mic nude mice bearing subcutaneous PC-3 tumors after
performing the microSPECT and CT scans. The results
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Fig. 4 Cellular uptake assay of “*"Tc-HABN and *™Tc-HABN, in
PC-3 cells. The cellular uptake results were expressed as percentage
added dose (n = 3, mean + SD)
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Fig. 5 Internalization (a) and efflux (b) kinetics of 99mTc_HABN, in
PC-3 cell line (n = 3, mean + SD)

are shown in Fig. 6. Tumor uptake of **™Tc-HABN, was
1.58 £ 0.18 %ID/g at 60 min after injection, with a
steady decrease to 0.47 £ 0.13 %ID/g at 24 h after
injection. The highest radioactivity uptake (15.1 + 6.4
%ID/g) in kidney was observed at 4 h post-injection.
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The tracer has low blood uptake and was cleared from
blood rapidly. The uptake of **"Tc-HABN, in non-tar-
geting organs (except kidney and pancreas) such as liver,
bone and intestines was lower than 3 %ID/g and washed
out rapidly. Due to the slower washout from tumor
compared to normal tissue, the T/NT ratio increased
during the 24 h experiment period. The tumor-to-muscle
ratio increased from 3.7 & 1.1 at 1 h after injection to
24.1 £ 21.5 at 24 h after injection.

For determining the specificity of *™Tc-HABN, bind-
ing to GRPR, an excess of unlabeled Aca-BN(7-14)
(300 pg/mouse) was injected before the tracer injection. At
4 h post-injection, the radioactivity accumulation was
substantially reduced in tumor (from 0.8 £ 0.3 to

A 25
mm 1 npostinjection
2 B ¢ hpost jection
mm 2¢hposthpcton
15
on
a
E# 4

5
o & -9 & < ] ] ] &
of & & & O ej@fefﬁ o @.aqsgf
& s
C 4
WS DbXingagent
3 [ Wk bloXing agent

%Iy

PSS
‘,Q

Fig. 6 a Biodistribution of 99mTe HABN, at 1, 4, 24 h post-injection
in athymic nude mice bearing subcutaneous PC-3 tumor (mean £+ SD
%ID/g), b T/NT ratio of **"Tc-HABNj, at 1, 4, 24 h post-injection
(mean &+ SD), ¢ biodistribution of °*™Tc-HABN, at 4 h post-

0.4 £ 0.1 %ID/g) and pancreas
3.1 £ 0.2 %ID/g).

(from 9.6 £7.6 to

MicroSPECT imaging

Typical microSPECT images of PC-3 tumor-bearing mice
at different time points after tracer injection are shown in
Fig. 7. The tumors were clearly visible from static miro-
SPECT images acquired at 4 h after injection of **™Tc-
HABN, (b). Prominent uptake of **™Tc-HABN, was also
observed in the kidneys and pancreas at all images during
the 4 h experiment period (a, b). With excess blocking
agent (Aca-BN(7-14), 300 pg/mouse), significant reduc-
tion of tumor uptake was observed from the images of the

B
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8
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injection with and without blocking agent (mean &+ SD %ID/g),
d uptake of *™Tc-HABN, in kidney and pancreas at 4 h post-
injection with and without blocking agent (mean £ %ID/g). *Statis-
tically significant difference (p < 0.05)
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blocking group(c), but kidney and bladder (urine) uptake
remained high.

Discussion

Dimerization was applied to evaluate a new dimeric
bombesin with two identical Aca-bombesin(7—14) units for
its GRPR-targeting characteristics as a potential imaging
agent for prostate cancer. A side by side comparison of the
in vitro and in vivo behavior of monomer and dimer is
listed in Table 1.

In a comparative binding assay, bombesin dimer
replaced 50 % binding of '*I-tyr*-BN(1-14) from the
GRP receptors in relatively higher nanomolar concentra-
tion (31.4 &+ 0.4 nM) than the corresponding monomer
(Ananias et al. 2011). HYNIC conjugation showed similar
slightly negative effect on binding affinity of HYNIC-
Glu[Aca-BN(7-14)],. The additional Aca-BN(7-14) motif
and the linker may not be sufficiently flexible to fit in the
binding pocket of the GRP receptor as compared to the
monomer. The linker may be too short, thereby causing
steric hindrance upon binding of the molecule to the
receptor. However, the ICsy of HYNIC-Glu[Aca-
BN(7-14)], is still in an acceptable range. Thus, we deci-
ded to label bombesin homodimer with **™Tc for in vitro
and in vivo characterizations.

Although development of PET facilities and radiotracers
for PET imaging is blooming nowadays, developing new
tracers for SPECT imaging is still important because of the
availability of SPECT in most areas all over the world. Due
to the favorable radioisotope characters and widespread
clinical use, we chose to use the y-emitting isotope *™Tc.
As we reported in previous study (Ananias et al. 2011), the
HYNIC/tricine/TPPTS complex was used to serve as che-
lator for our new tracer because of its high labeling effi-
ciency (rapid and high yield radiolabeling), high solution
stability and relatively easy use (Shi et al. 2008; Ananias
et al. 2011; Liu et al. 2008). It was also chosen because of
its hydrophilic character leading to the preferred excretion

route via the renal-urinary system. Although urinary
activity can limit the clinical use in the pelvic and retro-
peritoneal areas, this limitation will not be relevant for
evaluation of metastases in the skeleton.

%mTc-HABN, was prepared with high purity. Due to
the same *°™Tc labeling core, monomer and dimer shared
similar character in labeling, hydrophilicity and solution
stability in saline, cysteine and human serum. However, we
noticed that several days of incubation was necessary to
complete the conjugation of the HYNIC chelator to the
bombesin homodimer due to the position of active glutamic
acid. The slightly lower rate of **™Tc-HYNIC(Tricine/
TPPTS)-Glu[Aca-BN(7-14)], complex construction may
be caused for the same reason.

The in vitro cellular uptake, internalization and efflux
kinetics were evaluated using the GRPR-expressing human
prostate cancer cell line PC-3. Although the binding
affinity of bombesin homodimer was ten times lower than
monomer, the specific accumulation of 9911“Tc—HABNz
showed almost a linear increase during 4 h of experiment
period with the highest cellular uptake of 32.5 + 1.8 %
added activity (threefold as high as that of **™Tc-HABN),
whereas that of *"Tc-HABN reached an uptake plateau in
30 min, which may be due to the higher bombesin “local
concentration” of the homodimer in the vicinity of the
receptor. In the in vitro competitive receptor binding assay,
PC-3 cells were incubated with the bombesin ligands for
1 h to allow for the replacement of the GRPR-bound of
25Ltyr*-BN(1-14). Cellular uptake of °°™Tc-HABN,
gradually increased over time and became higher than
9mTc-HABN only after 1 h post-incubation. This finding
indicated that *™Tc-HABN, may be more suitable for
cancer imaging at later time points (for example 4, 24 h
p-i.). Therefore, we decided to evaluate the biodistribution
and SPECT imaging characters of radiolabeled homodimer
in a human prostate cancer xenograft bearing mouse animal
model till 24 h post-injection.

For *™Tc-HABN and “*™Tc-HABN,, tumors were
visualized in the first time frame of microSPECT image at
10 min post-injection. It reflected the rapid receptor

Fig. 7 Dynamic coronal microSPECT images of **"Tc-HABN, on
PC-3 tumor-bearing athymic mice during first hour after injection
without blocking agent (a) (10 min/frame). Static coronal, sagittal
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Table 1 Comparison of the in vitro and in vivo behavior of bombesin
monomer (Ananias et al. 2011) and dimer

PMTe.HABN  *°"Tc¢-HABN,
ICso (nM)* 12.81 &+ 1.34  63.40 &£ 11.70
In vitro stability (in human serum) Stable at 6 h  Stable at 6 h
Log D value —1.60 £ 0.06 —1.54 £ 0.16
Highest cellular uptake (% of 10.9 £ 0.7° 325 £ 1.8°

incubation dose)
Half-life of efflux (min) 37 84

Tumor uptake (%ID/g) 1.51 £ 0.38 1.58 £0.18
Kidney uptake (%ID/g) 6.39 £ 0.83 10.07 +£ 1.76
Pancreas uptake (%ID/g) 892 + 1.74 11.26 £+ 4.11
Tumor-to-muscle ratio 13.92 3.70

Uptake values (in %ID/g) and T/NT ratios are determined in several
organs and PC-3 tumor at 1 h p.i. unless stated otherwise

% ICsy determined with HYNIC conjugations (HYNIC-Aca-
BN(7-14) or HYNIC-Glu[Aca-BN(7-14)],)

® Cellular uptake value determined at 1 h post-incubation
¢ Cellular uptake value determined at 4 h post-incubation

binding and internalization via GRPR. The slightly higher
tumor uptake of ““™Tc-HABN, (0.78 & 0.26 %ID/g)
compared to **™Tc-HABN (0.67 & 0.26 %ID/g) at 4 h
post-injection could be attributed to the combination of
higher cellular uptake, slower efflux and molecular size
effect. Instead of steady decreases over time, the uptake of
99mTc_HABN, remains constantly high (11.2 + 4.9 %ID/g
at 24 h post-injection) in the pancreas which may be
because of the same reasons.

Not only in the GRPR-expressing tissues, but also in the
non-GRPR tissues the **™Tc-HABN, showed a longer
retention compared to °**™Tc-HABN. The apparent increase
in molecular size resulted in an increased circulation time
and slower clearance of the bombesin dimer. The accu-
mulation in blood for > Tc-HABN, was four times higher
as that for “™Tc-HABN at 1 h post-injection. Although
T/NT ratios were constantly increasing due to the slower
excretion of *™Tc-HABN, in tumor than in non-target
tissues (Fig. 6), it was well feasible to visualize the tumor
with the SPECT images till 4 h post-injection. The contrast
of tumor in SPECT images is expected to be better at 24 h
post-injection, but due to the short half-life of 99mTe it was
not possible to perform the SPECT scan at 24 h post-
injection.

Because of the doubled positive charge from 2 Aca-
BN(7-14) motifs, the radioactivity accumulation of 9me.
HABN; in kidney remains at high level within 24 h, with
the highest accumulation of 15.1 + 6.4 %ID/g at 4 h post-
injection and decrease to 4.7 £ 0.9 %ID/g at 24 h. The
high radioactivity accumulation in kidney and urine
observed from SPECT imaging and/or biodistribution

results indicates that the 99mTc-HABNz was excreted
through the renal-urine pathway which is consistent with
other *™Tc-HYNIC-peptides.

The agonist property of *™Tc-HABN, was confirmed
by its rapid internalization. Although it is still unclear
which of the agonists and antagonists are more suitable for
the imaging of GRPR-expressing cancer, a few radiola-
beled bombesin antagonists, such as demobesin-1
(Schroeder et al. 2010), have already showed their supe-
riority to agonists in tumor accumulation, retention of
radioactivity and in vivo pharmacokinetics. Compared to
those antagonists, °°™Tc-HABN, exhibited comparable
tumor accumulation, but less favorable pharmacokinetics.
Further studies which focus on improving the binding
affinity and pharmacokinetics of bombesin homodimer are
underway.

Recently, a series of radiolabeled arginine-glycine-
aspartic acid—bombesin (RGD-BBN) heterodimers for the
GRPR targeting were reported (Liu et al. 2009a, b, c, d; Li
etal. 2008). Those heterodimers aim at targeting two types of
receptors simultaneously, to enhance tumor contrast when
either or both receptor types are expressed. Inthe RGD-BBN
heterodimer molecule containing one bombesin motif and
one RGD motif, the RGD motif is responsible for targeting
integrin o, f3-receptors which are upregulated on activated
tumor endothelial cells and also highly expressed on some
tumor cells such as glioblastoma, breast and prostate tumors,
malignant melanomas and ovarian carcinomas (Hynes
2002). Compared to the bombesin monomer or RGD
monomer, the heterodimer shows a synergistic effect for in
vivo PC-3 tumor targeting in an animal model (Li et al.
2008). However, using heterodimers, the target specificity of
the SPECT or PET image is lost, but general detection of
tumor lesions may be improved. The RGD-BBN heterodi-
mer labeled with radiometals (°*Ga and ®*Cu) showed higher
background than 18E_labeled tracer, but slower washout and
higher tumor uptake in nude mice bearing breast tumors (Liu
et al. 2009d). It is worth exploring the potency of different
radioisotopes and chelators on the binding properties and
pharmacokinetics of bombesin homodimers.

Within 99mTc-HABNz, two identical bombesin ligands
were conjugated with glutamic acid. Based on the results
described in this paper, it is not possible for the two
bombesin moieties to bind to GRPR simultaneously. It
would be interesting to investigate the effects of linkers
with differences in length, lipophilicity and flexibility, on
the in vitro and in vivo behavior of the tracer.

Conclusions

We successfully developed a *™Tc-labeled homodimeric
bombesin tracer which showed binding with acceptable
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affinity and specificity to the GRP receptor-positive PC-3
prostate cancer cells in vitro and in vivo. Moreover, we have
shown its ability for tumor imaging. Further studies on
modification of homodimeric bombesin are required. The
current dimer is a useful lead compound for this purpose.
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