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The overexpression of gastrin-releasing peptide receptor
(GRPR) in various tumor types suggests that GRPR is an attrac-
tive target for cancer imaging and therapy with radiolabeled
bombesin analogs. We recently reported the ability of 18F-
labeled RGD-bombesin heterodimer to be used for dual integrin
a,Bs— and GRPR-targeted imaging. To further investigate the
synergistic effect of the dual-receptor targeting of peptide hetero-
dimers, we evaluated 6*Cu-labeled RGD-bombesin for PET imag-
ing of tumors. Methods: RGD-bombesin was coupled with
1,4,7,10-tetraazacyclododecane-N, N', N'’, N''’-tetraacetic acid
(DOTA) and 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA),
and the conjugates were labeled with 64Cu. The in vitro and in
vivo characteristics of 4Cu-NOTA-RGD-bombesin were com-
pared with those of 64Cu-NOTA-RGD, 4Cu-NOTA-bombesin,
and 84Cu-DOTA-RGD-bombesin. Results: 64Cu-NOTA-RGD-
bombesin and 8*Cu-DOTA-RGD-bombesin had comparable
dual integrin «,B3— and GRPR-binding affinities in vitro, both of
which were slightly lower than RGD for integrin binding and bom-
besin for GRPR binding. $4Cu-NOTA-RGD-bombesin possessed
significantly higher tumor uptake than did $4Cu-NOTA-RGD,
84Cu-NOTA-bombesin, the mixture of 64Cu-NOTA-RGD and
64Cu-NOTA-bombesin, or 84Cu-DOTA-RGD-bombesin in PC-3
prostate cancer. 84Cu-NOTA-RGD-bombesin also showed im-
proved in vivo kinetics such as lower liver and intestinal activity
accumulation than did the bombesin tracers. 84Cu-NOTA-
RGD-bombesin also outperformed ¢4Cu-NOTA-RGD in a 4T1
murine mammary carcinoma model that expresses integrin on
tumor vasculature but no GRPR in tumor tissue, which had no
uptake of 84Cu-NOTA-bombesin. Conclusion: Compared with
other tracers, $4Cu-NOTA-RGD-bombesin showed favorable in
vivo kinetics and enhanced tumor uptake, which warrants its fur-
ther investigation for targeting tumors that express integrin or
GRPR or that coexpress integrin and GRPR for imaging and ther-
apeutic applications. The synergistic effect of RGD-bombesin
heterodimers observed in this study also encourages further in-
vestigations of novel heterodimers recognizing other cell surface
receptors for tumor targeting.
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Bombesin is a 14-amino-acid peptide that was originally
purified from amphibian skin (/). The bombesin receptors,
in particular the gastrin-releasing peptide receptor (GRPR)
subtype, were found to be overexpressed in several types of
human cancer, such as lung cancer, colon cancer, gastric
cancer, pancreatic cancer, breast cancer, and prostate cancer
(2,3). The relatively low expression of GRPR in normal
tissues and increased expression in the cancer tissues has
validated GRPR as a target for cancer detection and treat-
ment. In recent years, a series of bombesin and analogs was
labeled with various isotopes such as **™Tc, !In, %*Cu,
77Lu, 8F, or ®8Ga and investigated for GRPR-positive
tumor-targeted imaging and therapy in both animal models
and human trials (4-8).

Recently, we synthesized a bombesin-RGD heterodimer
from GRPR-specific bombesin (bombesin(7-14)) and in-
tegrin o, B3-specific RGD (¢(RGDyK)) through a glutamate
linker, which is a mixture of RGD on the Glu side-chain
vy-position (Glu-bombesin-RGD) and bombesin on the Glu
side-chain ~y-position (Glu-RGD-bombesin) (9). The '8F-
labeled RGD-bombesin heterodimer showed significantly
improved tumor-targeting efficacy and pharmacokinetics,
compared with '3F-labeled RGD and bombesin monomers.
In our follow-up study (10), we synthesized Glu-RGD-bom-
besin and inserted a long-chain polyethylene glycol (PEG3;),
11-amino-3,6,9-trioxaundecanoic acid spacer onto the gluta-
mate a-amino group of Glu-RGD-bombesin to increase
the overall hydrophilicity and to alleviate steric hindrance,
thereby increasing the '8F labeling yield. The resulting '3F-
labeled RGD-bombesin heterodimer exhibited excellent in
vivo kinetics and dual GRPR- and integrin o33 receptor—
targeting properties in PC-3 tumor-bearing nude mice (/0).

In the PC-3 prostate cancer xenograft, the receptor density
of GRPR is much higher than that of integrin o3 (2.7 X
105 GRPRs per cell vs. 2.76 x 10% integrins per cell)
(8,10,11). In our previous studies (9,10), we found that
excess doses of bombesin were more efficient at inhibiting
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uptake of radiolabeled RGD-bombesin in PC-3 tumors than
was RGD, suggesting that the bombesin motif in the RGD-
bombesin heterodimer contributes more than the RGD motif
to high tumor uptake of the tracer in GRPR-positive PC-3
tumors. In this study, we labeled the RGD-bombesin
heterodimer with %*Cu and compared the %*Cu-labeled
RGD-bombesin with the 2 monomeric counterparts. **Cu
(half-life, 12.7 h; B, 17.8%; Eg+ max, 656 keV; B, 38.4%;
Eg-max» 573 keV) (12) is well suited for the in vitro and in
vivo characterization of peptide probes, especially at late
time points (e.g., 24 h). Moreover, the conjugates used for
64Cu labeling can be applied to other copper isotopes and
transition metal isotopes for the purposes of radionuclide
imaging and internal radionuclide therapy (/3).

1,4,7,10-Tetraazacyclododecane-N, N', N'', N''’-tetraace-
tic acid (DOTA) is one of the most investigated bifunctional
chelators for %*Cu labeling. However, the relatively low
thermodynamic and kinetic stability of **Cu-DOTA in vivo
has been well documented (/4—17). The instability of the
%4Cu-DOTA conjugates would result in demetallation and
subsequent accumulation in nontarget tissues such as liver
(15). Prasanphanich et al. recently reported %*Cu-labeled
bombesin analogs using 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) as a chelator. The results suggested
high in vivo kinetic stability of **Cu-NOTA-bombesin vec-
tors with little or no dissociation of ®*Cu from NOTA (/5).

The purposes of the current study were severalfold:
first, we wanted to investigate the potential advantages of
64Cu-labeled NOTA-RGD-bombesin heterodimer over the
monomeric counterparts NOTA-RGD and NOTA-bombesin
for imaging GRPR-positive tumors (e.g., PC-3); second, we
wanted to compare the in vitro and in vivo characteristics of
64Cu-labeled RGD-bombesin heterodimer using NOTA as a
chelator with those using DOTA as a chelator; and third, we
also wanted to test the feasibility of using ®*Cu-NOTA-
RGD-bombesin to image tumors that express integrin but
not GRPR (e.g., 4T1 murine mammary carcinoma).

MATERIALS AND METHODS

General

All commercially obtained chemicals were of analytic grade and
used without further purification. DOTA and S-2-(4-isothiocyana-
tobenzyl)-NOTA were purchased from Macrocyclics. 1-Ethyl-3-[3-
(dimethylamino)-propyl] carbodiimide, N-hydroxysulfonosuccini-
mide, and Chelex 100 resin (50-100 mesh) were purchased from
Sigma-Aldrich. Water and all buffers were passed through a
Chelex 100 column before use in radiolabeling procedures to
ensure that the aqueous buffer was free of heavy metals. The
peptides Aca-bombesin(7-14) and c¢(RGDyK) were synthesized
by Peptides International. RGD-bombesin heterodimer was syn-
thesized from Aca-bombesin(7-14) and c(RGDyK) as we previ-
ously described (10). '?°I-[Tyr*]bombesin (74 TBg/mmol (2,000
Ci/mmol)) was purchased from GE Healthcare, Na'?’I was pur-
chased from Perkin-Elmer, and %*Cu was obtained from the
University of Wisconsin. The reversed-phase high-performance
liquid chromatography (HPLC) system was the same as previously
reported (9,10). For the purification of DOTA and NOTA conju-

gated peptides, a Vydac protein and peptide column (218TP510;
5 pm, 250 x 10 mm) was used with a flow rate of 5 mL/min. For
analytic HPLC and radiolabeling purification, a Vydac 218TP54
column (5 pm, 250 X 4.6 mm) was used with a flow rate of 1 mL/
min. The mobile phase was changed from 95% solvent A (0.1%
trifluoroacetic acid in water) and 5% solvent B (0.1% trifluoro-
acetic acid in acetonitrile) (0—2 min) to 35% solvent A and 65%
solvent B at 32 min. The ultraviolet absorbance was monitored at
218 nm, and the identification of the peptides was confirmed
through the ultraviolet spectrum acquired using a photodiode array
detector. The radioactivity was detected by a model 105S single-
channel radiation detector (Carroll and Ramsey Associates).

Synthesis of NOTA and DOTA Conjugates

NOTA-c(RGDyK) (NOTA-RGD), NOTA-Aca-bombesin(7-14)
(NOTA-bombesin) and NOTA-RGD-bombesin conjugates were
prepared as we previously described (/8). In brief, a solution of
2 pmol of peptide (RGD, bombesin, or RGD-bombesin) was
mixed with 6 pmol of S-2-(4-isothiocyanatobenzyl)-NOTA in
0.1IN NaHCOj; solution (pH 9.0). After 5 h of stirring at room
temperature, the NOTA conjugates were isolated by semiprepar-
ative HPLC. NOTA-RGD was obtained in 61% yield with more
than 95% purity on analytic HPLC (retention time [R,], 13.4 min).
Matrix-assisted laser desorption/ionization time-of-light mass
spectrometry (MALDI-TOF-MS): mass-to-charge ratio (m/z),
1,070.4 for [MH]" (C47HegN1304S, calculated molecular weight,
1,070.5). NOTA-bombesin was obtained in 72% yield with more
than 95% purity on analytic HPLC (R,, 22.05 min). MALDI-
TOF-MS: m/z, 1,504.0 for [MH]" (CgoH;02N;3016S5, calculated
molecular weight, 1,503.8). NOTA-RGD-bombesin was obtained
in 52% yield with more than 95% purity on analytic HPLC
(R, 20.72 min). MALDI-TOF-MS: m/z, 2,235.3 for [MH]*
(C101H148N28056S,, calculated molecular weight, 2,234.6). RGD-
bombesin was also conjugated with DOTA using our previously
described method (/9). Briefly, DOTA was activated by 1-ethyl-3-
[3-(dimethylamino)-propyl] carbodiimide and N-hydroxysulfono-
succinimide for 30 min with a molar ratio of 10:5:4 for DOTA:
1-ethyl-3-[3-(dimethylamino)-propyl]  carbodiimide:N-hydroxy-
sulfonosuccinimide. The DOTA-OSSu (6 pmol, calculated on
the basis of N-hydroxysulfonosuccinimide) was added to RGD-
bombesin (2 pmol) in 0.IN NaHCO; solution (pH 9.0). After
being stirred at 4°C overnight, the DOTA conjugate was isolated
by semipreparative HPLC. DOTA-RGD-bombesin was obtained
in 60% yield with more than 95% HPLC purity (R, 20.63 min).
MALDI-TOF-MS: m/z, 2,171.2 for [MH]" (Cg7H;4N250,7S,
calculated molecular weight, 2,170.4).

64Cu Labeling

About 5-10 nmol of NOTA-RGD, NOTA-bombesin, NOTA-
RGD-bombesin, or DOTA-RGD-bombesin dissolved in NaOAc
buffer were labeled with %*Cu at 42°C for 1 h for DOTA
conjugates and at room temperature for 15 min for NOTA
conjugates. The labeled peptides were then purified by analytic
HPLC. The radioactive peak containing the desired product was
collected and rotary-evaporated to remove the solvent. The pro-
ducts were then formulated in phosphate-buffered saline and
passed through a 0.22-pm Millipore filter into a sterile multidose
vial for in vitro and in vivo experiments.

Cell Lines and Animal Models
The PC-3 human prostate carcinoma cells were grown in F-12K
medium, and the 4T1 murine breast cancer cells were grown in
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RMPI 1640 medium. Both cell lines were cultured in medium
supplemented with 10% (v/v) fetal bovine serum at 37°C with 5%
CO,. The PC-3 tumor model was generated by subcutaneous
injection of 5 x 10° tumor cells into the right front flank of male
athymic nude mice (Harlan). The 4T1 tumor model was generated
by subcutaneous injection of 5 X 10° tumor cells into the left front
flank of female normal BALB/c mice (Harlan). The mice were
used for small-animal PET studies when the tumor volume
reached approximately 100-300 mm? (~3—4 wk after inoculation
for PC-3 and ~1-2 wk for 4T1). All animal procedures were
performed according to a protocol approved by the Stanford
University Institutional Animal Care and Use Committee.

Cell-Binding Assay

The in vitro dual-receptor binding affinity of NOTA-RGD-bom-
besin and DOTA-RGD-bombesin was determined by a cell-binding
assay as we previously described (10,20). '>I-c(RGDyK) was
generated by labeling c(RGDyK) with Na'?I using our previously
reported method (21). '*5I-c(RGDyK) and '’I-[Tyr*] bombesin
were used as radioligands for integrin o, 33 and GRPR, respectively.

Cell Uptake and Efflux Studies

The cell uptake and efflux studies were performed as we
previously described (9,10,22). The cell uptake was expressed as
the percentage added dose after decay correction. Efflux values at
different time points were calculated by subtracting retention from
0-min retention and normalized by dividing it by the total counts
at 0 min. Experiments were performed twice with triplicate wells.

Small-Animal PET

PET and image analysis were performed using a microPET R4
rodent model scanner (Siemens Medical Solutions) as previously
reported (9,19). Under isoflurane anesthesia, each PC-3 tumor
mouse received an injection via the tail vein of approximately 5.5
MBq (150 wCi) of %*Cu-NOTA-RGD, %*Cu-NOTA-bombesin,
64Cu-NOTA-RGD-bombesin, ¢*Cu-NOTA-RGD (75 wCi) plus
64Cu-NOTA-bombesin (75 wCi), or **Cu-DOTA-RGD-bombesin.
Five-minute static PET images were acquired at 30 min, 1 h, and 4
h after injection of each tracer (n = 4/group), and 10-min static
PET images were acquired at 20 h. The images were reconstructed
using a 2-dimensional ordered-subsets expectation maximum
algorithm without attenuation or scatter correction. Under isoflu-
rane anesthesia, each 4T1 tumor mouse received an injection via
the tail vein of 3.7 MBq (100 wCi) of ®*Cu-NOTA-RGD, ¢*Cu-
NOTA-bombesin, or *Cu-NOTA-RGD-bombesin. Five-minute
static PET images were then acquired at 2 h after injection (n =
3/group). A series of blocking studies was also performed as we
previously described (9,10) to validate the in vivo dual-receptor
binding affinity of ®*Cu-NOTA-RGD-bombesin in PC-3 tumor-
bearing nude mice at 1 h after injection of about 5.5 MBq (150
rCi) of tracer (n = 3/group). For each small-animal PET scan,
regions of interest were drawn over each tumor, over normal
tissue, and over major organs using vendor software (ASI Pro,
version 5.2.4.0) on decay-corrected whole-body coronal images.
The maximum radioactivity concentration (accumulation) within a
tumor or an organ was obtained from the mean pixel values within
the multiple-region-of-interest volume, which were converted to
MBg/mL/min using a conversion factor. Assuming a tissue density
of 1 g/mL, the regions of interest were converted to MBq/g/min
and then divided by the administered activity to obtain an imaging
region-of-interest—derived percentage injected dose (%ID)/g.

1170

Biodistribution Studies

Normal BALB/c mice received an injection via the tail vein of
370 kBq (10 n.Ci) of **Cu-NOTA-RGD-bombesin to evaluate the
distribution of the tracer. The blocking experiments were also
performed by coinjection of %*Cu-NOTA-RGD-bombesin with a
saturating dose of ¢c(RGDyK) (10 mg/kg of mouse body weight),
bombesin (15 mg/kg), or RGD (10 mg/kg) plus bombesin (15 mg/
kg). All mice were sacrificed at 1 h after injection of the tracer.
Blood, tumor, and major organs and tissues were collected and
wet-weighed. Stomach and intestines were cleaned of their con-
tents in this experiment. The radioactivity in the tissue was
measured using a y-counter (Packard). The results were presented
as percentage injected dose per gram of tissue (%ID/g). Values
were expressed as mean * SD (n = 4/group).

Statistical Analysis

Quantitative data were expressed as mean = SD. Means were
compared using 1-way ANOVA and the Student ¢ test. P values
less than 0.05 were considered statistically significant.

RESULTS

Chemistry and Radiochemistry

The NOTA conjugates of RGD, bombesin, and RGD-
bombesin and the DOTA conjugate of RGD-bombesin were
analyzed by HPLC and mass spectroscopy to confirm the
identity of the products. The structures of DOTA-RGD-
bombesin and NOTA-RGD-bombesin are shown in Figure 1.
On the analytic HPLC, no significant difference in retention
time was observed between ®“Cu-labeled tracers and the
unlabeled NOTA and DOTA conjugates. NOTA-RGD-bom-
besin was more easily labeled with %*Cu than was DOTA-
RGD-bombesin as determined by the labeling condition
studies (Supplemental Fig. 1A; supplemental materials are
available online only at http:/jnm.snmjournals.org). For in
vitro and in vivo studies, the specific activity of the ®*Cu
tracers after labeling and purification was typically about
7.4-14.8 MBg/nmol (~0.2-0.4 Ci/pmol), with radiochem-
ical purity greater than 98% as determined by analytic radio-
HPLC.

Cell-Binding Assay

The integrin o3 receptor-binding affinities of DOTA-
RGD-bombesin and NOTA-RGD-bombesin were compared
with ¢c(RGDyK) by conducting a competitive binding assay
on U87MG cells using '?5I-c(RGDyK) as the radioligand.
The inhibitory concentrations of 50% for DOTA-RGD-
bombesin, NOTA-RGD-bombesin, and c(RGDyK) were
21.55 £ 2.19 nM, 16.15 £ 2.77 nM, and 10.84 = 2.55
nM, respectively (Supplemental Fig. 1B). The binding
affinities of DOTA-RGD-bombesin, NOTA-RGD-bombesin,
and Aca-bombesin(7-14) for GRPR were evaluated on
GRPR-positive PC-3 cells using '>’I-[Tyr*]bombesin as
the radioligand. The inhibitory concentrations of 50% were
determined to be 85.79 * 2.08 nM for DOTA-RGD-
bombesin, 92.75 * 3.53 nM for NOTA-RGD-bombesin,
and 71.57 £ 3.06 nM for Aca-bombesin(7-14) on PC-3
cells (Supplemental Fig. 1C).
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FIGURE 1. Chemical structures of
DOTA-RGD-bombesin and NOTA-
RGD-bombesin. RGD-bombesin is a
heterodimer of cyclic RGD peptide
S\ c(RGDyK) and Aca-bombesin(7-14)
through a glutamate linker, with RGD
attached to a-carboxylate and bombe-
sin attached to y-carboxylate. BBN =
bombesin.

Cell Uptake and Efflux Studies

64Cu-NOTA-bombesin showed a rapid and high uptake
in the PC-3 tumor cells, whereas *Cu-NOTA-RGD had
low cell uptake (Fig. 2A). The cell uptake values of %*Cu-
NOTA-RGD-bombesin and ®*Cu-DOTA-RGD-bombesin
were between those of ®*Cu-NOTA-bombesin and %“Cu-
NOTA-RGD. The amplified cell uptake comparison of
64Cu-NOTA-RGD-bombesin and ¢*Cu-DOTA-RGD-bom-
besin is shown in Supplemental Figure 1D. Cell uptake of
%4Cu-NOTA-RGD-bombesin was slightly more rapid than
that of ®*Cu-DOTA-RGD-bombesin during the first 30 min
of incubation and then reached a similar value at 60 min. At
120 min, the cell uptake value was 3.70% = 0.02% added
dose for *Cu-DOTA-RGD-bombesin and 2.94% * 0.51%
added dose for *Cu-NOTA-RGD-bombesin. The cell ef-
flux ratio of %*Cu-NOTA-RGD was higher than that
of %*Cu-NOTA-bombesin or **Cu-NOTA-RGD-bombesin
(Fig. 2B). Because ®*Cu-NOTA-RGD did not seem to be
internalized into the PC-3 cells, the cell efflux reflected
mainly dissociation of *Cu-NOTA-RGD from the tumor
cells, as the RGD monomer has relatively low affinity for

integrin oyB3;. Compared with %*Cu-NOTA-bombesin,
64Cu-NOTA-RGD-bombesin showed a relatively low efflux
ratio with time. After 2 h, the efflux of both *Cu-NOTA-
RGD-bombesin and %*Cu-NOTA-bombesin reached a

=% 4Cu-NOTA-RGD 50
A35 ——%Cu-NOTA-BBN B -
30 { =& %Cu-NOTA-RGD-BBN 4 == %Cy-NOTA-RGD
= -6~ %Cy.DOTA-RGD-BBN 9 ——54Cu.NOTA-BBN
T2 °;’ -8~ %Cy.NOTA-RGD-BBN
£ X 30
2 £
s 3 2041
3
© 1041 .
0 T T T T
0 30 60 90 120 0 5 10 15 20
Time (min) Time (h)
FIGURE 2. (A) Cell uptake assay of ®4Cu-NOTA-RGD,

64Cu-NOTA-bombesin, #4Cu-NOTA-RGD-bombesin, and
64Cu-DOTA-RGD-bombesin on PC-3 cells (n = 3, mean =
SD). (B) Cell efflux assay of 84Cu-NOTA-RGD, 64Cu-NOTA-
bombesin, and 84Cu-NOTA-RGD-bombesin on PC-3 tumor
cells (n = 3, mean = SD). BBN = bombesin.
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plateau, indicating that the cells maintained similar ac-
tivity from a 2- to 10-h period. Although the efflux ratio
was much lower for ®*Cu-NOTA-RGD-bombesin than for
%4Cu-NOTA-bombesin, cell retention was much higher
for %4Cu-NOTA-bombesin than for %*Cu-NOTA-RGD-
bombesin for up to 10 h (Supplemental Fig. 1E).

All tumors were clearly visible after injection of the
different tracers, with high contrast to contralateral back-
ground at all time points measured from 30 min to 20 h,
except for ®*Cu-NOTA-RGD (Fig. 3). *Cu-NOTA-RGD
showed relatively low tumor uptake in PC-3 tumors be-
cause of the low expression of integrin o33 in PC-3 tumor
tissue and the low affinity of monomeric RGD peptide with
integrin receptor. Mice receiving $*Cu-NOTA-bombesin or
%4Cu-NOTA-RGD plus ®*Cu-NOTA-RGD showed a pre-
dominantly intestinal accumulation of the activity. Prom-
inent kidney uptake of 9“Cu-NOTA-RGD-bombesin and
64Cu-DOTA-RGD-bombesin at early time points was ob-
served, suggesting that the peptide heterodimer tracers are
excreted mainly through the kidneys. The quantified tumor
and major organ uptake of the tracers is depicted in Table 1,
and the clearance curves and tumor-to-nontumor ratios are
compared in Supplemental Figures 2 and 3. For %Cu-
NOTA-RGD, %Cu-NOTA-bombesin, *Cu-NOTA-RGD

64Cu-NOTA-RGD

64Cu-NOTA-BBN

64Cu-NOTA-
RGD-BBN
FIGURE 3. Decay-corrected whole-
body coronal small-animal PET images 64Cu-NOTA-RGD

of PC-3 tumor-bearing mice at 30 min,
1 h, 4 h, and 20 h after injection of +
approximately 5.5 MBq (150 pCi) of
64Cu-NOTA-RGD, 84Cu-NOTA-bombe-
sin, 64Cu-NOTA-RGD-bombesin, é4Cu-
NOTA-RGD plus ¢4Cu-NOTA-bombesin,
or %4Cu-DOTA-RGD-bombesin. Images
shown are static scans of a single
mouse, which is representative of the 4
mice tested in each group. Arrows
indicate presence of PC-3 tumors.
BBN = bombesin.

84Cu-DOTA-
RGD-BBN

1172

64Cu-NOTA-BBN

plus %4Cu-NOTA-bombesin, and %*Cu-NOTA-RGD-bom-
besin, the tracers cleared rapidly from the blood, with less
than 1 %ID/g remaining at 30 min after injection. %*Cu-
NOTA-RGD-bombesin showed slightly lower blood clear-
ance than the other tracers, whereas “*Cu-NOTA-bombesin
cleared the most rapidly. The tumor uptake of **Cu-NOTA-
RGD-bombesin was determined to be 3.06 = 0.11, 2.78 =
0.56,2.21 £ 0.49, and 2.04 = 0.35 %ID/g at 0.5, 1, 4, and
20 h after injection, respectively—significantly higher than
all the other tracers tested (P < 0.01, n = 4/group, Table 1).
Tumor uptake was about the same for **Cu-NOTA-RGD,
64Cu-NOTA-bombesin, and %*Cu-NOTA-RGD plus %*Cu-
NOTA-bombesin from 1 to 20 h after injection. %Cu-
NOTA-RGD-bombesin showed higher kidney uptake than
the other tracers at any time examined. %*Cu-NOTA-RGD
and %*Cu-NOTA-RGD plus **Cu-NOTA-bombesin showed
a similar clearance curve in the kidneys, whereas the
kidney uptake of ®*Cu-NOTA-bombesin was the lowest at
all time points. ®*Cu-NOTA-bombesin and ®*Cu-NOTA-
RGD plus **Cu-NOTA-bombesin exhibited predominantly
liver uptake, whereas uptake of ®*Cu-NOTA-RGD-bom-
besin and %*Cu-NOTA-RGD in the liver was relatively
low. The tumor-to-nontumor ratios of **Cu-NOTA-RGD-
bombesin were significantly higher than those of the other
tracers at 4 h after injection (P < 0.05, Supplemental Fig.
2), mostly because of the high tumor uptake of %*Cu-

30 min
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TABLE 1. Small-Animal PET Data of é4Cu-Labeled Tracers in PC-3 Mice

Tracer
64Cu-NOTA-RGD

Tissue or organ
Blood
Liver
Kidney
Tumor
Blood
Liver
Kidney
Tumor
Blood
Liver
Kidney
Tumor
Blood
Liver
Kidney
Tumor
Blood
Liver
Kidney
Tumor

64Cu-NOTA-bombesin

64Cu-NOTA-RGD plus 64Cu-NOTA-bombesin

64Cu-NOTA-RGD-bombesin

64Cu-DOTA-RGD-bombesin

30 min 1h 4 h 20 h
0.44 £ 0.15 0.43 £ 0.32 0.30 = 0.11 0.34 = 0.18
286 *+1.06 268 *=1.15 2.15=*=0.79 1.67 = 0.69
3.37 =089 2.13 = 0.85 143 = 0.68 0.98 = 0.48
1.01 £ 029 083 *0.24 0.66 = 0.21 0.55 = 0.32
0.74 £ 0.36  0.23 = 0.11 0.19 = 0.10 0.15 = 0.05

10.45 = 227  8.85 = 1.61 6.35 = 0.57 4.20 = 0.53
3.55 == 1017 150 £ 0.39 0.76 = 0.45 0.50 = 0.44
2.28 = 0.35 1256 £ 1.08 056 = 040 0.44 = 0.39
0.79 £ 024 0.71 £023 031026 0.26 = 0.18
9.64 =415 6.74*+286 548 =0.84 3.24 £0.78
3.58 = 0.98 1.83 = 1.01 1.57 £ 0.87 0.84 = 0.60
222 = 0.41 127 £ 050 087 =0.35 0.54 = 0.39
0.68 £ 0.03 0.66 £0.15 0.49 £ 0.07 0.50 = 0.15
3.46 = 026 2.80 = 1.15 1.83 £ 0.68 0.98 = 0.40
4.09 = 0.81 3.06 = 025 2.30 = 0.41 1.87 + 0.41
3.06 = 0.11 278 =056 221049 2.04 =0.35
115+ 049 069 +024 045 +020 031 =0.13
3.40 = 1.42 3.05 = 1.07 2.33 = 0.88 1.74 £ 0.90
5.99 * 1.61 3.40 =125 251 =047 1.64 £ 0.34
3.05 = 0.56 1.87 = 0.41 1.056 £ 049 0.97 = 0.24

Injection dose was ~5.5 MBq (150 .Ci) per mouse. Data are %ID/g = SD (n = 4/group).

NOTA-RGD-bombesin. The pancreas could not be delin-
eated on small-animal PET because of the limit of the
spatial resolution.

The tumor and major organ uptake and tumor-to-
nontumor ratios of %*Cu-NOTA-RGD-bombesin and
64Cu-DOTA-RGD-bombesin are directly compared in
Supplemental Figure 3. For blood and kidneys, the 2 tracers
showed almost identical clearance curves. The tumor uptake
of %4Cu-NOTA-RGD-bombesin was much higher than that
of *Cu-DOTA-RGD-bombesin after 1 h after injection. For
example, at 4 h after injection, the tumor uptake was 2.21 *=
0.49 %ID/g and 1.05 = 0.49 %ID/g for **Cu-NOTA-RGD-
bombesin and %*Cu-DOTA-RGD-bombesin, respectively
(P < 0.05, n = 4/group, Table 1). Liver uptake was similar
for the 2 tracers at 30 min after injection, but liver uptake of
64Cu-NOTA-RGD-bombesin became gradually lower than
that of **Cu-DOTA-RGD-bombesin. Because of the similar
normal-organ uptake and much higher tumor uptake of 4*Cu-
NOTA-RGD-bombesin, the tumor-to-nontumor ratios of
%4Cu-NOTA-RGD-bombesin were all higher than those of
64Cu-DOTA-RGD-bombesin after the 1-h time point (P <
0.05, n = 4/group).

The in vivo behaviors of ®*Cu-NOTA-RGD, ¢4Cu-
NOTA-bombesin, and ®*Cu-NOTA-RGD-bombesin were
also tested in a murine 4T1 breast tumor model. The 4T1
tumor tissue expresses a moderate level of murine integrin
5 but undetectable GRPR (data not shown). As shown in
Figure 4A, *Cu-NOTA-bombesin had virtually no uptake
in 4T1 tumors, whereas both **Cu-NOTA-RGD and ®*Cu-
NOTA-RGD-bombesin showed clear tumor contrast due to
the integrin o, 33 recognition of RGD monomer and RGD-

bombesin heterodimer in vivo, respectively. At the 2-h time
point, tumor uptake of ®*Cu-NOTA-RGD, %4Cu-NOTA-
bombesin, and ®*Cu-NOTA-RGD-bombesin was 0.65 =+
0.07, 0.33 *= 0.18, and 1.88 * 0.28 %ID/g, respectively
(n = 3/group, Fig. 4B).

The in vivo integrin and GRPR dual-receptor binding
property of *Cu-NOTA-RGD-bombesin was confirmed by
several blocking studies (Fig. 4D). The tumor uptake of
%4Cu-NOTA-RGD-bombesin was only partially inhibited
by either RGD (from 2.78 = 0.56 %ID/g to 1.64 £ 0.77
%ID/g) or bombesin (from 2.78 £ 0.56 %ID/g to 0.76 =
0.36 %ID/g). However, when *Cu-NOTA-RGD-bombesin
was coadministered with both RGD and bombesin, the
tumor uptake was almost totally blocked (0.54 = 0.41
%1ID/g) (Fig. 4C, n = 3/group).

Biodistribution Studies

The biodistribution of ¢*Cu-NOTA-RGD-bombesin (370
kBg/mouse) was examined in normal BALB/c mice. The
blocking experiments were also performed by coinjecting
64Cu-NOTA-RGD-bombesin with a saturating dose of
RGD, bombesin, or RGD plus bombesin and then sacrific-
ing the mice at 1 h after injection (n = 4/group). As shown
in Figure 5, the pancreas had predominant uptake of 6*Cu-
NOTA-RGD-bombesin at 1 h after injection because of the
high GRPR expression of this organ (23). In the presence of
a blocking dose of bombesin or RGD plus bombesin,
pancreatic uptake of the tracer decreased significantly from
7.03 = 1.96 %ID/g to 2.08 = 0.57 %ID/g (bombesin
blocking) and 2.01 = 0.18 %ID/g (RGD-plus-bombesin
blocking), respectively (P < 0.01), indicating GRPR-
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FIGURE 4. (A) Decay-corrected
whole-body coronal small-animal PET
images of 4T1 murine breast cancer-
bearing mice at 2 h after injection of 3.7
MBg (100 wCi) of €4Cu-NOTA-RGD,
64Cu-NOTA-bombesin, or #4Cu-NOTA-
RGD-bombesin. Images shown are
5-min static scans of a single mouse,
which is representative of the 3 mice
tested in each group. Arrows indicate
presence of 4T1 tumors. (B) Compari- &8
son of quantified tumor uptake of 64Cu-
NOTA-RGD, ©4Cu-NOTA-bombesin,
and #4Cu-NOTA-RGD-bombesin in 4T1
tumor-bearing mice. Regions of interest
are shown as %ID/g = SD (n = 3/
group). (C) Comparison between uptake
of 84Cu-NOTA-RGD-bombesin in PC-3
tumor with or without preinjection of
blocking doses of RGD, bombesin, or
RGD plus bombesin. Regions of interest
are shown as %ID/g = SD (n = 3-4/
group). (D) Decay-corrected whole-
body coronal small-animal PET images
of PC-3 tumor-bearing mice at 1 h after
injection of approximately 5.5 MBq (150
wCi) of 4Cu-NOTA-RGD-bombesin and
in the presence of blocking dose of
RGD, bombesin, or RGD plus bombesin
(n = 3/group). BBN = bombesin.

4T1 Tumor Uptake (%ID/g) T
N

Control

5 %ID/g

BBN RGD-BBN

0 %ID/g

@)

Tumor Uptake (%ID/g)

5 %ID/g

RGD+BBN 0 %ID/g
blocking

RGD
blocking

BBN
blocking

specific targeting of **Cu-NOTA-RGD-bombesin in vivo.
Blood uptake of %4Cu-NOTA-RGD-bombesin decreased
after coinjection of RGD or RGD plus bombesin, probably
because the excess dose of RGD increased clearance of
the tracer. Liver uptake was unaffected by blocking with
bombesin or both RGD plus bombesin but slightly in-
creased after blocking with RGD. Stomach and intestinal
uptake of the tracer decreased after blocking with bombesin
or RGD plus bombesin but slightly increased after blocking
with RGD.

DISCUSSION

In this study, we evaluated the behaviors of ®*Cu-labeled
RGD-bombesin heterodimer and explored its advantages
over the monomeric counterparts. *Cu was chosen because
of its favorable decay characteristics (half-life, 12.7 h; B,
17.8%; B, 38.4%), making it useful for both PET and
internal radiotherapy. ®*Cu can be produced in high yield
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and at high specific activity on a small biomedical cyclo-
tron and is labeled with biomolecules through macrocyclic
chelators, which allow possible kit formulation and wide
availability. More important, the longer half-life of %*Cu
among all the positron emitters allows imaging at late time
points to acquire more in vivo information than is possible
for 18F (half-life, 109.7 min).

Both DOTA and NOTA can be used as bifunctional
chelators for %*Cu labeling. The %*Cu-DOTA conjugates
usually exhibit a high accumulation of liver radioactivity
(17,24) because of the dissociation of ®*Cu in vivo from
DOTA, followed by metabolism and transchelation to other
proteins (16,25,26). NOTA is most commonly used for
68Ga (half-life, 68 min) labeling because the rapid reaction
kinetics of NOTA match the short half-life of °8Ga. NOTA
was also reported to be labeled with *Cu, with reduced
liver accumulation (/5). In the present study, we synthe-
sized DOTA-RGD-bombesin and NOTA-RGD-bombesin

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 50 ¢ No. 7 < July 2009



[154cu-NOTA-RGD-BBN
E28 RGD blocking
8 Il BBN blocking
RGD+BBN blocking

D 61
a
X 4
2-
0 IR 7R 7R
o & & b ¥ & <
& v & ¢ ¢ £ &
+ Q’Q » ® &

FIGURE 5. Biodistribution and blocking studies of 64Cu-
NOTA-RGD-bombesin (370 kBg/mouse) in normal BALB/c
mice at 1 h after injection of tracer with or without blocking
dose of RGD, bombesin, or RGD plus bombesin. Data are
expressed as %ID/g = SD (n = 4/group). BBN = bombesin.

and labeled both conjugates with *Cu. Compared with
DOTA-RGD-bombesin, NOTA-RGD-bombesin can be
more easily labeled with *Cu (Supplemental Fig. 1A).
The direct in vivo comparison of *Cu-NOTA-RGD-bom-
besin and **Cu-DOTA-RGD-bombesin showed the former
to have much higher tumor uptake and tumor-to-nontumor
ratios and lower liver uptake than the latter. Several studies
reported that cross-bridged chelators such as 1,4,8,11-tetraa-
zabicyclo[6.6.2]hexadecane-4,11-diacetic acid (CB-TE2A)
chelated ®*Cu more stably than did traditional chelators such
as DOTA and 1,4,8,11-tetraazacyclo-dodecane-1,4,8,11-
tetraacetic acid (16,17,26). The ®*Cu-labeled CB-TE2A
chelated somatostatin receptor subtype 2 selective antagonist
(ssto-ANT) was recently reported as a promising PET tracer
for somatostatin receptor—positive tumor imaging (/4).
Garrison et al. reported a %*Cu-labeled bombesin analog
using CB-TE2A as the chelator (/7). **Cu-CB-TE2A-8-AOC-
bombesin(7-14)NH, showed significant improvement in
clearance because of its improved in vivo stability, compared
with the DOTA conjugates. Most important, the liver uptake of
the CB-TE2A conjugate was also significantly lower than that
of the DOTA conjugates. Compared with *Cu-CB-TE2A-8-
AOC-bombesin(7-14)NH,,  %*Cu-NOTA-RGD-bombesin
showed slightly higher liver uptake, but the tumor uptake of
64Cu-NOTA-RGD-bombesin was also higher than that of
%4Cu-CB-TE2A-8-AOC-bombesin(7-14)NH,, possibly be-
cause of the dual-receptor binding of the heterodimer in PC-
3 tumor. Radiolabeling of CB-TE2A conjugates requires
harsher reaction conditions than does radiolabeling of DOTA
and NOTA conjugates (/7,27). The high temperature and high
pH required for CB-TE2A labeling may not be suitable for
peptides such as RGD-bombesin. In contrast, the fast reaction
kinetics of NOTA-conjugates would be more suitable for
clinical translation.

The in vivo behaviors of the *Cu-labeled NOTA conju-
gates were compared in the PC-3 tumor model. Because of
the high GRPR and low integrin o, 33 expression of the PC-
3 tumor, tumor uptake of **Cu-NOTA-RGD was low and

the %*Cu-NOTA-bombesin showed relatively high tumor
contrast. However, high accumulation of radioactivity in
the abdominal region, especially in the intestines, was
observed in the mice receiving **Cu-NOTA-bombesin and
other reported bombesin tracers (8,17), suggesting hepato-
biliary excretion of %*Cu-NOTA-bombesin. In contrast,
%4Cu-NOTA-RGD-bombesin showed much lower intestinal
accumulation, and the tumor uptake of ®*Cu-NOTA-RGD-
bombesin was also significantly higher than that of ®*Cu-
NOTA-RGD, %*Cu-NOTA-bombesin, and ¢*Cu-NOTA-RGD
plus %*Cu-NOTA-RGD. The high lipophilicity of ®*Cu-
NOTA-bombesin resulted in rapid hepatobiliary excretion,
which led to a short circulation half-life for the tracer
(Supplemental Fig. 2A) and thus insufficient time for the
tracer to extravasate from the tumor blood vessels, diffuse in
the extracellular space, and bind with GRPR expressed on
the tumor cells. In contrast, ®4Cu-NOTA-RGD-bombesin had
longer blood retention and predominantly renal clearance.
Another major reason for the higher tumor uptake of ®*Cu-
NOTA-RGD-bombesin than of **Cu-NOTA-bombesin is the
dual GRPR- and integrin-targeting properties of the RGD-
bombesin heterodimer (Fig. 4D). Although tumor uptake of
RGD alone is low, binding of the RGD motif in the RGD-
bombesin heterodimer molecule with integrins expressed on
the tumor vasculature would significantly increase the local
concentration of peptide in the tumor, facilitating the binding
of bombesin with GRPR on tumor cells around the blood
vessels. This may also explain why tumor uptake of ®*Cu-
NOTA-RGD-bombesin was much higher than that of the
coinjection of **Cu-NOTA-RGD plus **Cu-NOTA-bombesin,
as was also found in the case of !'8F-FB-PEG;-RGD-
bombesin (9). The dual-receptor targeting of **Cu-NOTA-
RGD-bombesin may also contribute to prolonged tumor
retention of the tracer. For example, at 24 h after in-
jection, tumor uptake of ®*Cu-NOTA-RGD-bombesin
was 2.04 = 0.35 %ID/g, which is significantly higher
than that of the corresponding ®*Cu-NOTA-bombesin
(0.44 * 0.39 %ID/g). Tumor retention of ®*Cu-NOTA-
RGD-bombesin was also higher than that of the ®*Cu-
labeled NOTA conjugated bombesin tracers reported by
Prasanphanich et al. (15). The prolonged tumor retention
of 4*Cu-NOTA-RGD-bombesin, compared with that of
64Cu-NOTA-bombesin, was consistent with the in vitro
findings that the efflux ratio of ®*Cu-NOTA-RGD-bom-
besin was much lower than that of the bombesin tracer
(Fig. 2B).

The PET images of mice that received **Cu-NOTA-RGD
plus ®*Cu-NOTA-bombesin represented almost a merge of
the images acquired after injection of *Cu-NOTA-RGD
and %*Cu-NOTA-bombesin alone (Fig. 3). For example,
%4Cu-NOTA-RGD showed clear kidney uptake and ®*Cu-
NOTA-bombesin showed predominantly intestinal accumu-
lation, whereas the coinjection of %*Cu-NOTA-RGD and
64Cu-NOTA-bombesin exhibited both renal and abdominal
uptake (Fig. 3). The reduced liver and intestinal accumu-
lation and increased tumor uptake of ®*Cu-NOTA-RGD-
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bombesin, compared with %*Cu-NOTA-RGD plus %*Cu-
NOTA-bombesin, clearly demonstrates that ®*Cu-NOTA-
RGD-bombesin is superior to the sum of **Cu-NOTA-RGD
and ®*Cu-NOTA-bombesin. The advantage of **Cu-NOTA-
RGD-bombesin over *Cu-NOTA-RGD and %*Cu-NOTA-
bombesin was also confirmed in a 4T1 tumor model that
is only integrin-positive. **Cu-NOTA-bombesin was unable
to detect 4T1 tumor because of the lack of GRPR expres-
sion. In contrast, both *Cu-NOTA-RGD and ®*Cu-NOTA-
RGD-bombesin showed tumor contrast (Figs. 4A and 4B).
Uptake of ¢*Cu-NOTA-RGD-bombesin was even higher
than that of **Cu-NOTA-RGD in 4T1 tumor, possibly as a
result of the improved in vivo kinetics and increased
circulation retention of ®*Cu-NOTA-RGD-bombesin over
64Cu-NOTA-RGD. Future studies may include the devel-
opment of a peptide dimer containing a c(RGDyK) moiety
and a scrambled bombesin sequence to see whether the
control peptide dimer will have tumor uptake and in vivo
kinetics similar to those of RGD-bombesin in a 4T1 tumor
model.

64Cu-NOTA-RGD-bombesin had blood and kidney clear-
ance curves comparable to those of our previously reported
IBF_PEG;-RGD-bombesin tracer (10) in the first hour after
injection, but between 1 and 2 h, the '8F tracer cleared more
rapidly, possibly because of the higher hydrophilicity of
I8F-PEG;-RGD-bombesin. The PC-3 tumor uptake of '8F-
PEG;-RGD-bombesin was also significantly higher than
that of *Cu-NOTA-RGD-bombesin at 30 min (6.35 * 2.52
vs. 3.06 £ 0.11 %ID/g) and 1 h (4.41 £ 0.71 vs. 2.78 =
0.56 %ID/g). Although we did not scan at 2 h with ®*Cu-
NOTA-RGD-bombesin, we speculate that tumor uptake of
64Cu-NOTA-RGD-bombesin would be comparable to that
of '8F-PEG3-RGD-bombesin (2.47 = 0.81 %ID/g) (10) at
2 h, because tumor uptake of **Cu-NOTA-RGD-bombesin
was 2.78 = 0.56 %ID/g and 2.21 *= 0.49 %ID/g at 1 and
4 h, respectively. Although liver uptake of ®*Cu-NOTA-
RGD-bombesin was relatively low (<3.5 %ID/g at any
time point tested), it was still higher than that of '8F-PEGs-
RGD-bombesin. Taken together, '3F-PEG;-RGD-bombesin
is better than *Cu-NOTA-RGD-bombesin for tumor imag-
ing within 2 h after injection. However, because of the short
half-life of !8F, the absolute tumor signal of '8F-PEGj;-
RGD-bombesin was low after 2 h. In contrast, the plateau
in tumor uptake of ®*Cu-NOTA-RGD-bombesin from 4 to
20 h allows a persistent imaging signal. More important,
because of the decay characteristics of ®*Cu, the longer
tumor retention of **Cu-NOTA-RGD-bombesin makes pos-
sible GRPR-positive tumor-targeted therapy. Recently, *°Y-
and '"7Lu-labeled bombesin analogs were extensively in-
vestigated for GRPR-positive tumor-targeted radiotherapy
(28-30). The improved in vivo kinetics and enhanced tumor
uptake of RGD-bombesin heterodimer over bombesin sug-
gests promise for the application of RGD-bombesin to
GRPR-targeted tumor radiotherapy.

Although we have demonstrated the advantages of %*Cu-
NOTA-RGD-bombesin over **Cu-NOTA-RGD and *Cu-
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NOTA-bombesin, we did not set other controls such as the
RAD-bombesin heterodimer and RGD-scramble bombesin
heterodimer. Comparing such control heterodimers with
RGD-bombesin might provide more useful information
about the enhanced tumor uptake and improved in vivo
kinetics of the heterodimer strategy. Furthermore, design
and synthesis of RGD-bombesin heterodimers with differ-
ent linkers between the 2 motifs, or synthesis of RGD
dimer-bombesin or RGD-bombesin dimer heterodimers,
also deserves further investigation to see if the combination
of homodimerization and heterodimerization would be of
additional benefit.

CONCLUSION

This study has demonstrated the advantages of %*Cu-
NOTA-RGD-bombesin over %Cu-NOTA-RGD, %Cu-
NOTA-bombesin, and ¢*Cu-DOTA-RGD-bombesin for
small-animal PET of GRPR-positive tumors in a nude
mouse model. The favorable in vivo kinetics and enhanced
tumor uptake of %“Cu-NOTA-RGD-bombesin warrant its
further investigation for GRPR-positive tumor imaging and
possible radiotherapy. The synergistic effects of RGD-
bombesin heterodimer observed in this study also encour-
age further investigations of other novel heterodimers for
tumor targeting.
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