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Introduction—In the present study, we describe a 54Cu-radiolabeled heterodimeric peptide
conjugate for dual a,B3/GRPr (a,B3 integrin/gastrin releasing peptide receptor) targeting of the
form [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] (RGD: the amino acid sequence [Arg-Gly-Asp], a
nonregulatory peptide used for a3 integrin receptor targeting; Glu: glutamic acid; NO2A: 1,4,7-
triazacyclononane-1,4-diacetic acid; 6-Ahx: 6-amino hexanoic acid; and RM2: (D-Phe-GIn-Trp-
Ala-Val-Gly-His-Sta-Leu-NH>), an antagonist analogue of bombesin (BBN) peptide used for
GRPr targeting).

Methods—[RGD-Glu-6Ahx-RM2] was conjugated to a NOTA (1,4,7-triazacyclononane-1,4,7-
triacetic acid) complexing agent to produce [RGD-Glu-[NO2A]-6-Ahx-RM2], which was purified
by reversed-phase high-performance liquid chromatography (RPHPLC) and characterized by
electrospray ionization-mass spectrometry (ESI-MS). Radiolabeling of the conjugate with 84Cu
produced [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] in high radiochemical yield (295%). In vivo
behavior of the radiolabeled peptide conjugate was investigated in normal CF-1 mice and in the
PC-3 human prostate cancer experimental model.

Results—A competitive displacement receptor binding assay in human prostate PC-3 cells

using 12°1-[Tyr4BBN as the radioligand showed high binding affinity of [RGD-Glu-[MaCu-
NO2A]-6-Ahx-RM2] conjugate for the GRPr (3.09 £ 0.34 nM). A similar assay in human,
glioblastoma U87-MG cells using 1251-Echistatin as the radioligand indicated a moderate receptor-
binding affinity for the avps integrin (518 + 37.5 nM). In vivo studies of [RGD-Glu-[%4Cu-
NO2A]-6-Ahx-RM2] showed high accumulation (4.86 + 1.01 %ID/g, 1 h post-intravenous
injection (p.i.)) and prolonged retention(4.26 + 1.23 %ID/g, 24 h p.i.) of tracer in PC-3 tumor-
bearing mice. Micro-positron emission tomography (microPET) molecular imaging studies
produced high-quality, high contrast images in PC-3 tumor-bearing mice at 4 h p.i.

Conclusions—The favorable pharmacokinetics and enhanced tumor uptake of 84Cu-NOTA-
RGD-Glu-6Ahx-RM2 warrant further investigations for dual integrin and GRPr-positive tumor
imaging and possible radiotherapy.

Keywords

gastrin-releasing peptide; prostate-specific membrane antigen; bombesin; prostate cancer;
copper-64

1. Introduction

According to the American Cancer Society, prostate cancer will account for an estimated
238,590 new cases and 29,720 deaths in 2013 [1]. Identification of prostate tumors at an
early stage continues to be challenging for oncologists and is of great clinical importance [2,
3]. Although direct mortality from non-metastatic prostate cancer is relatively low, the grave
prognosis, excruciating pain, and increasing costs of palliative therapy associated with the
chronic and metastatic stages of the disease drives continued and intensified investigations
toward the development of novel and more effective means of earlier, accurate detection and
therapy. Surgery and various forms of radiation- and chemically-based treatments have
sought to eliminate primary tumors and prevent or slow metastatic progression;
unfortunately, nearly all prostatic cancers eventually reach a point whereby they become
refractory to androgen deprivation therapy and achieve the metastasis which accounts for the

Nucl Med Biol. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Durkan et al.

Page 3

majority of the complications and mortalities associated with prostate cancer [4].
Furthermore, treatments themselves may cause side effects due to the inherently imprecise
nature in which they are delivered. Likewise, diagnostic methods such as serum prostate
specific antigen (PSA) and needle biopsy historically have been controversial in their
usefulness for the accurate detection of early stage prostatic neoplasia, resulting in missed
diagnoses as well as unnecessary treatments [5, 6].

The development of more target-specific, radiation-based, diagnostics and therapies has
shown limited success in clinical trials, notably those that employ the use of radionuclides
paired with target-specific bioprobes [7]. For example, the unique over-expression of
peptide receptors in human tumors is a driving force for continued clinical interest of tumor
imaging and targeted radionuclide therapy [8]. The GRPr is a subtype of the BBN receptor
superfamily found to be expressed in a variety of human cancers, such as breast, colon,
pancreatic, and prostate cancer. Many of these cancers continue to be targeted with
radiolabeled BBN derivatives for site-directed molecular imaging or therapy of disease
[9-11]. BBN, a tetradecapeptide analogue of human GRP has very high binding affinity for
GRPr [8, 10, 12] and numerous BBN analogues have been synthesized and characterized for
GRPr-positive tumor-targeted imaging and therapy [13-18]. Monomeric and dimeric RGD
peptides have attracted interest due to their ability to specifically target the a\/f3 integrin,
which is expressed on several tumors such as malignant melanomas, glioblastoma, breast,
and prostate tumors [3, 19-21]. A number of RGD peptide analogues have been radiolabeled
with 99mTc, 1111 68Ga, 18F and 84Cu radionuclides and evaluated for targeting integrin
ay/PB3-positive tumors [22-27].

A new and exciting approach for development of peptide-based radiopharmaceuticals is the
simultaneous targeting of multiple receptor subtypes with a single, endogenous, radioligand.
Many research groups have investigated monovalent GRPr- and a.,3-targeting radioligands
for receptor-targeted prostate cancer imaging and therapy. These compounds have
traditionally been modeled after a single, endogenous peptide hormone, small peptide, or
antibody, which begets the tendency for them to bind only to those cancer cells which
adequately express the target molecule. However, results of new heterodimeric peptide
conjugates have continued to show improved molecular imaging properties when compared
to monomeric peptide conjugates [28-31]. This is presumably due to an effective increase in
the total number of receptors that are available for binding the heterodimer. For example, the
total number of receptors available for binding a heterodimeric radioligand is the sum of all
GRPr and a./f3 receptors on the cell surface and should be higher than that of either
monovalent GRPr-/ ay/B3 single receptor-targeting radioligands [32].

Because prostate cancer cells seem to differentially express specific receptors depending
upon factors that may include chronicity and metastatic nature, it logically follows that a
compound capable of targeting more than one biomarker would have the ability of binding
to both early and chronic/metastatic stages of prostate cancer, creating the possibility for a
more prompt and accurate diagnostic profile for both, but also a much more precise and
efficient mode of normal tissue-sparing therapy with far fewer side effects. It is well known
that the androgen-independent prostate cancer cell line (PC-3) co-expresses both GRPr and
integrin a.,B3[3]. In the present study, we have designed and synthesized a 64Cu-

Nucl Med Biol. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Durkan et al.

Page 4

radiolabeled RGD-RM2 heterodimeric peptide antagonist for dual receptor targeting of the
form [RGD-Glu-[f4Cu-NO2A]-6-Ahx-RM2]. $4Cu-radiolabeled radiopharmaceuticals have
been of interest to our group and many others due to the ideal nuclear characteristics

of 84Cu; 84Cu [t1/,=12.7h; Eg+na=0.65MeV (17.9%); Eg max=0.57MeV (39%); electron
capture (EC) (43.1%)], making it useful for in vivo molecular imaging. $4Cu is a cyclotron-
produced radionuclide prepared via a (p,n) reaction on a highly-enriched 54Ni target. The
half-life for 64Cu is sufficiently long enough for drug preparation, quality control, drug
incorporation, circulation, and patient imaging [33, 34]. RM2 is an antagonist analogue of
BBN that has recently been shown to have improved uptake and retention in tumors as
compared to agonist GRPr-targeting ligands [35]. In this study, we report detailed in vitro
investigations of this GRPr/a.,3-targeting ligand in human PC-3 and U87-MG cells. In vivo
biodistribution and microPET molecular imaging investigations of the RGD-RM2
heterodimer in PC-3 bumor-bearing mice are also described.

2. Materials and Methods

2.1 General

[RGD-Glu-6Ahx-RM2], [Cyclo(Arg-Gly-Asp-DTyr-Lys)-Glu-(6-Ahx-D-Phe-GIn-Trp-Ala-
Val-Gly-His-Sta-Leu-NH>)], was purchased from CPC Scientific (Sunnyvale, CA, USA).
NOTA bifunctional chelating agent was manually conjugated to the [RGD-Glu-6Ahx-RM2]
dimeric peptide analogue via an active ester per a previously described procedure [28] to
yield [RGDGIu-[NO2A]-6-Ahx-RM2]. All other reagents/solvents were purchased from
Fisher Scientific (Pittsburgh, PA, USA) or Sigma-Aldrich Chemical Company (St. Louis,
MO, USA) and used without further purification. 125-[Tyr¥]BBN was purchased from
Perkin Elmer (Waltham, MA, USA). 125]-Echistatin was purchased from Perkin Elmer, Inc
(Shelton, CT, USA). Copper radionuclide in the form of 4CuCl, in 0.1 M HCI solution was
purchased from the University of Wisconsin-Madison Medical Physics Department, USA.

The peptide conjugate and metallated complexes reported herein were purified using
RPHPLC performed on an SCL-10A HPLC system (Shimadzu, Kyoto, Japan) employing a
binary gradient system [solvent A=99.9% DI water with 0.1% trifluoroacetic acid (TFA);
solvent B= 99.9% acetonitrile containing 0.1% TFA]. Samples were observed using an in-
line Shimadzu SPD-10A absorption detector (A=280 nm) as well as an in-line EG&G Ortec
Nal solid crystal scintillation detector (EG&G, Salem, MA, USA). EZStart software (7.4;
Shimadzu) was used for data acquisition of both signals. An analytical C-18 reversed-phase
column (Phenomenex, Torrance, CA, USA) maintained at 34°C was used to achieve
purification of [RGD-Glu-[NO2A]-6-Ahx-RM2] and [RGD-Glu-["a/64Cu-NO2A]-6-Ahx-
RMZ2] peptide conjugates. A linear gradient of 25:75A/B to 35:65 A/B gradient over 15 min
(followed by an additional 10 min at 5:95 A/B) was used to purify the peptides. Purified
peptide conjugates were lyophilized in a CentriVap system (Labconco, Kansas City, MO,
USA). ESI-MS analyses were performed at the University of Missouri, Department of
Chemistry, Columbia, MO, USA.
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2.2 Synthesis of [RGD-Glu-["a/64Cu-NO2A]-6-Ahx-RM2] conjugates

[RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] conjugate was synthesized by the addition

of "ACuCI,-2H50 in 0.05 N HCI (90 nmol) to purified [RGD-Glu-[NO2A]-6-Ahx-RM2]
peptide conjugate (89 nmol) and 0.4 M ammonium acetate (250 pl). The pH of the mixture
was adjusted to approximately 7.0 by the addition of 1% NaOH and then incubated for 1 h at
70°C. Ten millimolar diethylenetriaminepentaacetic acid (DTPA) solution (50 ul) was added
to scavenge unbound metal. [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] conjugate was purified
by RPHPLC and characterized by ESI-MS prior to in vitro competitive binding assays.

Synthesis of the radionuclide conjugate was achieved by the reaction of [RGD-Glu-
[NO2A]-6-Ahx-RM2] (50 ug, 200 ul 0.4 M ammonium acetate) with $4CuCl,-2H,0
(74-111 MBq, 9.15 x 108 Bg/mol) for 1 h at 70°C (pH=7.0). Addition of 50 pl of 10 mM
DTPA solution was used to scavenge any remaining unreacted copper metal. The

resulting 84Cu-peptide conjugate was purified using RP-HPLC and collected into 100 pl of 1
mg/ml bovine serum albumin (BSA) prior to in vitro and in vivo assays. Acetonitrile was
removed under a steady stream of nitrogen and the radiochemical purity was assessed by
RP-HPLC.

2.3 In vitro receptor binding assays

The ICxq value of [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] was evaluated in GRPr-
expressing, human, PC-3, prostate cancer cells according to published procedure [34].
Experiments were performed four times, in triplicate. The 1Csq values were calculated using
GraphPad Software.

Similarly, the binding affinity of [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] was determined by
a competitive cell binding assay in a,f3-expressing glioblastoma U87-MG cells using 12°I-
Echistatin as the radioligand. Briefly, U87-MG cells (9 x 10* cells/well) were seeded in
Millipore 96-well filter multiscreen DV plates (0.65 pm pore size) and incubated at 25°C for
2 h with approximately 30,000 cpm of 125]-Echistatin in the presence of increasing
concentrations (1012 to 10> M) of [RGD-Glu-["@Cu-NO2A]-6-Ahx-RM2] in 0.2 mL of
binding medium. After the incubation, the plates were filtered through a multiscreen vacuum
manifold and rinsed twice with 0.5 mL of ice-cold pH 7.4, 0.2% BSA/0.01 M PBS. The
hydrophilic polyvinylidenedifluoride (PVDF) filters were collected and the radioactivity was
measured in a Wallac 2480 automated gamma counter (PerkinElmer, NJ). The ICsq values
were calculated as previously described (vide infra). As a control, the 1C5q of cyclo-RGD
was also measured in U87-MG cells using 1251-Echistatin as the radioligand.

2.4 In vivo biodistribution studies

All animal studies were conducted in compliance with the highest standards of care as
outlined in the NIH Guide for the Care and Use of Laboratory Animals and the Policy and
Procedures for Animal Research at the Truman VA Hospital, Columbia, Missouri, USA.
Female CF-1 and Institute of Cancer Research severe combined immunodeficient (SCID)
female mice (4-5 weeks of age) were supplied from Taconic Farms (Germantown, NY,
USA). PC-3 cells were injected into the subcutaneous flanks of female SCID mice according
to published procedure [28]. Tumors were allowed to grow two to three weeks
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postinoculation, developing tumors ranging in mass from 0.05 g to 0.34 g. Biodistribution
studies in CF-1 and SCID mice were performed by injection of ~20 uCi (~0.75 MBq,
8.08x10714-2.02x10-13 mol, 9.16x1018 Bg/mol) of [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2]
(100 pL, 0.9% NaCl) into the tail vein. Mice were euthanized at 1 h, 4 h or 24 h p.i. and
tissues, organs, and urine were collected, weighed, and counted in a Nal well counter. The
percent injected dose (%1D) and the percent injected dose per gram (%1D/g) were
calculated. The whole blood volume was assumed to be 6.5% of the total body weight,
allowing for the %ID in whole blood.

2.5 microPET/microCT imaging studies

3. Results

Maximum intensity microPET coronal images were obtained on a Siemens INVEON small-
animal, dedicated PET unit (Siemens, Nashville, TN, USA) at 4 h. p.i. according to
published procedure [28]. Micro-computed tomography (microCT) coronal images were
also obtained on the Siemens INVEON small-animal CT unit (Nashville, TN, USA)
immediately following microPET imaging for the purpose of fusing the anatomic and
molecular data. The microCT images were acquired for approximately 8 min, and
concurrent image reconstruction was achieved using a conebeam (Feldkamp) filtered, back-
projection algorithm. The raw, reconstructed microPET datasets (with a matrix size of
512x512x159) were imported into the INVEON Research Workstation software for
subsequent image fusion with the microCT image data and 3D visualization.

and Discussion

Integrins are only moderately expressed on the surfaces of some prostate tumors. For
example, the a B3 integrin receptor density per cell is approximately 2.8 x 10° on PC-3
prostate cancer cells [36]. The GRPr density per PC-3 cell, on the other hand, is
approximately 2.5 x 10° [37]. Because each of these two receptor subtypes are expressed
only minimally on normal human cells, the ability to design radiolabeled monovalent or
bivalent BBN/RGD derivatives that exhibit high-affinity for GRP/a, 3 receptor subtypes on
human prostate cancers provides significant opportunity for molecular imaging and targeted
radionuclide therapy. $4Cu-radiolabeled RGD/BBN heterodimers and monovalent RGD and
BBN agonist/antagonist ligands have been extensively investigated for use as SPECT/PET
imaging probes of human prostate cancer tumors which express both integrin a3 and
GRPr. Heterodimers targeting ayf3 and GRPr have been shown to be superior to
monovalent GRPr/a,p3-targeting ligands, which can be limited by one or the other
molecular targets/biomarkers being expressed either in very low numbers or not at all
[29-31, 38]. Herein we have described the synthesis, characterization, and the
pharmacological evaluation of an antagonist heterodimer, [RGD-Glu-[34Cu-NO2A]-6-Ahx-
RM2], for dual targeting of integrin ay/f3 and GRPr. To our knowledge, this is the first
heterodimer based upon a GRPr-targeting antagonist ligand, which, until now, have
remained largely unexplored.

In this study, the NOTA bifunctional chelator was manually conjugated to the [RGD-
Glu-6Ahx-RM2] peptide and the resulting [RGD-Glu-[NO2A]-6-Ahx-RM2] conjugate was
metallated with natural copper. [RGD-Glu-[NO2A]-6-Ahx-RM2] and [RGD-Glu-["aCu-
NO2A]-6-Ahx-RM2] conjugates were purified by RP-HPLC. The ESI-MS analyses of
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[RGD-GIlu-[NO2A]-6-Ahx-RM2] and [RGD-Glu-["'Cu-NO2A]-6-Ahx-RM2] were
consistent with the molecular weights calculated for each analogue (Table 1). The chemical
structure of [RGD-Glu-[Cu-NO2A]-6-Ahx-RM2] is shown in Figure 1. The [RGD-Glu-
[NO2A]-6-Ahx-RM2] conjugate was radiolabeled with positron-emitting 54Cu in high
radiochemical yield (295%). The retention times for [RGD-Glu-["3Cu-NO2A]-6-Ahx-RM2]
and [RGD-Glu-[*Cu-NO2A]-6-Ahx-RM2] are 12.27 and 12.35 min, respectively, and
indicate the structural similarity between the macroscopic and tracer level conjugates (Fig.
2).

In vitro competitive binding studies for [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] were
performed on human androgen-independent prostate cancer PC-3 cells. A typical sigmoidal
curve for displacement of 125|-[Tyr4]-BBN from PC-3 cells as a function of increasing
concentration of [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] was obtained (Fig. 3). The ICs
value of the heterodimer was determined to be 3.09 + 0.34 nM and is similar to the NO2A-
RGD-BBN agonist, "Cu-NO2A-RGD-Glu-6Ahx-BBN, previously reported by Jackson and
coworkers [28]. Similarly, to assess the binding affinity of [RGD-Glu-["Cu-NO2A]-6-
Ahx-RM2] for a/B3, a competitive displacement was performed in a.,p3-expressing,
human, glioblastoma U87-MG cells using 1251Echistatin as the radioligand. These results
showed an ICsq of 518 *+ 37.5 nM, indicating only moderate specific binding to the integrin
receptor. Comparably, the 1C5q for cyclo-RGD in U87-MG cells was 162 + 5.5 nM. Li and
co-workers have evaluated the binding affinities of RGD, BBN-RGD, and FB-BBN-RG for
the a.y/P3 receptor on U87-MG cells and have determined the ICggs to be 202 + 28, 428 +
57, and 282 + 34 nM, respectively, showing only moderate binding to the a./f3 receptor as
well [39]. To evaluate the binding affinity of [RGD-Glu-["3Cu-NO2A]-6-Ahx-RM2] for
ay/P3 receptors on PC-3 cells, a cell line known to express the integrin in only moderate to
low numbers, competitive binding assays using 12°I-Echistatin as the radioligand were also
performed. [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] showed minimal displacement

of 125|Echistatin from PC-3 cells. These results are similar to those observed for "Cu-
NO2A-RGDGIu-6Ahx-BBN agonist, and suggest the driving mechanism for ligand binding
to PC-3 cells to be primarily GRPr-mediated [28]. Previous studies for a 9™Tc-radiolabeled
dual-targeting MC1/a.\/f3 radioligand showed an 1Cs5q of 403 nM for the a.\/f3 integrin
receptor in an M21 human, melanoma cell line. The authors of that study attribute the
successful molecular imaging investigations in a human M21 mouse model to a combination
of very high a\/p3 integrin receptor density and very high binding affinity to the MC1
receptor (2.0 nM), although relatively poor ay/p3 binding affinity was observed [40].

Table 2 summarizes the results of biodistribution studies for [RGD-Glu-[64Cu-NO2A]-6-
Ahx-RM2] in normal CF-1 mice at 1, 4 and 24 h p.i. Rapid blood clearance of tracer was
demonstrated with only 0.09+0.03% of the injected dose being retained at 4 h p.i. The
primary mode of clearance for the tracer was the renal-urinary excretion pathway, with more
than 75% ID having cleared the urine at 1 h p.i. [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2]
quickly cleared GRPr-negative organs and showed minimal uptake in hepatic tissue. In
addition, pancreatic accumulation at the same time interval was 4.70+£1.04% ID/g and was
reduced to 0.71+0.08 % ID/g at 4 h p.i. It is well-known that mouse pancreatic tissue
expresses the GRPr in very high density. Therefore, high accumulation of radioactivity in
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pancreatic tissue is oftentimes an indicator of effective GRPr targeting for radiolabeled
bombesin conjugates. The liver uptake of [RGD-Glu-[34Cu-NO2A]-6-Ahx-RM2] was low,
with the highest uptake being 1.42+0.17% ID/g at 4 h p.i. (1.32+0.27% ID/g at 1 h p.i). This
again suggests that the Cu(l11)/NO2A metal complex was effectively stable under in vivo
conditions [41].

The results of the [RGD-Glu-[#4Cu-NO2A]-6-Ahx-RM2] biodistribution in PC-3 tumor-
bearing SCID mice are presented in Table 3. Radioactivity cleared efficiently from the
bloodstream, with only 0.55+0.13% ID remaining in whole blood at 1 h p.i. The primary
route of excretion was very much comparable to that seen in the normal, CF-1 mice. At 1, 4
and 24 h p.i., uptake of the conjugate in renal tissue was found to be 5.06+1.13, 4.76+1.92,
and 2.43+0.81% ID/qg, respectively. Moderately high uptake of radioactivity was observed in
the liver as compared to that seen in normal CF-1 biodistribution investigations, with results
ranging from 2.65+0.55% ID/g at 1 h p.i. to 2.44+0.39% ID/g at 24 p.i. Furthermore,
pancreatic accumulation of 84Cu-NO2A-RGD-Glu-6Ahx-RM2 in PC-3 tumor-bearing mice
was nearly two-fold higher in comparison to that observed in normal CF-1 mice at 1 h p.i.
For example, uptake in pancreas was 8.09+1.29% ID/g at 1 h p.i. for tumor-bearing mice.
Uptake in xenografted PC-3 tumors achieved maximal concentration (6.37+1.23% ID/g) at 4
h p.i. At 24 h p.i., tumor concentration of the tracer surpassed that of all normal tissues with
retention of 4.26+1.23% ID/g. It is worth noting that the washout of the radioactivity from
the tumor tissue was much slower than the washout from other GRPr positive organs such as
the pancreas and intestines. For example, while ~87% of the radioactivity was retained in
the tumors at 24 h p.i., only ~8% of the radioactivity was retained in normal pancreas at the
same time interval. In comparison, the agonist $4Cu-NO2A-RGD-Glu-6Ahx-BBN conjugate
showed ~24% of the radioactivity to be retained in normal pancreas at the 24 h time-point
[28]. Furthermore, the amount of retained radioactivity in tumor tissue was found only to be
~60%. These results suggest that antagonist-based constructs, which show faster washout
from non-target organs and higher tumor uptake and retention, are superior to their agonist
“cousins”. Both heterodimeric conjugates, however, show prolonged tumor-associated
radioactivity that is sufficient for molecular imaging studies and, possibly, targeted
radiotherapy. Last of all, due to the rapid clearance of radioactivity from the body, high
tumor to background ratios were found. For instance, tumor to blood and tumor to muscle
ratios increased from 8.8 and 10.9 at 1 h to 20.9 and 14.1 at 4 h, respectively.

The results of microPET/microCT imaging studies in PC-3 tumor-bearing, SCID mice using
[RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] are presented in Figure 4. PC-3 xenografted tumors
were clearly visible at the 4 h time-point, producing high-quality, high-contrast microPET
images with excellent tumor-to-background ratios. Previous studies in our laboratory have
produced high-quality microPET images in tumor-bearing murine models. However, many
of the microPET images we have produced are at the 15-18 h time-point in order to allow
maximum excretion and clearance from non-target tissues of the abdomen. These studies, on
the other hand, show only minimal collateral radioactivity in non-target tissues at 4 h p.i.,
indicating the propensity of the RGD sequence to possibly facilitate excretion and clearance
from these tissues to create high-quality, high-contrast images at an earlier time-point.
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4. Conclusion

Maecke and co-workers have recently investigated a 54Cu-radiolabeled, antagonist-like
targeting vector, [CB-TE2A-PEG4-RM2] (CB-TE2A; 4,11-bis(carboxymethyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane), having high selectivity for the GRPr [35]. Cross-bridged,
cyclam-based ligand frameworks (CB-TE2A) appended to many biologically-active
targeting vectors have been shown to offer improved Kinetic stability under in vivo
conditions when compared to other poly(aminocarboxylate)-containing ligand frameworks
[13, 42-47]. This new tracer produced high-quality, high-contrast microPET images in a
PC-3 tumor-bearing mouse model at 12 h p.i. Based upon high tumor uptake and retention,
favorable pharmacokinetics, and high in vivo stability, they have introduced this new
monovalent targeting vector into human clinical trials in Europe [35]. In the present study,
we have produced a [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] heterodimer which contains
structural motifs recognizing both integrin a,f3 and GRPr. The a B3 and GRPr are
validated biomarkers present on the surfaces of most prostate cancer cells. MicroPET
imaging investigations at 4 h p.i. produced high-quality, high-contrast, whole-body images
with minimal tracer present in surrounding, collateral, abdominal tissues. The high
selectivity and retention of this tracer for tumor tissue suggests that a 8’Cu-radiolabeled
agent of this type may also be useful for targeted radiotherapy for prostate cancer primary
tumors and metastatic disease. Furthermore, results from this study support previous studies
produced by other research groups that suggest the superiority of radiolabeled antagonists
over agonists to be used for molecular imaging of human cancers.
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FIGURE 1.
Chemical structure of [RGD-Glu-["2/64Cu-NO2A]-6-Ahx-RM2] antagonist.
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and [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] (tg = 12.35 min).
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FIGURE 3.

Inhibitory concentration half maximum (1Csq) [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] (ICsq
=3.09 = 0.34 nM) in human, prostate, PC-3 cells.
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FIGURE 4.
Maximum intensity microPET tumor and microCT skeletal fusion coronal whole-body

image of a PC-3 tumor bearing SCID mouse at 4 h after tail vein injection of [RGD-Glu-
[64Cu-NO2A]-6-Ahx-RM2].
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Mass spectrometry, 1Csq, and RP-HPLC data for [RGD-Glu-[NO2A]-6-Ahx-RM2] and [RGD-Glu-[Ma/64Cy-

NO2A]J-6-Ahx-RM2].

Calculated molecular mass, [RGD-Glu-[NO2A]-6-Ahx-RM2] 2241.17 Da
Calculated molecular mass, [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2] 2302.08 Da
Electrospray ionization molecular mass, [RGD-Glu-[NO2A]-6-Ahx-RM2] 2242.39 Da
Electrospray ionization molecular mass, [RGD-Glu-["'Cu-NO2A]-6-Ahx-RM2] | 2303.64 Da
Molecular Formula [RGD-Glu-[NO2A]-6-Ahx-RM2] C105H156N25057
Molecular Formula [RGD-Glu-[Cu-NO2A]-6-Ahx-RM2] C105H154CUN2g057
[RGD-GIlu-["'Cu-NO2A]-6-Ahx-RM2] RP-HPLC tg 12.27 min
[RGD-GIu-[¢*Cu-NO2A]-6-Ahx-RM2] RP-HPLC tg 12.35 min

1Cs0, [RGD-Glu-["Cu-NO2A]-6-Ahx-RM2], PC-3 3.09+0.34 nM
1C50, [RGD-Glu-["'Cu-NO2A]-6-Ahx-RM2], U87-MG 518+37.5nM
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Biodistribution studies of [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] in CF-1 normal mice at 1, 4 and 24 h p.i.

(%ID/g + SD, n = 5).

1h 4h 24h
Heart 0.39£0.12 0.54+0.40 0.39+0.04
Lung 0.98+0.17 0.83+0.35 0.78+0.19
Liver 1.32+0.27 1.42+0.17 1.38+0.19
Kidneys 3.54+0.56 2.53+0.37 1.15+0.07
Spleen 1.00+0.27 0.69+0.12 0.61+0.15
Stomach 1.63+0.41 1.08+0.47 0.64+0.22
S.Intestine  2.20£0.56 1.43+0.55 0.72+0.20
L.Intestine  1.01+0.14 2.30+0.40 0.91+0.20
Muscle 0.32#0.11 0.15+0.05 0.10+0.03
Bone 0.88+0.26  0.71+0.16 0.39+0.11
Brain 0.05+0.02 0.04+0.01 0.08+0.03
Pancreas 4.70+1.04 0.71+0.08 0.38+0.08
Blood* 0.24+0.04  0.09+0.03  0.13+0.02
Urine* 75.243.47 82.5+2.86 84.7+2.68
Bladder 2.34+1.15 1.31+0.46 0.39+0.36

*
Data presented as %ID
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Biodistribution studies of [RGD-Glu-[64Cu-NO2A]-6-Ahx-RM2] in PC-3 tumor-bearing SCID mice at 1, 4
and 24 h p.i. (%ID/g = SD, n =5).

1h 4h 24h
Heart 0.99+0.53 0.73+0.26  0.79+0.11
Lung 1.65+0.29 1.56+0.26 1.21+0.22
Liver 2.65+0.55 3.22+0.92 2.44+0.39
Kidneys 5.06+£1.13 4.76x1.92 2.43+0.81
Spleen 2.56+0.90 3.13+#1.65 2.17+0.72
Stomach 2.21+0.47 2.04+1.29 0.74+0.47
S.Intestine  3.64+0.61 3.12+1.62 1.25+0.59
L.Intestine  1.39+0.47 4.20+1.55 2.37+2.13
Muscle 0.44+0.11 0.45+0.21 0.26+0.13
Bone 0.89+0.14 0.84+0.41 0.68+0.50
Brain 0.08+0.02 0.09+0.05 0.08+0.03
Pancreas 8.09+1.29 1.95+0.93 0.64+0.26
Blood* 0.55+0.13 0.30+0.08 0.36+0.08
Urine* 69.4£5.28 76.1+6.48 79.1+2.66
Tumor 4.86+1.01 6.37+1.68 4.26%1.23

*
Data presented as %ID
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