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Abstract
Introduction—A novel alpha-melanocyte stimulating hormone peptide analog CHX-A”-Re
(Arg11)CCMSH, that targeted the melanocortin-1 receptor (MC1-R) over-expressed on melanoma
cells, was investigated for its biodistribution and tumor imaging properties.

Methods—The metal bifunctional chelator CHX-A” was conjugated to the melanoma targeting
peptide (Arg11)CCMSH and cyclized by Re incorporation to yield CHX-A”-Re(Arg11)CCMSH.
CHX-A”-Re(Arg11)CCMSH was labeled with 111In, 86Y and 68Ga and the radiolabeled peptides
were examined in B16/F1 melanoma bearing mice for their pharmacokinetic as well as their tumor
targeting properties using small animal SPECT and PET.

Results—The radiolabeling efficiencies of the 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)
CCMSH peptides were > 95%, resulting in specific activities of 4.44 GBq/μg, 3.7 GBq/μg and 1.85
GBq/μg, respectively. Tumor uptake of the 111In, 86Y and 68Ga labeled peptides was rapid with 4.17
±0.94 % ID/g, 4.68±1.02 % ID/g and 2.68±0.69 % ID/g present in the tumors 2 h post injection,
respectively. Disappearance of radioactivity from the normal organs and tissues was rapid with the
exception of the kidneys. Melanoma tumors were imaged with all three radiolabeled peptides 2 h
post injection. MC1-R specific uptake was confirmed by competitive receptor blocking studies.

Conclusions—Melanoma tumor uptake and imaging was exhibited by the 111In, 86Y and 68Ga
labeled -Re(Arg11)CCMSH peptides, although the tumor uptake was moderated by low specific
activity. The facile radiolabeling properties of CHX-A”-Re(Arg11)CCMSH allow it to be employed
as a melanoma imaging agent with little or no purification after 111In, 86Y and 68Ga labeling.

© 2009 Elsevier Inc. All rights reserved
*Corresponding Author: Thomas P. Quinn, Department of Biochemistry, 117 Schweitzer Hall, University of Missouri, Columbia, MO
65211. Phone (573) 882-6099; Fax (573) 882-5635; Email quinnt@missouri.edu.
Current Affiliations: Lihui Wei PhD, MDS Nordion, Ottawa, ON K2K 1X8, Canada; Yubin Miao, PhD, College of Pharmacy, University
of New Mexico, Albuquerque, NM 87131 USA; Jason S. Lewis PhD, Department of Radiology, Memorial Sloan-Kettering Cancer
Center, New York, NY 10065, USA.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Nucl Med Biol. Author manuscript; available in PMC 2010 May 1.

Published in final edited form as:
Nucl Med Biol. 2009 May ; 36(4): 345–354. doi:10.1016/j.nucmedbio.2009.01.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Melanoma; Imaging; α-MSH; Peptide; CHX-A”

1. Introduction
Radiolabeled alpha-melanocyte stimulating hormone (α-MSH) peptide analogs have shown
great promise as melanoma imaging [1-11] and radio-therapeutic agents [12-14] in preclinical
studies and early clinical trials [15,16]. Native α-MSH is a tridecapeptide hormone, derived
from the pro-opiomelanocortin gene, binds the G-protein linked melanocortin receptor family
of proteins, namely the melanocortin-1 receptor (MC1-R) [17]. Melanocortin receptors are
involved in the regulation of numerous physiological functions including, skin pigmentation
(MC1-R), stress response (MC2-R), energy balance, feeding behavior and neurological roles
(MC3-R, MC4-R and MC5-R) [17-18]. The MC1-R is primarily expressed on skin melanocytes
and exhibits specificity and nanomolar to subnanomolar affinities for α-MSH and many of its
analogs [17-19]. Over-expression of MC1-R on the surfaces of melanoma tumor cells has
stimulated the development of α-MSH analogs for diagnostic imaging and therapeutic
applications. Analyses of melanoma cell lines demonstrated that receptor numbers vary from
approximately 900 to 7000 receptors per cell [19-22]. Upon MC1-R binding, radiolabeled
peptide-receptor complexes are internalized, sequestering the radionuclide in the cytoplasm of
the targeted melanoma tumor cell [3-14]. Rapid melanoma uptake and retention of MC1-R-
targeted radionuclides, coupled with rapid whole body excretion of the radiolabeled targeting
peptide, lead to high tumor to normal tissue ratios of radioactivity.

One of the most widely used strategies for radiolabeling α-MSH peptides is to introduce a
metallic radionuclide into a peptide-chelator conjugate. The most commonly used metal
chelator has been 1,4,7,10-tetraazacyclodocane-1,4,7,10-tetraacetic acid (DOTA), based
largely on its ability to coordinate numerous radionuclides [23]. DOTA conjugated α-MSH
peptides were radiolabeled with the imaging radionuclides 111In [4,24,25], 68Ga [5,6,9], 86Y
[7] and 64Cu [7,10] and with the therapeutic radionuclides 212Pb/212Bi [13], 177Lu [14]
and 90Y [26]. The DOTA chelator is particularly effective at stable coordination of the 3+

lanthanide series radiometals, yttrium, indium and bismuth. The introduction of metallic
radionuclides into the DOTA chelator generally requires elevated temperatures (75-95°C) and
extended incubation times (30-60 min). While elevated metal chelation temperatures are not
usually detrimental to peptides, they can result in denaturation and inactivation of proteins,
such as antibodies and antibody fragments. Elevated radionuclide chelation temperatures and
extended incubation times do present potential obstacles to simple routine on-site formulation
in nuclear pharmacies, especially with short-half life radionuclides.

The use of the metal chelator diethylenetriaminepentaacetic acid (DTPA) is an attractive
alternative to DOTA, since metal ions can be chelated under mild conditions and shorter
incubation times [23]. DTPA is a five-pendent polyaminocarboxylate chelator, as opposed to
the constrained cyclic structure of DOTA, which contributes to its rapid radionuclide chelation
kinetics. The development of a preorganized cyclohexyl derivative of DTPA, N-(2-
aminoethyl)-trans-1,2-diaminocyclohexane-N,N',N”-pentaacetic acid (CHX-A”), resulted in a
bifunctional chelator with improved metal affinity and metal complex stability [27]. The CHX-
A” bifunctional chelator has been used successfully to radiolabel antibodies and peptides with
a number of radionuclides including, 213Bi [28] 212Bi [29], 90Y [30,31], 177Lu [32] and 111In
[31]. Recently, a novel protected version of the CHX-A” chelator was described that was
suitable for solid-phase peptide synthesis [33]. A mono-N-hydroxysuccinimidyl penta-tert-
butyl ester derivative of CHX-A” with a glutaric acid spacer enabled efficient coupling to
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peptides immobilized on solid supports or in solution. This advance greatly facilitated the utility
of CHX-A” in the development of radiolabeled peptide imaging and therapeutic agents.

In this report we describe the synthesis and preclinical characterization of the MC1-R targeting
peptide CHX-A”-Re(Arg11)CCMSH. The glutaric acid succinimidyl ester derivative of the
penta-tert-butyl CHX-A” bifunctional chelator was coupled to the free-N-terminal protected
linear peptide (Arg11)CCMSH in solution. CHX-A”-(Arg11)CCMSH was cyclized by site-
specific rhenium incorporation to yield the final product CHX-A”-Re(Arg11)CCMSH. Purified
CHX-A”-Re(Arg11)CCMSH was radiolabeled with 111In, 86Y, and 68Ga and the radiolabeled
peptides were examined for their biodistribution and tumor imaging properties in B16/F1
melanoma bearing mice. The results of the biodistribution and imaging studies with
the 111In, 86Y and 68Ga radiolabeled CHX-A”-Re(Arg11)CCMSH peptides were compared to
published results of radiolabeled DOTA-Re(Arg11)CCMSH peptides. These studies
demonstrated that radiolabeled CHX-A”-Re(Arg11)CCMSH peptides were able to selectively
target and image tumors in the B16/F1 mouse melanoma model and that tumor uptake and
biodistribution were greatly influenced by specific activity of each preparation as well as the
chelate attached to the targeting peptide.

2. Materials and methods
2.1 Materials

All chemicals unless otherwise stated were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO). Water was purified and deionized (18 MΩ/cm2) via a Milli-Q water filtration
system (Millipore Corp., Milford, MA). 111In was purchased from Mallinckrodt (St. Louis,
MO). 86Y was produced on a CS-15 biomedical cyclotron at Washington University School
of Medicine [34]. 68Ga was obtained from a 68Ge/68Ga radionuclide generator (Cyclotron Co.,
Ltd., Obninsk, Russia). The parent, 68Ge, was accelerator produced and decays with a half life
of 270.8 days by electron capture. The carrier of the generator was TiO2 and it was eluted with
high purity 0.1 M HCl (TraceMetal concentrated HCl was obtained from Fisher Scientific and
diluted with Mill-Q water). At the time of the experiments the generator was over 9 months
old and the average elution was 462.5 MBq (12.5 mCi) in 5 mL of elution (of which 80-90%
of the activity was collected in a 1.5 mL fraction). Radioactivity was counted with a Beckman
Gamma 8000 counter containing a NaI crystal (Beckman Instruments, Inc., Irvine, CA). Radio-
TLC detection was accomplished using a BIOSCAN AR2000 Imaging Scanner (Washington
DC, USA). Amino acid monomers were obtained from Novabiochem, EMD Biosciences, Inc.
(San Diego, CA).

2.2 CHX-A”-Re(Arg11)CCMSH synthesis
The (Arg11)CCMSH sequence (CCEH-dPhe-RWCRPV-NH2) was synthesized by standard
solid phase peptide synthesis using an Fmoc strategy on acid labile 2ClTrt resin. The free N-
terminal amino fully protected peptide was cleaved from the resin with 2 × 5 min treatments
of 25% 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and 5% triisopropylsilane (TIS) in
dichloromethane (DCM). Conjugation with CHX-A” was performed by reacting the (Arg11)
CCMSH peptide with the NHS ester of the CHX-A”-glutarate ligand (2 molar excess) in
dimethylformamide (DMF) and in the presence of diisopropylethylamine (DIEA, 4 molar
excess) for 2 h. After diethylether precipitation, the peptide was treated with 80% TFA and
scavengers for 2 h to yield the final deprotected crude conjugate. CHX-A”-(Arg11)CCMSH
was cyclized by site-specific rhenium (Re) coordination [8], purified by preparative HPLC and
lyophilized. The final product CHX-A”-Re(Arg11)CCMSH (MW 2280 daltons) was subjected
to LC-MS analysis, yielding a homogeneous peptide conjugate with the expected mass.
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2.3 Competitive Binding Assay
The IC50, or concentration of peptide required to inhibit 50% of radioligand binding, was
determined for the CHX-A”-Re-(Arg11)CCMSH peptide in a competitive binding assays
with 125I-(Tyr2)-NDP, a radioiodinated α-MSH analog with picomolar affinity for the MC1-
R [35]. B16/F1cells were plated in 24-well tissue culture plates and incubated overnight to
yield a final cell count of 0.5 million cells per well. Individual wells were incubated at 25°C
for 3 h with approximately 50,000 cpm 125I-(Tyr2)-NDP in 0.5 mL binding medium (modified
Eagle's medium with 25 mmol/L N-(2-hydroxyethyl)-piperazine-N'-(2-ethanesulfonic acid),
0.2% BSA, and 0.3 mmol/L 1,10-phenanthroline) with concentrations of CHX-A”-(Arg11)
CCMSH ranging from 10-13 to 10-5 mol/L. The radioactivity in the cells and in the medium
was separately collected and measured. The data were processed, and the IC50 value of the
CHX-A”-Re(Arg11)CCMSH peptide were calculated with the Kell software package (Biosoft,
Ferguson, MO).

2.4 Radiolabeling of CHX-A”-Re(Arg11)CCMSH with 111In, 86Y and 68Ga
44.4 MBq (1.2 mCi) of 111InCl3 in 60 μL of 0.05 M HCl was added to 20 μg of CHX-A”-Re
(Arg11)CCMSH in 120 μL 0.2M ammonium acetate (pH 5.5). The reaction mixture was heated
at 40 °C for 40 min. Radiochemical purity was confirmed by reverse-phase HPLC using a
Vydac 218TP54, 250 mm column (P J Cobert Associates, Inc, MO, USA) eluted with a gradient
of 22% B to 32% B in 20 min at a flow rate of 1.0 mL /min (Solvent A: 0.1% trifluoroacetic
acid in water, Solvent B: 0.1% trifluoroacetic acid in acetonitrile). Under these HPLC
conditions, the retention times of 111InCl3 and the product 111In- CHX-A”-Re(Arg11)CCMSH
were 3 min and 10.4 min, respectively. The specific activity of 111In-CHX-A”-Re(Arg11)
CCMSH was 4.44 MBq/μg (120 μCi/μg) or 10.62 GBq/μmol (287 mCi/μmol).

37 MBq (1.0 mCi) of 86Y in 10 μL of 0.1 M HCl was added to 10 μg of CHX-A”-Re(Arg11)
CCMSH in 100 μL 0.5 M ammonium acetate (pH 5.5). The reaction mixture was heated at 75
°C for 30 min. Product formation was monitored by radio-TLC using Whatman MKC18F TLC
plates developed with 30:70 10 % NH4OAc to methanol (86Y: Rf = 0; 86Y-CHX-A”-DTPA-
ReCCMSH(Arg11): Rf = 0.3). Radiochemical purity was also confirmed with reverse-phase
HPLC using a Microsorb C18, 4.6 × 250 mm column (Varian Inc. Lake Forest, CA) eluted with
a gradient of 10% B to 20% B in 10 min, 20% B in 10 min, 20% B to 40% B in 60 min at a
flow rate of 1.0 mL/min (Solvent A: 0.1% trifluoroacetic acid in water, Solvent B: 0.1%
trifluoroacetic acid in acetonitrile). Under these HPLC conditions, the retention times of
uncomplexed 86Y and the product 86Y-CHX-A”-Re(Arg11)CCMSH were 2 min and 33 min
respectively. The specific activity of 86Y-CHX-A”-Re(Arg11)CCMSH was approximately 3.7
MBq/μg (100 μCi/μg) or 8.77 GBq/μmol

74 MBq (2.0 mCi) 68GaCl3 in 300 μL 0.1 M HCl was added to 40 μg of CHX-A”-Re(Arg11)
CCMSH in 300 μL 0.1 M ammonium acetate (pH 8). The reaction mixture was incubated at
85 °C for 20 min. Radiochemical purity was >95% as indicated by thin-layer chromatography
using instant TLC (ITLC-SG) glass microfiber sheets developed with 50:50 10% NH4OAc to
methanol (68GaCl3: Rf = 0; 68Ga-CHX-A”-Re(Arg11)CCMSH Rf = 0.9). Radiochemical purity
was also confirmed with reverse-phase HPLC using a Microsorb C18, 4.6 × 250 mm column
(Varian Inc. Lake Forest, CA) eluted with a gradient of 1% B to 30% B in 15 min then 30% B
to 70% B in 5 min at a flow rate of 1.0 mL/min (Solvent A: 0.1% trifluoroacetic acid in water,
Solvent B: 0.1% trifluoroacetic acid in acetonitrile). Under these HPLC conditions, the
retention times of uncomplexed 68Ga and the product 68Ga-CHX-A”-Re(Arg11)CCMSH were
1.5 min and 19.6 min respectively. The specific activity of 68Ga-CHX-A”-Re(Arg11)CCMSH
was approximately 1.85 MBq/μg (50 μCi/μg) or 4.33 GBq/μmol (117 mCi/μmol).
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2.5 Biodistribution Studies
All animal experiments were conducted in compliance with the Guidelines for the Care and
Use of Research Animals established by the Institutional Animal Care and Use Committees at
Washington University, The University of Missouri, and Harry S. Truman Veterans Hospital.
Biodistribution studies were carried out on 18-23 g female C57BL/6 mice (Charles River
Laboratories, Wilmington, MA) that were implanted with 1 × 106 cultured B16/F1 murine
melanoma cells in 100 μL subcutaneously into the nape of the neck. Tumors were allowed to
grow for 10 days.

111In-CHX-A”-Re(Arg11)CCMSH—Biodistribution studies of 111In- CHX-A”-Re(Arg11)
CCMSH were performed in B16/F1 murine melanoma-bearing C57 female mice.
Approximately 0.111 MBq (3 μCi) of 111In-CHX-A”-Re(Arg11)CCMSH (16.7 ng, 7.3 pmol)
was injected into each mouse through the tail vein for biodistribution studies. Groups of 5 mice
per each time point were used for the biodistribution studies. The mice were sacrificed at 30
min, 1, 2, 4 and 24 h after 111In- CHX-A”-Re(Arg11)CCMSH injection. Tumor specific uptake
of 111In-CHX-A”-Re(Arg11)CCMSH was determined by blocking tumor uptake with the
injection of 20 μg of [Nle4,D-Phe7]α-MSH (NDP), a linear α-MSH peptide analog with
picomolar affinity for the MC1 receptor present on melanoma cells [35], 15 min prior to
injection of 111In-CHX-A”-Re(Arg11)CCMSH.

86Y-CHX-A”-Re(Arg11)CCMSH—Mice bearing 10-day B16/F1 tumors received ~0.296
MBq (~8 μCi) of 86Y-CHX-A”-Re(Arg11)CCMSH (~80 ng, 35 pmol) in 100 μL of saline via
lateral tail vein injection. Four groups of mice (n = 5 per group) were examined at 30 min, 2 ,
4 and 24 h p.i. To examine in vivo uptake specificity, a fifth group of mice (2 h time point)
was pre-injected with 20 μg of NDP to act as a receptor block immediately prior to injecting
of 86Y-CHX-A”-Re(Arg11)CCMSH. The NDP peptide represented a ~250-fold increase over
the mass of peptide injected with 86Y-CHX-A”-Re(Arg11)CCMSH.

68Ga-CHX-A”-DTPA-Re(Arg11)CCMSH—The mice bearing 10-day B16/F1 tumors
received ~0.37 MBq (~10 μCi) of 68Ga-CHX-A”-Re(Arg 11)CCMSH (~200 ng, 91 pmol) in
100 μL of saline via the lateral tail vein injection. Three groups of mice (n = 5 per group) were
examined at 30 min and 1 and 2 h p.i. To examine in vivo uptake specificity, a forth group of
mice (2 h time point) was pre-injected with 60 μg of NDP to act as a receptor block immediately
prior to injecting of 68Ga-CHX-A”- Re(Arg11)CCMSH. The NDP peptide block represented
a ~300-fold increase over the mass of the injected 68Ga-CHX-A”- Re(Arg11)CCMSH.

In all studies following euthanasia, tissues and organs of interest were removed and weighed
and the radioactivity was measured in a γ-counter. Blood values were taken as 6.5% of the
whole-body weight. The results were expressed as percentage injected dose/gram (%ID/g) and
as percentage injected dose (%ID).

2.6 Small-Animal SPECT and PET Studies
The SPECT images were obtained using the micro-CAT II SPECT/CT (Siemens Medical
Solutions) unit equipped with high-resolution 2-mm pinhole collimators. B16/F1 melanoma-
bearing C57 mice were injected with 12.95 MBq of 111In-CHX-A”-Re(Arg11)CCMSH (350
μCi, 1.94 μg, 0.85 nmol) via the tail vein 10 days after B16/F1 cell implantation. The mice
were anesthetized with 1% to 2% isoflurane 2 h p.i. for the SPECT/CT imaging studies. The
SPECT data were collected immediately after CT data collection. The blocked mouse received
20 μg of NDP 15 min prior to the administration of 111In-CHX-A”-Re(Arg11)CCMSH.

Whole body small animal PET imaging was performed on a microPET-Focus scanner
(Concorde Microsystems, Knoxville, TN). Imaging studies were carried out on C57BL/6 mice
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bearing 10-day B16/F1 murine melanoma tumors. The mice were injected via the tail vein with
4.44 MBq of 86Y-CHX-A”-Re(Arg11)CCMSH (120 μCi, 1.2 μg, 0.52 nmol) or 3.7 MBq
of 68Ga-CHX-A”-Re(Arg11)CCMSH (100 μCi, 2 μg, 0.9 nmol). These mice were imaged side
by side with mice that had been treated with 20 μg of NDP prior to injection of 86Y-CHX-A”-
Re(Arg11)CCMSH or 60 μg of NDP prior to injection of 68Ga-CHX-A”-Re(Arg11)CCMSH.
At different time points, the mice were anesthetized with 1% to 2% isoflurane, positioned
supine, immobilized and imaged. Ten minute static data sets were collected at each time point.

2.7 Statistical Methods
All of the data are presented as mean ± SD. For statistical classification, a Student's t-test was
performed using GraphPad PRISM (San Diego, CA). Differences at the 95% confidence level
(p < 0.05) were considered significant.

3. Results
3.1 Preparation and radiolabeling of CHX-A”-Re(Arg11)CCMSH

The peptide (Arg11)CCMSH was synthesized using standard Fmoc solid phase peptide
chemistry, cleaved from its support resin and stored with sidechain protecting groups remaining
in place. The mono-N-hydroxysuccinimidyl glutaric acid ester derivative of penta-tert-butyl
protected CHX-A” was reacted with protected (Arg11)CCMSH in DMF to yield protected
CHX-A”-(Arg11)CCMSH, which was deprotected and HPLC purified. CHX-A”-(Arg11)
CCMSH was cyclized by site-specific rhenium coordination using previously published
conditions [8] to yield the final compound CHX-A”-Re(Arg11)CCMSH (Fig.1). The molecular
weights of the final product and synthetic intermediates were determined by LC-MS.
Competitive binding studies with 125I-NDP and various concentrations of CHX-A”-Re
(Arg11)CCMSH ranging from 10-5 to 10-13 molar. The IC50 of CHX-A”-Re(Arg11)CCMSH
was determined to be 3.8 nanomolar, which is similar to the 2.1 nanomolar IC50 reported for
DOTA-Re(Arg11)CCMSH [24].

3.2 Biodistribution studies of 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)CCMSH
The biodistribution data for 111In-CHX-A”-Re(Arg11)CCMSH at 0.5 , 1, 2, 4, and 24 h post
injection (p.i.) are presented in Table 1. Melanoma bearing mice were injected with 0.111 MBq
(3 μCi; 7.3 pmol) of 111In-CHX-A”-Re(Arg11)CCMSH. Tumor uptake was rapid, reaching
4.38±0.72 % ID/g at 0.5 h p.i. and 4.59±0.69 % ID/g at 1 h p.i., then remained nearly constant
to 4 h p.i. Disappearance of radioactivity from the blood, muscle and major organs was rapid,
with the exception of the kidneys. The tumor-to-blood and tumor-to-muscle ratios were 8.9
and 38 at 2 h p.i. Kidney uptake was high at 23.34±4.46 % ID/g at 0.5 h p.i. and remained high
at later time points (22.16±2.49 % ID/g at 4 h p.i. and 10.08±2.21 % ID/g at 24 h p.i.). The
blocking study at 2 h p.i yielded similar biodistribution data to the 2 h time point except that
tumor uptake was significantly reduced to 1.19±0.23 % ID/g (p < 0.001), confirming that the
radioactivity in the tumor was receptor mediated. These data also showed that radioactivity in
the kidneys was not receptor specific.

Biodistribution data for 86Y-CHX-A”-Re(Arg11)CCMSH in melanoma bearing mice are
shown in Table 1. Tumor bearing mice were injected with 0.296 MBq (8 μCi; 35 pmol)
of 86Y-CHX-A”-Re(Arg11)CCMSH and biodistribution data were collected at 0.5, 2, 4 and 24
h p.i. Accumulation of radioactivity in the tumor was rapid reaching a maximum of 4.68±1.02
% ID/g at 2 h p.i. and remained constant (4.18±0.45 % ID/g) to 4 h p.i. The tumor-to-blood
and tumor-to-muscle ratios were 4.3 and 20 at 2 h p.i. and 9.1 and 22 at 4 h p.i. The blocking
study at 2 h p.i yielded similar biodistribution data to the 2 h time point except that tumor
uptake was significantly reduced to 2.71 ± 0.46 % ID/g (p < 0.02). Radioactivity in the major
organs and tissues was not significantly different between the blocked and non-blocked mice.
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Clearance of radioactivity from the blood and major organs was rapid with the exception of
the liver and kidneys. Kidney uptake of 86Y-CHX-A”-Re(Arg11)CCMSH was 10.95±3.0 %
ID/g at 0.5 h p.i. and 8.78±1.69 % ID/g at 4 h p.i., which was approximately 2 and 3 times less
than 111In-CHX-A”-Re(Arg11)CCMSH at the same time points. Liver uptake was significantly
higher with 86Y-CHX-A”-Re(Arg11)CCMSH, with 3.30±0.54 % ID/g at 2 h p.i. compared
to 111In-CHX-A”-Re(Arg11)CCMSH (0.73±0.06; p < 0.002) or 68Ga-CHX-A”-Re(Arg11)
CCMSH (0.79±0.04 % ID/g; p < 0.004). The amount of radioactivity in the liver 2 h p.i. was
not significantly different between the block and non-blocked animals indicating that it was
not MC1-R mediated.

The 68Ga-CHX-A”-Re(Arg11)CCMSH peptide biodistribution data in B16/F1 tumor bearing
mice are presented in Table 1. The melanoma bearing mice were injected with 0.37 MBq (10
μCi; 91 pmol) of 68Ga-CHX-A”-Re(Arg11)CCMSH and biodistribution data were collected at
0.5, 1, and 2 h p.i. Tumor uptake was rapid reaching 2.46±0.41 % ID/g at 0.5 h p.i. and a
maximum of 2.68±0.69 % ID/g relatively at 2 h p.i. The tumor to blood and muscle ratios were
4.6 and 9.6 at 2 h p.i. Co-injection of excess non-radioactive NDP peptide significantly reduced
tumor uptake to 0.61±0.19 % ID/g (p < 0.05) confirming that tumor uptake was specific. The
addition of non-radioactive peptide did not significantly affect the levels of radioactivity in
any other organs. The disappearance of radioactivity from the major organs was rapid with the
exception of the kidneys, which exhibited uptake values of 10.24±0.94 % ID/g at 0.5 h p.i. and
7.39±2.13 % ID/g at 2 h p.i. The level of radioactivity in the kidneys was not significantly
different between the 2 h study and the 2 h blocking study, indicating that radioactivity retention
in the kidneys was non-specific. At 2 h p.i there was also radioactivity in the skin (2.10±0.47
% ID/g), however, this was not receptor specific, since the value remained the same during the
2 h blocking study.

3.2 Melanoma imaging with 111In, 68Ga and 86Y labeled CHX-A”-Re(Arg11)CCMSH
SPECT and PET images of B16/F1 melanoma bearing mice were obtained with 111In, 86Y
and 68Ga labeled CHX-A”-Re(Arg11)CCMSH. Figure 2A shows SPECT / CT images
of 111In-CHX-A”-Re(Arg11)CCMSH (12.95 MBq; 350 μCi) in melanoma bearing C57 mice
2 h p.i. The melanoma tumor located over the right shoulder was easily visualized. Injection
of 20 μg of non radiolabeled CHX-A”-Re(Arg11)CCMSH blocked tumor uptake of the
radiolabeled compound confirming receptor specificity. Uptake of 111In-CHX-A”-Re(Arg11)
CCMSH in the kidneys was clearly visible in both blocked and non-blocked animals,
confirming that it was not receptor specific. Radioactivity in the GI of the blocked mouse was
potentially due to the addition of excess non-radioactive peptide, which altered the excretion
pathway to include heptobiliary - GI route.

PET/CT imaging of 86Y labeled CHX-A”-Re(Arg11)CCMSH in B16/F1 melanoma bearing
mice 2 h p.i. is shown in Figure 2B. Tumor bearing mice were injected with 4.44 MBq (120
μCi) of 86Y-CHX-A”-Re(Arg11)CCMSH with or without 20 μg of non-radiolabeled NDP for
the blocking study. Coronal micro-PET / CT images of the melanoma bearing mice show tumor
specific uptake of 86Y-CHX-A”-Re(Arg11)CCMSH at 2 h p.i. A reduction in tumor
radioactivity was observed in the animal receiving the non-radioactive NDP block
demonstrating receptor specificity. Kidney uptake of radioactivity was evident in both blocked
and non-blocked animals. The radioactivity present in the bladders of the mice was due to the
rapid whole body clearance of the radiolabeled peptide via the kidneys. PET imaging of 68Ga-
CHX-A”-Re(Arg11)CCMSH in melanoma bearing mice is shown in Figure 2C. Mice bearing
melanoma tumors over their right shoulders were injected i.v. with 3.7 MBq (100 μCi)
of 68Ga labeled CHX-A”-Re(Arg11)CCMSH and imaged at 2 h p.i. Coronal micro-PET images
show tumor uptake of 68Ga-CHX-A”-Re(Arg11)CCMSH, which was blocked by co-injection
of non-radiolabeled NDP peptide. The peptide block did not affect uptake of radioactivity in
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the kidneys demonstrating that kidney uptake was non-receptor specific. Radioactivity present
in the bladder of the mouse imaged with 68Ga-CHX-A”-Re(Arg11)CCMSH was due to the
mouse not voiding its bladder prior to the imaging study.

4. Discussion
The CHX-A” bifunctional chelator has been used to radiolabel antibodies and other proteins
[28-31], but it has not been readily applied to peptides due to difficulties with conjugation
chemistry and stability. The advent of the protected-CHX-A”-bifunctional chelator has
fostered the use of CHX-A” for solid phase and solution phase conjugation with peptides
[32]. In this study, conjugation of protected-CHX-A” to the amino terminus of protected-
(Arg11)CCMSH peptide was found to be much more efficient in solution than when the
protected peptide was still immobilized on the synthetic resin. It is possible that steric
constraints imposed on the peptide by being bound to the synthetic resin or by substitution
density on the resin limited the solid phase conjugation reaction. Conjugation of protected-
CHX-A” to protected-(Arg11)CCMSH in DMF via the NHS activated glutaric acid linker was
performed in solution yielding CHX-A”-(Arg11)CCMSH, which was then deprotected and
cyclized by site-specific Re incorporation to yield the final product CHX-A”-Re(Arg11)
CCMSH.

The acyclic CHX-A” ligand was examined due to its rapid and efficient metal chelation
properties. DTPA and CHX-A” have been reported to chelate yttrium and other trivalent metal
cations nearly instantaneously at a chelator:metal ratio of 1:1 at 22°C [36]. Rapid chelation
kinetics are desirable for instant kit formulation of the imaging agent, while a minimal
chelator:radiometal ratio insures that the imaging agent formulation would be at a high enough
specific activity as to not saturate the target receptors. These CHX-A” chelation properties
facilitated the goal of developing a MC1-R targeted melanoma radiolabeled imaging agent that
could be prepared in a single step without subsequent purification. The cyclic chelator DOTA
was reported to have superior kinetic stability to CHX-A” over time, however,
DOTA:radiometal ratios of 3:1 were necessary to drive the chelation reaction to completion
[36]. In our experience, a minimum molar ratio of DOTA-Re(Arg11)CCMSH: radiometal of
20:1 and incubation at ≥75°C are necessary for efficient peptide labeling. Without post labeling
purification of radiolabeled DOTA-Re(Arg11)CCMSH, the large excess amount of unlabeled
peptide remaining in the final mixture would effectively compete for or saturate receptor
binding.

The radiolabeling efficiencies of 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)CCMSH
peptide preparations were greater than 95%. 111In-CHX-A”-Re(Arg11)CCMSH was partially
purified using reverse phase HPLC to yield a final product with a similar specific activity to
the 86Y and 68Ga compounds. Based on HPLC peptide UV absorbance, approximately 50%
of the unlabeled peptide was not separated from the labeled peptide fraction yielding a specific
activity of 4.44 MBq/mg (120 μCi/mg) or 10.62 MBq/μmol (287 μCi/μmol) for 111In-CHX-
A”-Re(Arg11)CCMSH. The 86Y and 68Ga labeled CHX-A”-Re(Arg11)CCMSH peptides were
used without additional HPLC purification. The lack of HPLC purification post 86Y and 68Ga
labeling resulted in lower specific activities, but was particularly important for 68Ga-CHX-A”-
Re(Arg11)CCMSH preparation due to the short half life of 68Ga (t1/2 = 68 min). The specific
activities of the 86Y and 68Ga labeled CHX-A”-(Arg11)CCMSH peptide preparations were
8.77 GBq/μmol (237 mCi/μmol) and 4.33 GBq/μmol (117 mCi/μmol), respectively.

Despite the lower specific activities of the 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)
CCMSH peptides, melanoma selective uptake of the radiolabeled peptide was evident from
competitive blocking studies. The tumor uptake values of the 111In, 86Y and 68Ga labeled CHX-
A”-Re(Arg11)CCMSH peptides at 2 h p.i. were significantly reduced to 29%, 58% and 23%,
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respectively, of the corresponding non-blocked tumor uptake values by co-injection of 20 μg
of non-radioactive NDP peptide. The NDP peptide is a superpotent MC1-R agonist with
picomolar affinity for the receptor [35]. These results demonstrated that the radioactivity in
the tumors was MC1-R mediated and that the MC1-receptors were not completely saturated
by the lower specific activity preparations of the radiolabeled peptides. There were no
significant differences in radioactivity uptake in normal organ or tissue in mice receiving the
radiolabeled peptide or radiolabeled peptide plus NDP, with the exception of lung uptake
for 111In-CHX-A”-Re(Arg11)CCMSH. It is not clear why apparent MC1-R uptake was
observed for 111In-CHX-A”-Re(Arg11)CCMSH in the lung. In the current study there were no
statistical differences in blocked and non-blocked lung uptake with the 86Y and 68Ga labeled
CHX-A”-Re(Arg11)CCMSH peptides, nor was there a difference in blocked and unblocked
lung values for 111In-DOTA-Re(Arg11)CCMSH [24]. MC1-recptors are not known to be
expressed in lung tissue [22], but have been reported to be upregulated on macrophages and
involved in regulation of inflammatory response [37]. Gross examination of the lungs at the
time of necropsy did not show signs of abnormalities, but we cannot rule out an inflammatory
response without a histological examination.

The biodistribution studies with the 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)CCMSH
peptides showed a positive correlation between specific activity and tumor uptake. The lower
the specific activity of the radionuclide the greater the mass of peptide injected. The 111In
(10.62 GBq/μmol; 287 mCi/μmol) and 86Y (8.77 GBq/μmol; 237 mCi/μmol) labeled peptides
had higher specific activities and showed approximately 2 times the tumor uptake %ID/g as
the lower specific activity 68Ga (4.33 GBq/μmol; 117 mCi/μmol) labeled CHX-A”-Re
(Arg11)CCMSH. These results highlight the importance of the use of high-specific activity
radiolabeled peptides for imaging, especially when the numbers of target receptors is low. We
have previously published that the MC1-R density on the surface of B16/F1 murine melanoma
cells is ~7,000 receptors/cell, while our laboratory and others have published that human
melanoma tumor cells have ~900-5000 receptors/cell [19-22]. Agonistic ligand binding to
MC1-receptors results in the internalization of the receptor-ligand complex. We have
previously demonstrated that upon binding to the MC1-R, radiolabeled Re(Arg11)CCMSH
analogs were internalized [3,4,26,38]. Receptor-ligand internalization has the benefit of
sequestering the peptide-targeted radionuclide in the tumor cell's cytoplasm, increasing its
resonance time. However, once the MC1-R ligand complex is internalized, it takes nearly 96
hr in vitro [3] and up to 48 h in vivo [12] for the receptor population to return to its normal
density. Therefore, it is important that the radiolabeled Re(Arg11)CCMSH peptide analogs be
prepared at high specific activities, since there is essentially a one pass opportunity for MC1-
R mediated binding and uptake.

The closely related DOTA-Re(Arg11)CCMSH peptide has been radiolabeled with 111In, 86Y
and 68Ga. 111In and 86Y labeled DOTA-Re(Arg11)CCMSH peptides were HPLC purified after
the labeling reaction to yield specific activities of 811 MBq/μg (21,892 μCi/μg) [25] and 111
MBq/μg (3000 μCi/μg) [7], respectively. The 68Ga-labeled peptide was not subjected to
additional purification, so the specific activity of 68Ga-DOTA-Re(Arg11)CCMSH (1.74 MBq/
μg; 47μCi/μg) was approximately the same as 68Ga-CHX-A”-Re(Arg11)CCMSH (1.85 MBq/
μg; 50 μCi/μg). There was also a significant positive correlation between the specific activity
of the radiolabeled peptide and tumor uptake for the radiolabeled DOTA-Re(Arg11)CCMSH
peptides. For example, tumor uptake of 111In and 86Y labeled DOTA-Re(Arg11)CCMSH 2 h
p.i was 17.29±2.49 % ID/g and 9.83±2.27 % ID/g compared to 111In and 86Y labeled CHX-
A”-Re(Arg11)CCMSH that were 4.17±0.94 % ID/g and 4.68±1.02 % ID/g. As expected the
tumor uptake value of 68Ga-DOTA-Re(Arg11)CCMSH was approximately the same as 68Ga-
CHX-A”-Re(Arg11)CCMSH, since both compounds were not HPLC purified before the
biodistribution studies.
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Non-specific uptake of radioactivity by the kidneys appeared to be related to the radionuclide
and to the specific activity of the radiolabeled peptide preparation. Even though retention of
radioactivity in the kidney was not MC1-R mediated there appeared to be a peptide mass effect.
The lower specific activity 68Ga labeled CHX-A”-Re(Arg11)CCMSH peptide had less kidney
uptake (7.39±2.13 % ID/g) than the higher specific activity 111In labeled peptide (21.14±6.45
% ID/g) 2 h p.i. Radioactivity in the kidneys was not significantly different between the 68Ga
and 86Y labeled CHX-A”-Re(Arg11)CCMSH peptides, although there was a large difference
in kidney uptake between 86Y-CHX-A”-Re(Arg11)CCMSH (8.19±1.92 % ID/g, 3.7 MBq/μg;
100 μCi/μg) and 86Y-DOTA-Re(Arg11)CCMSH (18.36±3.62 % ID/g, 111 MBq/μg; 3000 μCi/
μg) 2 h p.i. A positive correlation between specific activity and kidney uptake was also present
amongst the 111In [24], 86Y [7], 68Ga [9] and 64Cu [7] labeled DOTA-Re(Arg11)CCMSH
peptides, where the higher specific activity preparations exhibited the greatest kidney uptake
values. At lower specific activities, the increased amount of peptide circulating appears to help
block some non-specific retention of radioactivity in the kidney. Blocking studies performed
with the 111In, 86Y, 68Ga and 64Cu labeled DOTA-Re(Arg11)CCMSH compounds showed no
MC1-R selective uptake in the kidneys. The nonspecific uptake in kidney can often hinder the
in vivo application of radiolabeled peptides. It has been reported repeatedly that the renal
accumulation of peptides or proteins can be reduced by administration of certain amino acids
such as lysine and arginine [4,9,38,39]. For example, the kidney uptake of 68Ga-DOTA-
ReCCMSH(Arg11) was reduced by D-lysine administration where the kidney uptake at 2 h
post-injection was reduced 53% (from 6.80 ± 1.72 to 3.17 ± 1.41 %ID/g, p < 0.01) when 15
mg D-lysine was pre-injected with the radiolabeled peptide, while radioactivity in tumor and
other organs was not significantly affected [9].

Even with the efficient radiolabeling associated with the CHX-A” conjugated peptides, the
specific activities of the radiolabeled products were not sufficient for optimal tumor uptake
without separation of unlabeled peptide. Higher specific activity preparations of radiolabeled
CHX-A”- Re(Arg11)CCMSH could be produced by HPLC purification, which should result
in higher tumor uptake values and superior tumor images. Reverse phase HPLC separation
of 111In- CHX-A”-Re(Arg11)CCMSH from free 111In was successful, however, separation of
radiolabeled peptide from non labeled peptide was not complete. These results indicate that
differences between the metal bound and metal free CHX-A”-Re(Arg11)CCMSH peptide are
subtle and that additional separation techniques will be necessary to achieve optimal specific
activity. While HPLC purification could be accommodated for the 111In and 86Y labeled CHX-
A”- Re(Arg11)CCMSH conjugates, it may not be practical for 68Ga-CHX-A”-Re(Arg11)
CCMSH. The short half-life of 68Ga necessitates rapid radiolabeling and purification for
practical dose preparation. It is possible that HPLC purification of 68Ga-CHX-A”-Re(Arg11)
CCMSH could be accommodated if microwave radiolabeling technology dramatically
shortened the labeling time.

In this study the concept of high specific activity, as related to the radiolabeled peptide, was
important due to the relatively low number of MC1-R receptors. Low numbers of target
receptors/cell can easily be saturated even at low total injected mass of peptide ligand. Both
the specific activity of the radionuclide (classical definition, Bq•kg-1) and the apparent specific
activity (radioactivity • isolated mass-1) of the final product are relevant to radiolabeled CHX-
A”-Re(Arg11)CCMSH, [40]. The importance of high specific activity radionuclide production
is underscored by the fact that it sets the upper limit of the final product's apparent specific
activity. Moreover, contaminating metals that reduce radionuclide specific activity can
dramatically reduce radiolabeling efficiencies for CHX-A” and DOTA. For bioconjugate
imaging agents, high apparent specific activity is necessary to insure that the administered mass
does not alter the biochemistry of the system or saturate low density molecular targets such as
G-protein linked receptors. HPLC purification of an imaging agent is often necessary for
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optimal tumor localization, if the apparent specific activity of the radiolabeled product and or
the number of molecular targets is low.

5. Conclusion
The synthesis of CHX-A”-Re(Arg11)CCMSH and its radiolabeling with 111In, 86Y and 68Ga
were straightforward and efficient. The 111In, 86Y and 68Ga labeled CHX-A”-Re(Arg11)
CCMSH peptides were able to selectively target melanoma tumors with little or no purification.
Melanoma tumors were clearly visualized by all 3 radiolabeled CHX-A”-Re(Arg11)CCMSH
peptides underscoring their potential as a melanoma imaging agents.
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Figure 1.
The structure of CHX-A”-Re(Arg11)CCMSH
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Figure 2.
Whole body SPECT/CT, PET/CT, and PET images of B16 melanoma tumor bearing C57 mice
2 h post tail vein injection of radiolabeled CHX-A”-Re(Arg11)CCMSH. (A) SPECT/CT images
of tumor bearing mice inject i.v with 12.95 MBq (350 μCi) of 111In-CHX-A”-Re(Arg11)
CCMSH with (Blocked) or without (Non-Blocked) a 20 μg non-radiolabeled peptide block.
PET/CT and PET imaging of melanoma bearing mice 2 h post tail vein injection of (B) 4.44
MBq (120 μCi) of 86Y-CHX-A”-Re(Arg11)CCMSH with a 20 μg NDP block (Blocked) and
without block (Non-Blocked) or (C) 3.7 MBq (100 μCi) of 68Ga-CHX-A”-Re(Arg11)CCMSH
with (Blocked) and without (Non-Blocked) a 60 μg NDP block, respectively. Tumor (T),
kidney (K) and (BL) bladder locations are highlighted on for each mouse.
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