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Abstract

Introduction—The aim of this study was to examine whether the substitution of the Lys linker
with the aminooctanoic acid (Aoc) and polyethylene glycol (PEG) linker could substantially
decrease the non-specific renal uptake of 9™MTc-labeled Arg-Gly-Asp-conjugated a-melanocyte
stimulating hormone (a-MSH) hybrid peptides.

Methods—The RGD motif {Arg-Gly-Asp-DTyr-Asp} was coupled to [Cys3410, D-Phe?,
Arg!]a-MSHj3_15 via the Aoc or PEG; linker to generate RGD-Aoc-(Arg1)CCMSH and RGD-
PEG-(Arg!1)CCMSH. The biodistribution results of #*™T¢-RGD-Aoc-(Arg!)CCMSH

and 99MT¢-RGD-PEG,-(Argl1)CCMSH were examined in M21 human melanoma-xenografted
nude mice.

Results—The substitution of Lys linker with Aoc and PEG, linker significantly reduced the
renal uptake of 9°MTc-RGD-Aoc-(Argt)CCMSH and 99MTc-RGD-PEG,-(Arg!)CCMSH by
58% and 63% at 2 h post-injection. The renal uptake of 99MTc-RGD-Aoc-(Arg!l)CCMSH

and 9¥MTc-RGD-PEG,-(Arg))CCMSH was 27.93 + 3.98 and 22.01 + 9.89% ID/g at 2 h post-
injection. 9¥MTc-RGD-Aoc-(Arg)CCMSH displayed higher tumor uptake than 9MTc-RGD-
PEG,-(Arg!))CCMSH (2.35 + 0.12 vs. 1.71 + 0.25% ID/g at 2 h post-injection). The M21 human
melanoma lesions could be clearly visualized by SPECT/CT using °™Tc-RGD-Aoc-
(Arg!))CCMSH as an imaging probe.

Conclusions—The favorable effect of Aoc and PEG> linker in reducing the renal uptake
provided a new insight into the design of novel dual receptor-targeting radiolabeled peptides.
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INTRODUCTION

Over the past decade, both radiolabeled alpha-melanocyte stimulating hormone (a-MSH)
peptides and Arg-Gly-Asp (RGD) peptides have been reported for receptor-targeting
melanoma imaging [1-16]. Specifically, the radiolabeled a-MSH peptides have been
utilized to target melanocortin-1 (MC1) receptors [1-11], whereas the radiolabeled RGD
peptides have been employed to target a,f3 integrin receptors [12—16]. In consideration of
the expressions of MC1 and a3 integrin receptors on human melanoma cells, we
developed a RGD-conjugated a-MSH hybrid peptide which could target both MC1 and a3
integrin receptors for melanoma detection [17]. We demonstrated that the unique dual
receptor-targeting 99MTc-RGD-Lys-(Arg)CCMSH {cyclic(Arg-Gly-Asp-DTyr-Asp)-Lys-
(99MTc-[Cys3410, D-Phe’, Argl]a-MSH3_13)} hybrid peptide displayed significantly
higher tumor uptake than 99™Tc-labeled a-MSH or RGD peptide targeting only the MC1 or
ayP3 integrin receptor [17]. Flank M21 human melanoma-xenografted tumors were clearly
visualized by SPECT/CT using %MTc-RGD-Lys-(Arg!1)CCMSH as an imaging probe [17].

Despite the success of 2°MTc-RGD-Lys-(Arg)CCMSH for human melanoma

imaging, 9MTc-RGD-Lys-(Arg1)CCMSH displayed extremely high non-specific renal
uptake of 90.80 + 19.35% ID/g at 4 h post-injection in M21 human melanoma-xenografted
nude mice [17]. It is desirable to decrease the renal uptake to facilitate the potential
therapeutic application when labeling the peptide with therapeutic 188Re/186Re (B-emitters).
Interestingly, the co-injection of L-Lysine reduced the renal uptake of 9™Tc-RGD-Lys-
(Arg1)CCMSH by 52% at 2 h post-injection without affecting the tumor uptake [18],
suggesting that the overall positive charge of °™Tc-RGD-Lys-(Arg!1)CCMSH substantially
contributed to its non-specific renal uptake. Thus, we hypothesized that the reduction of the
overall positive charge of °MTc-RGD-Lys-(Arg!1)CCMSH would decrease the non-specific
renal uptake. Clearly, three Arg residues and one Lys linker represent the positive charges
of 99MTc-RGD-Lys-(Arg!)CCMSH. However, three Arg residues are critical to the MC1 or
ayP3 integrin receptor binding. Thus, we substituted the positively-charged Lys linker with
neutral aminooctanoic acid (Aoc) and polyethylene glycol (PEG) linker to decrease the
overall positive charge of the peptide to determine whether such change could substantially
reduce the non-specific renal uptake.

We synthesized two new RGD-conjugated a-MSH hybrid peptides with the Aoc and PEG»
linkers. Specifically, the RGD motif {Arg-Gly-Asp-DTyr-Asp} was coupled to [Cys3410,
D-Phe’, Arg1]a-MSH3_13 peptide via the Aoc or PEG; linker to generate RGD-Aoc-
(Arg!1)CCMSH and RGD-PEG-(Arg')CCMSH. We determined their receptor binding
affinities in M21 human melanoma cells. Then, we radiolabeled RGD-Aoc-(Arg!)CCMSH
and RGD-PEG,-(Arg!)CCMSH with 99MTc and examine their tumor targeting and
biodistribution properties in M21 human melanoma-xenografted nude mice.
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EXPERIMENTAL PROCEDURES

Chemicals and reagents

Amino acid and resin were purchased from Advanced ChemTech (Louisville, KY, USA)
and Novabiochem (San Diego, CA, USA). 99MTcO,~ was purchased from Cardinal Health
(Albuquergue, NM). 1251-Tyr2-(Nle?, oPhe’)-a-MSH [1251-(Tyr2)-NDP-MSH] and 125]-
Echistatin were obtained from PerkinElmer (Shelton, CT, USA) for competitive receptor
binding assay. All other chemicals used in this study were purchased from Thermo Fisher
Scientific (Waltham, MA, USA) and used without further purification. The M21 human
melanoma cells were supplied by Dr. David A. Cheresh from the Department of Pathology,
Moores University of California-San Diego Cancer Center.

Peptide Synthesis

RGD-Aoc-(Arg1)CCMSH and RGD-PEG,-(Arg)CCMSH were synthesized using
fluorenylmethyloxy carbonyl (Fmoc) chemistry, purified by reverse phase-high performance
liquid chromatography (RP-HPLC) and characterized by liquid chromatography-mass
spectrometry (LC-MS). Basically, 70 pmol of resin and 210 pmol of each Fmoc-protected
amino acid were used for the synthesis. Briefly, the intermediate scaffolds of HoN-Arg(Pbf)-
Ala-Asp(OtBu)-o Tyr(tBu)-Asp(O-2-phenylisopropyl)-Aoc/PEG,-Cys(Trt)-Cys(Trt)-
Glu(OtBu)-His(Trt)-oPhe-Arg(Pbf)-Trp(Boc)-Cys(Trt)-Arg(Pbf)-Pro-Val were synthesized
on HoN-Sieber amide resin by an Advanced ChemTech multiple-peptide synthesizer
(Louisville, KY). The protecting groups of 2-phenylisopropyl were removed and the
peptides were cleaved from the resin treating with a mixture of 2.5% of trifluoroacetic acid
(TFA) and 5% of triisopropylsilane. After the precipitation with ice-cold ether and
characterization by LC-MS, the protected peptides were dissolved in HoO/CH3CN (50:50)
and lyophilized to remove the reagents such as TFA and triisopropylsilane. The protected
peptides were further cyclized by coupling the carboxylic group from the Asp with the alpha
amino group from the Arg at the N-terminus. The cyclization reaction was achieved by
overnight reaction in dimethylformamide (DMF) using benzotriazole-1-yl-oxy-tris-
pyrrolidino-phosphonium-hexafluorophosphate (PyBOP) as a coupling agent in the presence
of N,N-diisopropylethylamine (DIEA). After characterization by LC-MS, the cyclized
protected peptides were dissolved in H,O/CH3CN (50:50) and lyophilized to remove the
reagents. The protecting groups were totally removed by treating with a mixture of
trifluoroacetic acid (TFA), thioanisole, phenol, water, ethanedithiol and triisopropylsilane
(87.5:2.5:2.5:2.5:2.5:2.5) for 2 h at room temperature (25 °C). The peptides were
precipitated and washed with ice-cold ether for four times, purified by RP-HPLC and
characterized by LC-MS.

In vitro competitive binding assay

The 1Cx values of RGD-Aoc-(Arg!1)CCMSH and RGD-PEG,-(Arg!1)CCMSH peptides
were determined in M21 human melanoma cells. The receptor binding assay was replicated
in triplicate for each peptide. 1251-(Tyr2)-NDP-MSH and 125-Echistatin were used as
radioligands for MC1 and a3 integrin receptors, respectively. For MCL1 receptor binding
assay, the M21 cells (1.5x10° cells/well, n=3) were incubated at 37 °C for 2 h with
approximately 30,000 counts per minute (cpm) of 1251-(Tyr2)-NDP-MSH in the presence of
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10712 to 10> M of each peptide in 0.3 mL of binding medium {Modified Eagle’s medium
with 25 mM N-(2-hydroxyethyl)-piperazine-N’-(2-ethanesulfonic acid), pH 7.4, 0.2%
bovine serum albumin (BSA), 0.3 mM 1,10-phenathroline}. The binding medium was
aspirated after the incubation. The cells were rinsed twice with 0.5 ml of ice-cold pH 7.4,
0.2% BSA/0.01 M phosphate buffered saline (PBS) and lysed in 0.5 mL of 1 N NaOH for 5
min. The cells were harvested and measured in a Wallac 1480 automated gamma counter
(PerkinElmer, NJ). The ICsq values of the peptides for the MC1 receptor were calculated
using the Prism software (GraphPad Software, La Jolla, CA, USA).

For ayB3 integrin receptor binding assay, the M21 cells (1x10° cells/well, n=3) were seeded
in Millipore 96-well filter multiscreen DV plates (0.65 um pore size) and incubated at 25 °C
for 2 h with approximately 30,000 counts per minute (cpm) of 1251-Echistatin in the
presence of 10711 to 10™* M of each peptide 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 filters were collected and counted in a Wallac 1480 automated
gamma counter. The 1Csq values of the peptides for the a, 3 integrin receptor were
calculated using the Prism software.

Peptide radiolabeling

RGD-Aoc-(Arg1)CCMSH and RGD-PEG,-(Arg)CCMSH peptides were labeled

with 99MT¢ via a direct reduction reaction using SnCl,. Briefly, 10 uL of 1 mg/mL SnCl, in
0.1 M HCI, 40 uL of 0.5 M NH4OAc (pH 5.2), 100 uL of 0.2 M Naytartate (pH 9.2), 100 uL
of fresh 9¥MTcO,~ solution (37-74 MBq), and 10 uL of 1 mg/mL of each peptide in aqueous
solution were added into a reaction vial and incubated at 25 °C for 20 min to form 9™MTc-
labeled peptide. Each 9°™Tc-peptide was purified to a single species by Waters RP-HPLC
(Milford, MA) on a Grace Vydac C-18 reverse phase analytic column (Deerfield, IL) using a
20-min gradient of 16—-26% acetonitrile in 20 mM HCI aqueous solution at a flow rate of 1
mL/min. Each purified peptide was purged with N, gas for 20 min to remove the
acetonitrile. The pH of final peptide solution was adjusted to 7.4 with 0.1 N NaOH and
sterile normal saline for animal studies.

Biodistribution studies

All the animal studies were conducted in compliance with Institutional Animal Care and Use
Committee approval. The biodistribution of 9MTc-RGD-Aoc-(Argl)CCMSH was
determined in M21 melanoma-xenografted nude mice (Harlan, Indianapolis, IN). Each nude
mouse was subcutaneously inoculated with 5x106 M21 human melanoma cells on the right
flank. The weight of tumors reached approximately 0.1-0.2 g 21 days post cell inoculation.
Each melanoma-xenografted nude mouse was injected with 0.037 MBq of 9¥MT¢c-RGD-
Aoc-(Arg)CCMSH via the tail vein. Groups of 5 mice were sacrificed at 0.5, 2, 4 and 24 h
post-injection, and tumors and organs of interest were harvested, weighed and counted. The
receptor specificity of the tumor uptake was determined by co-injecting 99MTc-RGD-Aoc-
(Arg!1)CCMSH with unlabeled RGD-Aoc-(Arg!l)CCMSH. Each melanoma-xenografted
nude mouse was injected with 0.037 MBq of 2°™T¢c-RGD-Aoc-(Arg)CCMSH with 6.1
nmol of unlabeled RGD-Aoc-(Arg)CCMSH via the tail vein. A group of 5 mice were
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sacrificed at 2 h post-injection, and tumors and organs of interest were harvested, weighed
and counted. Blood values were taken as 6.5% of the whole-body weight. The
biodistribution of %¥MTc-RGD-PEG,-(Arg))CCMSH was only determined in M21
melanoma-xenografted nude mice at 2 h post-injection for comparison.

Imaging human melanoma with 99MTc-RGD-Aoc-(Argll)CCMSH

We determined the melanoma imaging property of 9MTc-RGD-Aoc-(Arg!l)CCMSH.
Approximately 9.2 MBq of 9MTc-RGD-Aoc-(Arg)CCMSH was injected into a M21
human melanoma-xenografted nude mouse via the tail vein. The mouse was euthanized for
small animal SPECT/CT (Nano-SPECT/CT®, Bioscan, Washington DC) imaging at 2 h
post-injection. The 9-min CT imaging was immediately followed by the SPECT imaging of
whole-body. The SPECT scans of 24 projections were acquired. Reconstructed data from
SPECT and CT were visualized and co-registered using InVivoScope (Bioscan, Washington
DC).

Statistical methods

RESULTS

Statistical analysis was performed using the Student’s t-test for unpaired data to determine
the significant differences between the groups in the biodistribution and peptide blocking
studies described above. Differences at the 95% confidence level (p<0.05) were considered
significant.

The schematic structures of RGD-Aoc-(Arg!))CCMSH and RGD-PEG,-(Arg!)CCMSH
are shown in Figure 1. RGD-Aoc-(Arg)CCMSH and RGD-PEG,-(Argl1)CCMSH were
synthesized and purified by RP-HPLC. The overall synthetic yields were approximately 28—
30% for RGD-Aoc-(Arg)CCMSH and RGD-PEG,-(Arg!)CCMSH. Both peptides
displayed greater than 95% purity after HPLC purification. The identities of RGD-Aoc-
(Arg!H)CCMSH and RGDPEG,-(Argt1)CCMSH were confirmed by mass spectrometry.
The found molecular weights matched the calculated molecular weights. The competitive
binding curves of the peptides for MC1 and a3 integrin receptors are presented in Figure
2. The ICsq values of RGD-Aoc-(Arg!)CCMSH and RGD-PEG,-(Arg!)CCMSH were 1.5
+0.2 and 1.9 + 0.2 nM for the MC1 receptor. The ICsq values of RGD-Aoc-(Arg!)CCMSH
and RGD-PEG,-(Arg!1)CCMSH were 1125 + 26 and 1479 + 74 nM for the a,B3 integrin
receptor. RGD-Aoc-(Arg!1)CCMSH and RGD-PEG,-(Arg)CCMSH were easily labeled
with 99MTc with greater than 95% radiolabeling yields. 9MTc-RGD-Aoc-(Arg)CCMSH
and 9¥MTc-RGD-PEG,-(Arg)CCMSH showed greater than 98% radiochemical purities
after the HPLC purification. 9°MTc-RGD-Aoc-(Arg)CCMSH and 99MTc-RGD-PEG,-
(Arg!1)CCMSH were completely separated from their excess non-labeled peptides by RP-
HPLC. The specific activities of °*™Tc-RGD-Aoc-(Arg!))CCMSH and 9MTc-RGD-PEG,-
(Arg!H)CCMSH were 1.9259 x 1013 and 1.9259 x 1013 MBg/mol, respectively. The
retention times of 99MTc-RGD-Aoc-(Arg!)CCMSH and 9MTc-RGD-PEG,-
(Arg!HhCCMSH were 20.5 and 14.1 min, respectively.
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RGD-Aoc-(Arg1)CCMSH displayed stronger receptor binding affinity than RGD-PEG,-
(Arg!1)CCMSH in M21 cells. Thus, the melanoma targeting and biodistribution properties
of 99MTc-RGD-Aoc-(Argl)CCMSH were determined in M21 melanoma-xenografted nude
mice at 0.5, 2, 4 and 24 h post-injection. The melanoma targeting property of °™T¢c-RGD-
PEG,-(Argl1)CCMSH was determined in M21 melanoma-xenografted nude mice at 2 h
post-injection only for comparison. The biodistribution results are shown in Table 1. 29™Tc-
RGD-Aoc-(Arg!1)CCMSH exhibited rapid tumor uptake in M21 melanoma-xenografted
nude mice. The tumor uptake was 2.42 + 0.23% ID/g at 0.5 h post-injection. There were
2.35 +0.12 and 1.56 + 0.26% ID/g of the 29™T¢c-RGD-Aoc-(Arg)CCMSH activity
remaining in the tumors 2 and 4 h post-injection. At 24 h post-injection, the tumor uptake
was 0.64 + 0.31% ID/g. Co-injection of unlabeled RGD-Aoc-(Arg!1)CCMSH blocked the
tumor uptake by 50% (p<0.05), demonstrating that the tumor uptake was receptor-mediated.
Whole-body clearance of 99MTc-RGD-Aoc-(Arg)CCMSH was rapid, with approximately
60% of the injected radioactivity cleared through the urinary system by 2 h post-injection
(Table 1). The accumulation of 2°™T¢c-RGD-Aoc-(Arg!)CCMSH in normal organs was
lower than 5% ID/g except for the kidneys after 2 h post-injection. The renal uptake

of 99MTc-RGD-Aoc-(Arg)CCMSH reached its highest value of 37.05 + 1.76% ID/g at 4 h
post-injection and decreased to 14.32 + 2.37% ID/g at 24 h post-injection. Co-injection of
unlabeled RGD-Aoc-(Arg)CCMSH did not affect the renal uptake, indicating that the
renal uptake was non-specific. 9°MTc-RGD-PEG,-(Arg!)CCMSH exhibited significantly
(p<0.05) lower tumor uptake than that of °™Tc-RGD-Aoc-(Arg!)CCMSH. However, the
renal uptake was similar between 99MTc-RGD-Aoc-(Arg)CCMSH and 9MT¢-RGD-PEG,-
(Arg!)CCMSH at 2 h post-injection. The melanoma imaging property of %°MTc-RGD-Aoc-
(Arg!HCCMSH was examined in M21 human melanoma-xenografted nude mice (Figure 3).
Flank M21 human melanoma tumors were visualized clearly by 9MTc-RGD-Aoc-
(Arg!1)CCMSH at 2 h post-injection.

DISCUSSION

We are interested in developing novel hybrid peptides to target both MC1 and a,3 integrin
receptors for melanoma imaging because both receptors are over-expressed on melanoma
cells. For instance, the receptor densities of MC1 and a,[33 integrin receptors were 1,281 and
96,555 receptors/cell on M21 human melanoma cells [17]. In the mean time, several
potential advantages are associated with dual receptor-targeting hybrid peptide as compared
to single receptor-targeting peptide. Firstly, the overall receptor density increases for the
dual receptor-targeting hybrid peptide because it can target both MC1 and a,f3 integrin
receptors. Thus, targeting dual receptors will capture a larger audience of MC1 and a3
integrin receptor-expressing melanoma lesions. Secondly, a potential synergistic effect
between the MC1 and a3 integrin receptors could facilitate the binding of the hybrid
peptides to receptors by elevating the regional peptide concentration in the proximity of
receptors. For instance, the hybrid peptide bound to either MC1 or a, 33 integrin receptor
would be in the close proximity of other available receptors. When the hybrid peptide
dissociates from the current receptor, it has more opportunities to bind to other receptors in
the close proximity. In our previous report [17], °™Tc-RGD-Lys-(Arg)CCMSH showed
higher M21 melanoma uptake than 9°™Tc-RAD-Lys-(Arg1)CCMSH or 9MTc-RGD-Lys-
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(Argt)CCMSHecramble- The melanoma uptake of 9°™Tc-RGD-Lys-(Argt)CCMSH was 2.5
and 2.2 times the tumor uptake of *MT¢c-RAD-Lys-(Arg!t)CCMSH and %°™Tc-RGD-Lys-
(Arg!)CCMSHgcrample, respectively.

One potential application of the dual receptor-targeting hybrid peptide is to label it with
therapeutic radionuclides such as 188Re or 186Re. Both 99MTc and 188Re/186Re share similar
coordination chemistry. It is worthwhile to note that the (Arg!1)CCMSH motif not only
serves as a MCL1 receptor binding moiety, but also serves as a site-specific chelating system
for direct labeling of 9MTc/188Re/186Re, Specifically, three -SH groups from Cys3, Cys*
and Cys10 and one -NH from Cys? yield a NS5 chelating system for 99MTc¢/188Re/186Re. In
other words, the radiolabeling and peptide cyclization can be accomplished simultaneously
during the radiolabeling process. Meanwhile, the conjugation of Tc and Re metals to the
(Arg!1)CCMSH motif didn't affect the MC1 receptor binding. Both linear (Arg!1)CCMSH
and cyclized Re-(Arg!1)CCMSH peptides exhibited similar MC1 receptor binding affinities
(1.7 vs. 1.9 nM, respectively) [22].

Despite the success of 99MTc-RGD-Lys-(Arg!))CCMSH for human melanoma

imaging, 9°MTc-RGD-Lys-(Arg!)CCMSH displayed extremely high renal uptake (90.80 +
19.35% ID/g at 4 h post-injection) in M21 human melanoma-xenografted nude mice [17].
Thus, it is necessary to reduce the non-specific renal uptake to facilitate the potential
therapeutic application. In this study, we substituted the Lys linker with Aoc or PEG, linker
to examine whether the linker change could substantially reduce the renal uptake. The
substitution of the Lys linker with Aoc or PEG, linker retained low nanomolar MC1
receptor binding affinity (1.5-1.9 nM), but decreased the a3 integrin receptor binding
affinity by 2- to 3-fold. It was likely that the longer hydrocarbon chains from Aoc and PEG,
linker somehow affected the a3 integrin receptor binding. Despite that the length of Aoc
linker is as same as the length of PEG, linker, RGD-Aoc-(Arg!)CCMSH displayed slightly
stronger binding affinities to both MC1 and a3 integrin receptor than RGD-PEG,-
(Arg!H)CCMSH. Thus, we fully determined the melanoma targeting and imaging properties
of 99MTc-RGD-Aoc-(Arg)CCMSH while we only examined the biodistribution property
of 99MTc-RGD-PEG,-(Arg))CCMSH at 2 h post-injection for comparison.

The biodistribution results of 99MT¢c-RGD-Aoc-(Arg)CCMSH and °™MT¢-RGD-PEG,-
(Arg!H)CCMSH in M21 human melanoma xenografts supported our hypothesis. The
substitution of the Lys linker with the Aoc and PEG linker substantially decreased the renal
uptake (Figure 4). The kidney uptake of 99MT¢c-RGD-Aoc-(Argl)CCMSH was 31%, 42%,
41% and 51% of the kidney uptake of 9°™Tc-RGD-Lys-(Arg!)CCMSH at 0.5, 2, 4 and 24 h
post-injection respectively. Meanwhile, the tumor uptake of %°MTc-RGD-Aoc-
(Arg!HCCMSH was comparable as the tumor uptake of °™Tc-RGD-Lys-(Argl)CCMSH
at 0.5 and 2 h post-injection. It is worthwhile to note that the co-injection of 6.1 nmol (~13
Hg) of peptide blockade decreased the tumor uptake of 9MTc-RGD-Aoc-(Arg)CCMSH by
50%. Generally, approximately 200-300 pg of RGD peptide are used for tumor blocking
studies. Thus, it was likely that greater than 6.1 nmol (~13 pg) of peptide blockade would be
needed to further block the tumor uptake of 9°™Tc-RGD-Aoc-(Arg!)CCMSH.

Although 9MTc-RGD-PEG,-(Arg!1)CCMSH exhibited similar renal uptake as 9¥MTc-RGD-
Aoc-(Arg)CCMSH, the tumor uptake of 9MTc-RGD-PEG,-(Arg!)CCMSH was
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significantly (p<0.05) lower than that of 99MTc-RGD-Aoc-(Arg))CCMSH at 2 h post-
injection. As shown in Figure 3, the M21 human melanoma lesions could be clearly
visualized by SPECT/CT using °*™Tc-RGD-Aoc-(Arg!))CCMSH as an imaging probe.

The receptor binding affinities need to be similar for the dual receptor-targeting peptide to
have maximal effect. Despite the success of 99MTc-RGD-Aoc-(Arg!)CCMSH in terms of
decreased renal uptake, it is worthwhile to note that the binding affinity of RGD-Aoc-
(Arg!)CCMSH for a,B3 integrin receptor was in low micromolar range. Although the ayp3
integrin receptor density is 96,555 receptors/cell on M21 human melanoma cells [17], such
receptor density might not be sufficient to overcome the weak a,33 integrin receptor
binding. Thus, it is necessary to improve the receptor binding affinity of the hybrid peptide
for a,f3 integrin receptor to enhance the benefit of dual receptor-targeting peptide. One
potential way would be the optimization of the linker length between the RGD and
(Arg!hCCMSH moieties. The impact of linker length on receptor binding affinity was
reported for bombesin peptides [19-21]. For instance, the DOTA-conjugated bombesin
peptides with 5-carbon to 8-carbon hydrocarbon linkers exhibited 0.6-1.7 nM receptor
binding affinities, whereas the DOTA-conjugated bombesin peptides with either shorter or
longer hydrocarbon linkers displayed much weaker receptor binding by 100-fold. It is
worthwhile to note that the substitution of the Lys linker with Aoc linker decreased the a3
integrin receptor binding by 2.8-fold in this report. Obviously, the hydrocarbon chain of Aoc
is longer than that of Lys. The impact on the a3 integrin receptor binding indicated that
the longer hydrocarbon chain of Aoc somehow influenced the a3 integrin receptor
binding. One possible way to restore and improve the a3 integrin receptor binding would
be replacing the Aoc linker with Gly so that the linker length would be as same as Lys. It
would be interesting to examine this hypothesis in the future.

CONCLUSIONS

The substitution of Lys linker with Aoc and PEG linker significantly reduced the renal
uptake of 9¥MTc-RGD-Aoc-(Arg!)CCMSH and 9°™Tc-RGD-PEG,-(Arg)CCMSH by
58% and 63% at 2 h post-injection. 9°MTc-RGD-Aoc-(Argll)CCMSH displayed higher
tumor uptake than ¥MTc-RGD-PEG,-(Argt))CCMSH in M21 human melanoma
xenografted nude mice. The M21 human melanoma lesions could be clearly visualized by
SPECT/CT using 9°MTc-RGD-Aoc-(Arg)CCMSH as an imaging probe. The favorable
effect of Aoc and PEG, linker in reducing the renal uptake provided a new insight into the
design of novel dual receptor-targeting radiolabeled peptides.
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Figure 1.
Schematic structures of RGD-Aoc-(Arg)CCMSH and RGD-PEG,-(Arg!)CCMSH hybrid

peptides. The binding sequences for MC1 and a.3 integrin receptors were highlighted with
blue and red dashed half circles, respectively.
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Figure 2.
The MC1 (A) and a3 integrin (B) receptor competitive binding curves of RGD-Aoc-

(Arg!1)CCMSH and RGD-PEG,-(Arg!1)CCMSH hybrid peptides in M21 human melanoma
cells. The ICsq values of RGD-Aoc-(Arg!)CCMSH and RGD-PEG,-(Arg)CCMSH were
15+0.2,1.9+ 0.2 nM for the MCL1 receptor and 1125 + 26, 1479 + 74 nM for a3 integrin
receptor, respectively.
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Figure 3.
Representative three-dimensional (A), coronal (B) and transversal (C) SPECT/CT images of

M21 human melanoma xenografts at 2 h post-injection of 9.2 MBq of ™T¢c-RGD-Aoc-
(Arg!1)CCMSH.
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Figure 4.

The melanoma and renal uptake of 99MTc-RGD-Linker-(Arg!})CCMSH peptides at 2 h
post-injection in M21 human melanoma-xenografted nude mice. Data of 9MTc-RGD-Lys-
(Arg!))CCMSH are cited for comparison [17].
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