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Abstract

The purpose of this study was to examine the biodistribution of 9MTc-RAD-Arg-(Arg)CCMSH
in B16/F1 melanoma-bearing C57 mice to determine whether the replacement of the Lys linker
with an Arg linker could decrease the renal uptake of 99™Tc-RAD-Arg-(Arg!)CCMSH. 99MTc-
RAD-Arg-(Arg!1)CCMSH exhibited rapid and high tumor uptake (17.98 + 4.96% ID/g at 2 h
post-injection) in B16/F1 melanoma-bearing C57 mice. As compared to 9MTc-RAD-Lys-
(Arg1)CCMSH, the replacement of the Lys linker with an Arg linker dramatically decreased the
renal uptake of 9°MTc-RAD-Arg-(Arg!})CCMSH by 68, 62, 73 and 64% at 0.5, 2, 4 and 24 h
post-injection, respectively. Flank B16/F1 melanoma lesions were clearly imaged at 2 h post-
injection using 9°MTc-RAD-Arg-(Arg)CCMSH as an imaging probe.
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Melanocortin-1 (MC1) receptor is a G protein-coupled receptor which is over-expressed on
human and mouse melanoma cells.1~> Over the past several years, we have been developing
a novel class of radiolabeled alpha-melanocyte stimulating hormone (a-MSH) peptides to
target MC1 receptors for melanoma imaging.>-8 Specifically, the cyclic RXD {Arg-X-Asp-
o Tyr-Asp} motif (X = Gly, Ala, Ser, Val, Thr, Nle, Phe or oPhe) was conjugated to
[Cys3410, o-Phe’, Argt]a-MSH3.13 {(Arg!))CCMSH} peptide via a lysine linker to
generate a series of RXD-Lys-(Arg!1)CCMSH peptides. Interestingly, single amino acid at
the X position displayed a profound effect in melanoma targeting and clearance properties.
First of all, we found that the switch from RGD to RAD dramatically improved the MC1
receptor binding affinity of RAD-Lys-(Arg!1)CCMSH as compared to RGD-Lys-
(Arg!HhCCMSH in M21 and B16/F1 melanoma cells. > The stronger MC1 receptor binding
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yielded higher melanoma uptake for #9MTc-RAD-Lys-(Arg!1)CCMSH than 99MTc-RGD-
Lys-(Arg)CCMSH. 6 Moreover, the residues of Ser, Val and Thr resulted in more
favorable melanoma targeting and clearance properties than the residues of Nle, Phe or
oPhe.”8 However, all °™Tc-RXD-Lys-(Arg!))CCMSH peptides exhibited high non-specific
renal uptake. Thus, it is desirable to reduce the renal uptake to facilitate their potential
applications.

Despite the profound effect of single amino acid (Gly, Ala, Ser, Val and Thr) at the X
position in 2°MTc-RXD-Lys-(Arg1)CCMSH peptides, the positively-charged amino acid
residues were same among the 99MT¢c-RXD-Lys-(Arg!))CCMSH peptides. Specifically,
each 29MTc-RXD-Lys-(Argl1)CCMSH peptide has three arginine residues and one lysine
linker. In our previous reports, L-lysine co-injection successfully reduced the renal uptake
of 99MT¢-RXD-Lys-(Arg!))CCMSH peptides by 37-55% at 2 h post-injection.6-8
Meanwhile, it was reported that the replacement of Lys with an Arg dramatically decreased
the renal uptake of °™Tc-(Arg!)CCMSH and %MTc-RGD-Arg-(Arg!)CCMSH by 41-
64% at 2 h post-injection.®-11 Therefore, we hypothesized that the replacement of the Lys
linker with an Arg linker would decrease the renal uptake of 99MTc-RXD-Lys-
(Arg!H)CCMSH peptides. Thus, as a proof-of-principal study, we prepared and evaluated the
biodistribution property of °™Tc-RAD-Arg-(Argl1)CCMSH to examine our hypothesis in
this study.

Firstly, RAD-Arg-(Arg1)CCMSH was synthesized using fluorenylmethyloxycarbonyl
(Fmoc) chemistry, purified by reverse phase-high performance liquid chromatography (RP-
HPLC) and characterized by electrospray ionization mass spectrometry according to our
published procedure.12 The schematic structure of RAD-Arg-(Arg!1)CCMSH is presented
in Figure 1. The competitive binding study of RAD-Arg-(Arg))CCMSH was determined in
B16/F1 melanoma cells. The competitive binding curve of RAD-Arg-(Arg!))CCMSH is
presented in Figure 2. The MC1 receptor binding affinity of RAD-Arg-(Arg!1)CCMSH was
0.22 nM which was comparable to that of RAD-Lys-(Arg!1)CCMSH (0.26 nM) in B16/F1
cells. The receptor binding result indicated that the replacement of the Lys linker with an
Arg linker retained its nanomolar MC1 receptor binding affinity. °™Tc-RAD-Lys-
(Arg!hCCMSH was readily prepared with greater than 95% radiolabeling yield and was
separated from its excess nonlabeled peptide by high performance liquid chromatography
(HPLC). The radiochemical purity of 99MTc-RAD-Lys-(Arg!))CCMSH was greater than
98%. The specific activity of 2°*™T¢c-RAD-Lys-(Argl1)CCMSH was 8.406 x 10° MBq/g.

Secondly, cellular internalization and efflux properties of 99™Tc-RAD-Arg-(Arg!)CCMSH
were examined in B16/F1 melanoma cells. The cellular results are presented in Figure

3. 99MTc-RAD-Arg-(Argl)CCMSH exhibited rapid cellular internalization and extended
cellular retention. Approximately 77.81 + 4.46% of the 99™Tc-RAD-Arg-(Arg!)CCMSH
activity internalized at 20 min post incubation, whereas 81.26 + 4.81% of the 99MTc-RAD-
Arg-(Arg)CCMSH activity internalized after 2 h incubation. The efflux results
demonstrated that 72.07 + 1.61% of the 9°MTc-RGD-Arg-(Arg)CCMSH activity remained
inside the cells 2 h after incubating cells in culture medium. 9°™Tc-RAD-Arg-
(Arg1)CCMSH displayed similar rapid internalization and extended retention pattern

as 99MTc-RAD-Lys-(Arg!)CCMSH.11

Thirdly, the melanoma targeting and pharmacokinetic properties of %™Tc-RAD-Arg-
(Arg!1)CCMSH were determined in B16/F1 melanoma-bearing C57 mice. The
biodistribution results are presented in Table 1. 9¥MTc-RAD-Arg-(Arg!))CCMSH exhibited
rapid and high tumor uptake in melanoma-bearing mice. The tumor uptake was 17.98 + 4.96
and 14.07 £ 2.90% ID/g at 2 and 4 h post-injection. In peptide blocking study,
approximately 87% of the tumor uptake of 2°™Tc-RAD-Arg-(Arg1)CCMSH was blocked
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by 10 pg (6.1 nmol) of non-radiolabeled NDP-MSH at 2 h post-injection (p<0.05),
demonstrating that the tumor uptake was specific and MC1 receptor-mediated. Whole-body
clearance of 29MTc-RGD-Arg-(Arg))CCMSH was rapid, with approximately 75% of the
injected radioactivity cleared through the urinary system by 2 h post-injection (Table 1).
Normal organ uptake of 9MTc-RGD-Arg-(Arg!1)CCMSH was generally lower than 1.9%
ID/g except for kidneys after 2 h post-injection. High tumor/blood and tumor/muscle uptake
ratios were demonstrated as early as 0.5 h post-injection (Table 1). The renal uptake

of 9¥MTc-RAD-Arg-(Arg)CCMSH reached its highest value of 41.24 + 4.48% ID/g at 0.5
h post-injection and decreased to 11.99 + 2.29% ID/g at 24 h post-injection. In peptide
blocking study at 2 h post-injection, the renal uptake was not significantly (p = 0.063)
different with or without the peptide blockade, suggesting that the renal uptake was not
receptor-mediated.

As compared to #9MT¢c-RAD-Lys-(Arg))CCMSH,11 #9mMT¢c.RAD-Arg-(Argl)CCMSH
exhibited comparable melanoma uptake at 2, 4 and 24 h post-injection. The comparable
melanoma uptake between %MTc-RAD-Arg-(Arg!))CCMSH and 29MT¢-RAD-Lys-
(Arg!hCCMSH was attributed to the similar receptor binding affinities between RAD-Arg-
(Arg!HhCCMSH and RAD-Lys-(Arg1))CCMSH (0.22 vs. 0.26 nM). Despite that ™ Tc-
RAD-Arg-(Arg!)CCMSH and 99MTc-RAD-Lys-(Argt))CCMSH displayed similar
distribution pattern in normal organs, the renal uptake of ¥™Tc-RAD-Arg-(Arg))CCMSH
was dramatically lower than that of °™Tc-RAD-Lys-(Arg1)CCMSH. The renal uptake

of 99MTc-RAD-Lys-(Arg)CCMSH was 3.1, 2.6, 3.7 and 2.8 times the renal uptake

of 99MTc-RAD-Arg-(Arg!)CCMSH at 0.5, 2,4 and 24 h post-injection, respectively. The
comparable melanoma uptake and dramatically decreased renal uptake of 99MT¢c-RAD-Arg-
(Arg!hCCMSH resulted in higher tumor to kidney uptake ratios as compared to #9™Tc-
RAD-Lys-(Argl)CCMSH.

Finally, the melanoma imaging property of 99™Tc-RAD-Arg-(Arg!)CCMSH was examined
in a B16/F1 melanoma-bearing C57 mouse in this study. The representative whole-body
single photon emission computed tomography (SPECT)/CT image is presented in Figure 4.
Flank melanoma tumors were visualized clearly by %9™Tc-RAD-Arg-(Arg!1)CCMSH at 2 h
post-injection. 99MTc-RAD-Arg-(Arg!)CCMSH exhibited high tumor to normal organ
uptake ratios except for kidney, which was consistent with the biodistribution results (Table
1). The urine collected from the imaging mouse was analyzed for the metabolites by HPLC.
The urinary HPLC profile of 9MTc-RAD-Arg-(Arg)CCMSH is shown in Figure 6. 9MTc-
RAD-Arg-(Arg!1)CCMSH remained intact at 2 h post-injection.

In conclusion, the replacement of the Lys linker with an Arg linker dramatically decreased
the renal uptake of 99MTc-RAD-Arg-(Argl))CCMSH while retaining its high melanoma
uptake. B16/F1 melanoma lesions were clearly visualized by SPECT/CT using %°MTc-RAD-
Arg-(Arg)CCMSH as an imaging probe. High melanoma uptake and decreased renal
uptake of 9¥MTc-RAD-Arg-(Arg1)CCMSH suggests that the replacement of the Lys linker
with an Arg linker may be useful in reducing the renal uptake of other 99MTc-RXD-Lys-
(Arg!H)CCMSH peptides in future studies.

The experimental details are presented in References and notes. 13-16
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MC1 receptor binding affinity: Amino acid and resin were purchased from Advanced ChemTech
Inc. gLouisviIIe, KY) and Novabiochem (San Diego, CA). 125I-Tyr2-[NIe4, DPhe7]-q-MSH {125I-
(Tyr4)-NDP-MSH} was obtained from PerkinElmer, Inc. (Shelton, CT) for MC1 receptor binding
assay. B16/F1 murine melanoma cells were obtained from American Type Culture Collection
(Manassas, VA). The RAD-Arg-(Argll)CCMSH was synthesized, purified by RP-HPLC and
characterized by LC-mass spectroscopy according to our published procedure.11 The 1C5q value
of RAD-Arg-(Argll)CCMSH for the MC1 receptor was determined in B16/F1 melanoma cells
according to our published procedure11 Briefly, the B16/F1 cells (O.2><106 cells/well, n=3) were
incubated at 25 °C for 2 h with approximately 30,000 counts per minute (cpm) of 125I-(Tyrz)-
NDP-MSH in the presence of 10713 to 1078 M of RAD-Arg-(Arg1)CCMSH in 0.3 mL of binding
medium. The I1Cgq value of RAD-Arg-(Arg1)CCMSH was calculated using the Prism software
(GraphPad Software, La Jolla, CA).

Cellular internalization and efflux of 9¥MTc-RAD-Arg-(Argth)CCMSH: 29MTc0,~ was
purchased from Cardinal Health (Albuquerque, NM) for peptide radiolabeling. All other chemicals
used in this study were purchased from Thermo Fisher Scientific (Waltham, MA) and used
without further purification. RAD-Arg-(Argll)CCMSH was radiolabeled with 99MT¢ using the
method described previously.11 The radiolabeled peptide was purified to 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. Cellular internalization and efflux of ggmTc-RAD-Arg-(Argll)CCMSH were evaluated
in B16/F1 melanoma cells according to our published procedure.11

Biodistribution studies: All the animal studies were conducted in compliance with Institutional
Animal Care and Use Committee approval. The biodistribution of 99mTc-RAD-Arg-
(Argll)CCMSH was determined in B16/F1 melanoma-bearing C57 mice (Harlan, Indianapolis,
IN). C57 mice were subcutaneously inoculated on the right flank with 1x108 B16/F1 cells. Tumor
weights reached approximately 0.2 g at 10 days post cell inoculation. Each melanoma-bearing
mouse was injected with 0.037 MBq of 99MT¢c-RAD-Arg-(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. Blood values were taken as 6.5% of the whole-body
weight. The specificity of tumor uptake was determined at 2 h post-injection by co-

injecting 2°MTc-RAD-Arg-(Arg)CCMSH with 10 pg (6.1 nmol) of unlabeled NDP-MSH.
Statistical analysis was performed using the Student’s t-test for unpaired data to determine the
significance of differences in tumor and kidney uptake between the groups in the biodistribution
studies with/without peptide blockade. Differences at the 95% confidence level (p<0.05) were
considered significant.
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16. Melanoma imaging and urinary metabolites of 99mTc-RAD-Arg—(Argll)CCM SH:
Approximately 7.4 MBq of 99mTc-RAD-Arg-(Argll)CCMSH was injected in a B16/F1
melanoma-bearing C57 mouse for imaging and urine analysis. The mouse was euthanized at 2 h
post-injection for small animal SPECT/CT (Nano-SPECT/CT®, Bioscan) imaging, as well as to
collect urine for analyzing the metabolites. The 9-min CT imaging was immediately followed by
the whole-body SPECT scan. The SPECT scans of 24 projections were acquired. Reconstructed
SPECT and CT data were visualized and co-registered using InVivoScope (Bioscan, Washington
DC). The collected urine sample was centrifuged at 16,000 g for 5 min before the HPLC analysis.
Thereafter, aliquots of the urine were injected into the HPLC. A 20-minute gradient of 16-26%
acetonitrile / 20 mM HCI with a flow rate of 1 mL/min was used for urine analysis.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 January 01.
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Figure 1.
Schematic structure of RAD-Arg-(Arg!1))CCMSH.
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Figure 2.
The competitive binding curve of RAD-Arg-(Arg!1)CCMSH in B16/F1 melanoma cells.

The ICsq value of RAD-Arg-(Arg!))CCMSH was 0.22 nM.
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Figure 3.

Cellular internalization (A) and efflux (B) of °™Tc-RAD-Arg-(Arg!l)CCMSH in B16/F1
melanoma cells. Total bound radioactivity (¢), internalized radioactivity (H) and cell
membrane radioactivity (A) were presented as counts per minute (cpm).
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Figure4.

Representative whole-body SPECT/CT image of 99MTc-RAD-Arg-(Arg!l)CCMSH in a
B16/F1 melanoma-bearing C57 mouse at 2 h post-injection. Flank melanoma lesions (T) are
highlighted with an arrow on the images.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 10

150001
> 100.00
50.00

0.00—

2,00 4.00 I6.00 8.00 10.00 12.00 14.00 16.06 18.00  20.00 22.00 24.00 26100 28.00 30.00 32.00
Time (min)

Figure5.

Radioactive HPLC profile of urine sample of a B16/F1 melanoma-bearing C57 mouse at 2 h
post-injection of 99MTc-RAD-Arg-(Arg!1)CCMSH. The retention time (13.3 min) of the
original compound of 9¥MT¢-RAD-Arg-(Arg1)CCMSH prior to the tail vein injection is
identical with that of the urine sample of °™Tc-RAD-Arg-(Arg!l)CCMSH.
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