


may be critical for maintaining biological properties and therefore should not be
reduced. For this approach however there are some critical questions that must
be addressed: the desired oxidation state of **™Tc, the number of *™Tc
conjugations to the biomolecule, purity of the desired **™Tc-labeled species, and
impact on the targeting molecules biological activity after “™Tc-radiolabeling.
Examples of direct *™Tc-radiolabeling can be seen with many *™Tc-labeled
monoclonal antibodies including those to aid in detection of colorectal and

ovarian cancer.

Fig. 1.11- Schematic of the *™Tc direct labeling approach. (Cited from Liu, 2008).

Recently, our lab has developed a unique one-step radiolabeling
procedure utilized for ®™Tc-radiolabeling of hybrid peptides. These hybrid
peptides coordinate the technetium into the cyclic backbone of the peptide via
three cysteine amino acid additions. The sulfhydryl side chains of the cysteine

residues strongly conjugate to the *™Tc(V)O core, stabilizing the technetium
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within the cyclic peptide backbone via an NSz coordination system.
Radiolabeling of the peptide is performed through direct reduction of **™TcO,
with SnCl,. Since the sulfhydryl side chains on the cysteine residues are already
fully reduced, the **™Tc(V) core, [TcOJ*", is allowed to covalently conjugate
directly to those residues without the need for attachment to a BFCA.
Meanwhile, the hybrid peptide can be simultaneously cyclized during the
radiolabeling of *™Tc, allowing for diminished conformational freedom of the
peptide secondary structure and reduced in-vivo proteolytic degradation. The
cyclization process increases in-vivo stability as well as binding affinity of the
peptide for its targeted receptor. Radiolabeling synthesis is performed by
incubation of the peptide, sodium pertechnetate, SnCl,, and buffer solutions
(NH4OAc/ Na; tartate«2H,0) for twenty minutes at room temperature. Upon
radiolabeling synthesis, collection of a single species of ®“™Tc-labeled peptide
can be performed through RP-HPLC (Fig 1.12). This labeling approach is well
suited for use in clinical applications as it can be performed in a single step at

room temperature.
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Fig. 1.12- Structure of " Tc-RGD-Lys-(Arg*')CCMSH peptide after direct reduction
radiolabeling synthesis. (Adapted from Yang, 2010).

9MTc-Labeled a-MSH analogs

Throughout the past two decades, novel " Tc-labeled a-MSH peptide
analogs have been employed for development of diagnostic or therapeutic
targeting molecules for metastatic melanoma with varying success. One of the
first attempts at utilizing **™Tc-labeled a-MSH peptide analogs was the
development of **"Tc-CGCG-NDP, which employed a tetrapeptide chelator of
Cys-Gly-Cys-Gly on the amino terminus of the synthetic a-MSH analog NDP-
MSH. **"Tc-CGCG-NDP showed moderate melanoma uptake in B16/F1
melanoma bearing C57 mice with a peak tumor uptake at 30 minutes post-
injection of 6.52 £ 1.11 %ID/g [97, 120]. A novel a-MSH peptide analog,

[Cys>*1° b-Phe]a-MSHa3.13 (CCMSH), was created utilizing the peptide-hybrid
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approach of chelation within the backbone of the a-MSH peptide via addition of
three cysteine residues at amino acid positions 3, 4, and 10 [97, 98]. The metal
cyclized portion of the peptide contained the potent a-MSH pharmacophore
consensus sequence. **"Tc-CCMSH exhibited rapid and high tumor uptake as
well as fast whole-body clearance in B16/F1 melanoma bearing mice. The peak
tumor uptake was seen at 30 min post-inject with an uptake value of 12.97 + 2.38
%ID/g [126]. In an effort to decrease non-specific renal uptake of the **™Tc-
CCMSH peptide, a substitution to the Lys*! for Arg'* was made to establish the
novel peptide analog (Arg*)CCMSH. **™Tc-(Arg*)CCMSH exhibited a peak
tumor uptake value of 14.03 £ 2.58 %ID/g at 1 h post-injection while
demonstrating a 62% reduction in non-specific renal uptake at 4 h post-injection
[97, 125, 126].

Newer generations of *"Tc-labeled a-MSH peptides generated in our lab
emerged as dual receptor targeting molecules. Arg-Gly-Asp-conjugated a-MSH
hybrid peptides were developed to target both the MC1R and the a3 integrin
present on melanoma cells. The cyclized Arg-Gly-Asp (RGD) ayB3 integrin
binding motif was attached to the hybrid a-MSH peptide containing the MC1R
pharmacophore binding sequence via a Lys amino acid linker, forming a novel
RGD-Lys-(Arg*)CCMSH hybrid peptide [127]. It was hypothesized that targeting
of both the MC1R and a3 integrin would provide for superior melanoma
targeting as compared to MC1R targeting alone. As a control, the cyclic RGD
motif was also substituted into a cyclic RAD motif in order to ablate ayf33 binding,

producing the RAD-Lys-(Arg*')CCMSH peptide. Receptor binding studies with
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both peptides in human M21 melanoma cells demonstrated that indeed
substitution of the Gly residue in the RGD motif for an Ala residue ablated ayf33
integrin binding, with 1Cso values of 403 nM for RGD-Lys-(Arg*)CCMSH
compared with greater than 100,000 nM for RAD-Lys-(Arg*)CCMSH.
Surprisingly, MC1R binding affinity of the RAD-Lys-(Arg*')CCMSH peptide
was nearly 10-fold higher than the original RGD-Lys-(Arg*')CCMSH M21 human
melanoma cells, with 1Cso values of 0.3 nM and 2.0 nM, respectively [127]. This
elevated MC1 receptor binding affinity resulted in enhanced melanoma tumor
uptake of ®™Tc-RAD-Lys-(Arg*)CCMSH as compared with *™Tc-RGD-Lys-
(Arg'"YCCMSH (19.91+ 4.02 vs 14.83 + 2.93% ID/g at 2 h post-injection) in
B16/F1 melanoma-bearing C57 mice as well [128]. The minor structural
difference of the addition of one extra methyl group on the Ala residue as
compared to the Gly residue, indicated that the existence of the methyl group
enhanced the in-vivo melanoma tumor uptake of *™Tc-RAD-Lys-(Arg*)CCMSH.
Therefore, it was of interest to determine how other minor structural differences
to the **"Tc-RAD-Lys-(Arg*')CCMSH peptide could further enhance the MC1R
binding affinity and in-vivo tumor targeting and pharmacokinetics, as well as

determine the optimal structure for use as a melanoma SPECT imaging probe.
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Purpose, hypothesis, and specific aims

Currently, no curative treatment options exist for metastatic melanoma. A
patient’s best opportunity for a cure is early detection of melanocytic lesions and
prompt surgical removal of cancerous tissues [3, 6, 27]. The development of
novel targeting radiopharmaceuticals capable of both early detection and imaging
of primary melanoma lesions and metastases represents a potential innovative
tool suited for a patient’s best chance at survival. At present, the work being
conducted in the development of novel radiolabeled a-MSH peptide analogs is
still in the pre-clinical stage. Proper optimization and characterization of the
newest generations of these peptides is of importance to ascertain the most
promising compounds capable of utilization in a clinical setting.

The research emphasis for this project entails combining the knowledge
from different biomedical sciences in the fields of oncology, cellular and
molecular biology, chemistry, and radiopharmacology to develop, optimize, and
characterize novel radiolabeled a-MSH peptide analogs for targeting and
radioimaging of melanoma lesions. The development of which can potentially
aide clinicians in determining the location and size of both primary melanoma
lesions and their metastatic counterparts for prompt surgical removal and
monitoring the growth and spread of disease over the periods of progression,
remission, and recurrence.

With the promising results seen by the modification of a-MSH analogs in

respect to increased MC1 receptor binding affinity and increased in-vivo
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melanoma targeting and uptake in B16/F1 melanoma-bearing C57 mice, it was
the purpose of this study to determine the optimal a-MSH peptide structure
necessary for development of an ideal melanoma targeting probe suitable for

diagnostic imaging.
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Central Hypothesis

Our central hypothesis states that structural modifications of novel a-MSH
peptides targeting the melanocortin-1 receptor will enhance melanoma targeting
and pharmacokinetic properties of *"Tc-labeled a-MSH peptide analogs for
SPECT radioimaging and may provide a distinct non-invasive tool for early

detection and diagnosis of melanocytic disease, both primary and disseminated.
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Figure 1.13- Schematic representation of the modifications made to the novel a-

MSH peptides in the RXD motif (1), linker (2), and XAD maotif (3).
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Specific aims
| will attempt to examine our central hypothesis through the following
specific aims:
1. To determine the effect of single amino acid substitutions to the RXD
motif on the targeting and biodistribution properties of RXD-Lys-

(Arg")CCMSH peptides.

In order to evaluate specific aim #1, a-MSH peptides will be designed and
synthesized containing amino acid substitutions to the Ala residue on the RXD
motif. The in-vitro MC1 receptor targeting properties of the RXD-Lys-
(Arg'H)CCMSH peptides will be determined in the B16/F1 murine melanoma cell
line. The in-vivo melanoma targeting and pharmacokinetic properties of the
9MTc-RXD-Lys-(Arg*)CCMSH peptides will be evaluated in B16/F1 melanoma-

bearing C57 mice.

2. To reduce in-vivo non-specific renal uptake of a-MSH peptide analogs
via L-Lys co-injection and linker modification through substitution of the
positively charged Lys linker with a neutral 3-Ala linker, without

disrupting melanoma tumor uptake.

In order to evaluate specific aim #2, as a proof of concept study, reduction
of in-vivo non-specific renal uptake of the *™Tc-RXD-Lys-(Arg*)CCMSH

peptides will be determined with the use of a purified L-Lys co-injection. Based
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Chapter 2

Evaluation of new Tc-99m-labeled Arg-X-Asp-conjugated a-melanocyte

stimulating hormone peptides for melanoma imaging

Introduction

Malignant melanoma is the most lethal form of skin cancer with an
increasing incidence [3]. Melanoma leads to greater than 75% of deaths from
skin cancer although it only accounts for less than 5% of skin cancer cases.
There is no curative treatment available for metastatic melanoma. Both
melanocortin-1 (MC1) and a,B3 integrin receptors have been utilized as targets
for developing melanoma imaging probes [91, 100, 103, 105, 129-145]. The
radiolabeled a-melanocyte stimulating hormone (a-MSH) peptides were used to
target the MC1 receptors [91, 100, 103, 105, 129-137], whereas the radiolabeled
Arg-Gly-Asp (RGD) peptides were reported to target the a,33 integrin receptors
[138-145]. In our previous report, we developed a novel Arg-Gly-Asp (RGD)-
conjugated a-MSH hybrid peptide {RGD-Lys-(Arg*')CCMSH} to target both MC1
and a,B3 integrin receptors for M21 human melanoma imaging [127]. The dual
receptor-targeting *™Tc-RGD-Lys-(Arg*))CCMSH exhibited significantly higher
melanoma uptake than single receptor-targeting *™Tc-RAD-Lys-(Arg*)CCMSH
or " Tc-RGD-Lys-(Arg*")CCMSHscrambie in M21 human melanoma-xenografted
nude mice. Interestingly, the switch from RGD to Arg-Ala-Asp (RAD) in the hybrid
peptide dramatically improved the MC1 receptor binding affinity of RAD-Lys-

(Arg*)CCMSH as compared to RGD-Lys-(Arg*)CCMSH (0.3 vs. 2.0 nM) in M21
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Peptide Radiolabeling

RTD-Lys-(Arg')CCMSH and RVD-Lys-(Arg*)CCMSH peptides were
labeled with *°™Tc¢ via a direct reduction reaction with SnCl,. Briefly, 10 L of 1
mg/mL SnCl, in 0.1 M HCI, 40 yL of 0.5 M NH;OAc (pH 5.2), 100 uL of 0.2 M
Naytartate (pH 9.2), 100 pL of fresh **™TcO, solution (37-74 MBq), and 10 uL of
1 mg/mL RTD-Lys-(Arg*)CCMSH or RVD-Lys-(Arg*')CCMSH peptide in
aqueous solution were added into a reaction vial and incubated at 25 °C for 20
min to form **"Tc-labeled peptide. Each *™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 mins 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 stability, biodistribution and imaging studies. The serum stability
of ¥™Tc-RTD-Lys-(Arg*)CCMSH and *™Tc-RVD-Lys-(Arg')CCMSH was
determined by incubation in mouse serum at 37 °C for 24 h and monitored for
degradation by RP-HPLC. Briefly, 100 pL of HPLC-purified peptide solution (~7.4
MBq) was added into 100 pL of mouse serum (Sigma-Aldrich Corp, St. Louis,
MO) and incubated at 37 °C for 24 h. After the incubation, 200 pL of a mixture of
ethanol and acetonitrile (V:V = 1:1) was added to precipitate the serum proteins.
The resulting mixture was centrifuged at 16,000 g for 5 min to collect the

supernatant. The supernatant was purged with N, gas for 30 min to remove the
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ethanol and acetonitrile. The resulting sample was mixed with 500 pL of water

and injected into RP-HPLC for analysis using the gradient described above.

Cellular Internalization and Efflux

Cellular internalization and efflux of *™Tc-RTD-Lys-(Arg**)CCMSH and
99MTc-RVD-Lys-(Arg*')CCMSH were evaluated in B16/F1 melanoma cells. The
B16/F1 cells were seeded into a 24-well cell culture plate at a density of 2.5 x 10°
cells/well and incubated at 37° C overnight. After being washed twice with
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 B16/F1 cells were incubated at 25°C for 20, 40,
60, 90 and 120 min (n=3) in the presence of approximate 200,000 counts per
minute (cpm) of HPLC-purified of *™Tc-RTD-Lys-(Arg**)CCMSH or *°*™Tc-RVD-
Lys-(Arg*)CCMSH. After incubation, the reaction medium was aspirated and the
cells were rinsed with 2 x 0.5 mL of ice-cold pH 7.4, 0.2% BSA /0.01 M PBS.
Cellular internalization was assessed by washing the cells with acidic buffer [40
mM sodium acetate (pH 4.5) containing 0.9% NaCl and 0.2% BSA] to remove the
membrane-bound radioactivity. The remaining internalized radioactivity was
obtained by lysing the cells with 0.5 mL of 1 N NaOH for 5 min. Membrane-bound
and internalized activities were counted in a gamma counter. Cellular efflux was
determined by incubating the B16/F1 cells with **™Tc-RTD-Lys-(Arg*)CCMSH or

99MTc-RVD-Lys-(Arg*)CCMSH for 2 h at 25°C, removing non-specific-bound
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activity with 2 x 0.5 mL of ice-cold PBS rinse, and monitoring radioactivity
released into cell culture medium. At time points of 20, 40, 60, 90 and 120 min,
the radioactivities on the cell surface and inside the cells were separately

collected and counted in a gamma counter.

Biodistribution Studies

All the animal studies were conducted in compliance with Institutional
Animal Care and Use Committee approval. The biodistribution properties of
99MTc-RTD-Lys-(Arg*)CCMSH and **™Tc-RVD-Lys-(Arg*)CCMSH were
determined in B16/F1 melanoma-bearing C57 female mice (Harlan, Indianapolis,
IN). Each C57 mouse was subcutaneously inoculated on the right flank with
1x10° B16/F1 cells. The weight of tumors reached approximately 0.2 g 10 days
post cell inoculation. Each melanoma-bearing mouse was injected with 0.037
MBq of *™Tc-RTD-Lys-(Arg*')CCMSH and *™Tc-RVD-Lys-(Arg*')CCMSH via
the tail vein. Groups of 4 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 body weight. The specificity of tumor uptake
was determined by co-injecting *™Tc-RTD-Lys-(Arg*')CCMSH or **"Tc-RVD-
Lys-(Arg*H)CCMSH with 10 pg (6.1 nmol) of unlabeled NDP-MSH at 2 h post-
injection.

L-lysine co-injection is effective in decreasing the renal uptake of

radiolabeled a-MSH peptides. To determine the effect of L-lysine co-injection on
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the renal uptake of *™Tc-RTD-Lys-(Arg*)CCMSH and **"Tc-RVD-Lys-
(Arg'HCCMSH, a group of 4 mice were injected with a mixture of 0.037 MBq of
99MTC-RTD-Lys-(Arg*)CCMSH or ®™Tc-RVD-Lys-(Arg*)CCMSH and 15 mg of
L-lysine. The mice were sacrificed at 2 h post-injection, and tumors and organs of

interest were harvested, weighed and counted in a gamma counter.

Melanoma Imaging with **"Tc-RTD-Lys-(Arg*)CCMSH and *™Tc-RVD-Lys-

(Arg*YCCMSH

To determine the melanoma imaging properties, approximately 7.4 MBq of
99MTc-RTD-Lys-(Arg*)CCMSH or ®™Tc-RVD-Lys-(Arg*))CCMSH was injected
into two B16/F1 melanoma-bearing C57 mice via the tail vein, respectively. The
mice were euthanized for small animal SPECT/CT (Nano-SPECT/CT®, Bioscan,
Washington DC) imaging 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).

Urinary Metabolites of " Tc-RTD-Lys-(Arg*)CCMSH and *°™Tc-RVD-Lys-

(Arg*)CCMSH

Approximately 3.7 MBq of **"Tc-RTD-Lys-(Arg"')CCMSH or **™Tc-RVD-
pp y

Lys-(Arg*)CCMSH was injected into two B16/F1 melanoma-bearing C57 mice
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via the tail vein to determine the urinary metabolites. The mice were euthanized
to collect urine at 2 h post-injection. The collected urine samples were
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.

Statistical Analysis

Statistical analysis was performed using the Student’s t-test for unpaired
data to determine the significance of differences in tumor and kidney uptake
with/without peptide blockade or with/without L-lysine co-injection in
biodistribution studies described above. Differences at the 95% confidence level

(p<0.05) were considered significant.
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Table 4.5. Biodistribution of **"Tc-RAD-B-Ala-(Arg*)CCMSH

Biodistribution of **™Tc-RAD-B-Ala-(Arg*')CCMSH in B16/F1 melanoma-

bearing C57 mice. The data was presented as percent injected dose/gram

or as percent injected dose (mean = SD, n=4).

Tissue 0.5h 2h 4h 24 h Zrl]aggf i
Percentage Injected Dose/Gram (%ID/g)

Tumor 1255+3.37 1566+6.19 1467+3.81 7.79+2.68 2.43+0.53*
Brain 0.19+0.04 0.05+0.01 0.03+0.01 0.05+0.05 0.02+0.02
Blood 3.82+0.62 1.01+042 0.60+029 0461044 051+0.10
Heart 228+0.29 090+034 069+033 031+021 0.73+0.23
Lung 722+160 3.15+079 234+119 101+048 3.12+1.13
Liver 239+0.62 1.09+0.13 1.05+026 056+0.23 1.17+0.33
Skin 550+£0.60 1.38+041 0.70+0.13 042+0.24 1.29+0.42

Spleen 139+051 080+031 055+0.34 0.60+0.38 0.64+0.43

Stomach 711+220 261+104 188+063 0441020 2.88+0.65
Kidneys 25.64+4.06 20.18+3.86 19.83+6.34 3.92+0.99 19.82+09.39
Muscle 090+0.48 023+014 0.18+0.11 0.34+0.32 0.17+0.08

Pancreas 084+0.35 029+0.09 0.12+0.08 0.20+0.14 0.14+0.05

Bone 1.60+£027 059+0.16 024+020 050+042 0.33+0.20

Percentage Injected Dose (%ID)

Intestines 293+0.44 258+125 190+039 0.89+1.10 1.46%0.26

Urine 4954 +2.65 78.28+2.36 83.80+3.67 9425+190 83.61+5.94

Tumor/Blood
Tumor/Kidneys
Tumor/Lung
Tumor/Liver
Tumor/Muscle

Uptake Ratio of Tumor/Normal Tissue

3.29
0.49
1.74
5.25
13.94

15.50
0.78
4.97

14.37

68.09

24.45
0.74
6.27

13.97

81.50

16.93
1.99
7.71

13.91

2291

4.76
0.12
0.78
2.08
14.29

*p<0.05 (p=0.002) for determining the significance of differences in tumor
and kidney uptake between %™Tc-RAD-B-Ala-(Arg*')CCMSH with or
without NDP-MSH peptide blockade at 2 h post-injection.
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Table 4.6. Biodistribution of **"Tc-NAD-B-Ala-(Arg*)CCMSH
Biodistribution of *™Tc-NAD-B-Ala-(Arg**)CCMSH in B16/F1 melanoma-bearing
C57 mice. The data was presented as percent injected dose/gram or as percent

injected dose (mean = SD, n=4).

Tissue 0.5h 2h 4h 24 h Zrl]aggf i
Percentage Injected Dose/Gram (%ID/g)

Tumor 3.43+1.75 11.38+1.29 10.81+548 4.17+1.14  2.06+0.85*
Brain 0.17 +£0.01 0.01+0.01 0.02+0.01 0.01+0.01 0.05+0.01
Blood 10.13+1.66 1.02+0.48 0.87+043 0.14+0.02 1.22+0.01
Heart 1.85+0.56 0.62+0.03 056+0.31 0.11+0.03 0.48 + 0.25
Lung 5.68 + 1.37 231+055 1.28+0.27 0.74+0.30 1.92+0.41
Liver 2.03+0.41 1.67+0.39 1.37+045 0.50+£0.08 1.93+0.77
Skin 3.71+£1.95 1.14+0.23 0.62+0.10 0.16+0.04 1.47 +0.68

Spleen 1.71+0.74 0.76 £+0.21 055+0.08 0.20+0.13 0.33+0.20

Stomach 245+1.72 1.14+0.37 0.75+0.06 0.25+0.09 2.11+0.84
Kidneys 32.37+590 37.23+9.69 3268+655 8.39+256 22.48+9.23
Muscle 0.33+0.10 0.06+0.06 0.15+0.04 0.05+0.01 0.39+0.29

Pancreas 0.37+0.23 0.22+0.08 0.01+£0.01 0.01+0.01 0.25+0.14

Bone 0.75+0.40 0.35+0.29 0.03+0.01 0.09+0.07 0.19 + 0.08
Percentage Injected Dose (%ID)

Intestines 1.29 £ 0.67 284+198 477+346 0.59+0.18 2.28+0.78

Urine 53.93+19.61 73.27+541 77.67+588 93.77+1.03 74.78+10.44

Uptake Ratio of Tumor/Normal Tissue

Tumor/Blood 0.34 11.16 12.43 29.79 1.69
Tumor/Kidneys 0.11 0.31 0.33 0.50 0.09
Tumor/Lung 0.60 4.93 8.45 5.64 1.07
Tumor/Liver 1.69 6.81 7.89 8.34 1.07
Tumor/Muscle 10.39 189.67 72.07 83.40 5.28

*p<0.05 (*p=0.003) for determining the significance of differences in tumor
and kidney uptake between %*™Tc-NAD-B-Ala-(Arg*')CCMSH with or
without NDP-MSH peptide blockade at 2 h post-injection.
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Table 4.7. Biodistribution of *"Tc-EAD-B-Ala-(Arg**)CCMSH
Biodistribution of *"Tc-EAD-B-Ala-(Arg*')CCMSH in B16/F1 melanoma-bearing
C57 mice. The data was presented as percent injected dose/gram or as percent

injected dose (mean = SD, n=4).

Tissue 0.5h 2h 4h 24 h Zrl]aggf i
Percentage Injected Dose/Gram (%ID/g)

Tumor 12.25+1.86 10.13+3.60 13.36+4.12 3.71+1.59 1.20+0.25*
Brain 0.15+0.01 0.02 +0.01 0.01+0.01 0.01+0.01 0.01+0.01
Blood 5.94+1.42 0.86 + 0.04 0.38+0.12 0.08+0.01 0.47+0.01
Heart 1.73+0.35 0.44 +0.08 0.35+0.03 0.14+0.08 0.29+0.15
Lung 3.50 +1.96 2.57+1.00 135+051 0.35+0.08 1.73+0.74
Liver 2.06 +0.73 1.08 £0.41 0.93+0.16 0.26+0.08 0.86+0.03
Skin 5.92 +0.76 0.55+0.03 0.64+0.05 0.24+0.02 0.86+0.15

Spleen 1.95+1.15 0.59 + 0.25 0.49+0.18 0.14+0.11 0.26+0.05

Stomach 2.91+1.36 0.70+0.12 0.89+0.06 0.12+0.02 1.16+0.30
Kidneys 25.65+8.27 2525+9.26 2437+7.66 4.12+1.14 2593+1.62
Muscle 0.85+ 0.26 0.05+0.03 0.03+0.01 0.10+0.08 0.04+0.04

Pancreas 0.72+0.39 0.14 £ 0.07 0.06 +0.04 0.02+0.01 0.07+0.02

Bone 1.43+0.32 0.27 £0.12 0.07+0.03 0.14+0.06 0.10+0.05
Percentage Injected Dose (%ID)

Intestines 2.19+0.72 1.38 £0.92 229+0.66 055+0.16 251+0.34

Urine 42.67+21.25 75.09+11.87 86.51+3.43 92.30+1.33 85.18+0.53

Uptake Ratio of Tumor/Normal Tissue

Tumor/Blood 2.06 11.78 35.16 46.38 2.55
Tumor/Kidneys 0.48 0.40 0.55 0.90 0.05
Tumor/Lung 3.50 3.94 9.90 10.60 0.69
Tumor/Liver 5.95 9.38 14.37 14.27 1.40
Tumor/Muscle 14.41 202.60 445.33 37.10 30.00

*p<0.05 (*p=0.003) for determining the significance of differences in tumor
and kidney uptake between %*"Tc-EAD-B-Ala-(Arg')CCMSH with or
without NDP-MSH peptide blockade at 2 h post-injection.
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Figure Legends

Figure 4.1. Schematic structures of RXD-B-Ala-(Arg'))CCMSH & XAD-B-
Ala-(Arg")CCMSH peptides.

Figure 4.2. The competitive binding curves of RSD-B-Ala-(Arg*)CCMSH
(e), RTD-B-Ala-(Arg'*)CCMSH (m), RVD-B-Ala-(Arg*')CCMSH (A), RAD-B-
Ala-(Arg")CCMSH (o), NAD-B-Ala-(Arg*')CCMSH (V) and EAD-B-Ala-
(Arg*)CCMSH (A), and in B16/F1 murine melanoma cells. The ICsy value
was 2.76 + 0.51 nM for RSD-B-Ala-(Arg*)CCMSH, 1.56 + 0.63 nM for RTD-B-
Ala-(Arg")CCMSH, 1.99 + 0.16 nM for RVD-B-Ala-(Arg'))CCMSH, 0.35 +
0.01 nM for RAD-B-Ala-(Arg')CCMSH, 3.34 + 0.28 nM for NAD-B-Ala-
(Arg")CCMSH and 3.84 + 0.71 nM for EAD-B-Ala-(Arg'')CCMSH

respectively.

Figure 4.3. Radioactive HPLC profiles of **™Tc-RSD-B-Ala-(Arg*)CCMSH
(A), ®°"Tc-RTD-B-Ala-(Arg*)CCMSH (B), *™Tc-RVD-B-Ala-(Arg*')CCMSH
(C), *™Tc-RAD-B-Ala-(Arg*)CCMSH (D), *°™Tc-NAD-B-Ala-(Arg*')CCMSH
(E), and **"Tc-EAD-B-Ala-(Arg*)CCMSH (F) in mouse serum after incubation
at 37 °C for 24 h. The arrows denote the original peak retention times of
99MTc-RSD-B-Ala-(Arg*)CCMSH (13.1 min), *"Tc-RTD-B-Ala-(Arg*')CCMSH
(13.0 min), *"Tc-RVD-B-Ala-(Arg*)CCMSH (14.1 min), *°*™Tc-RAD-B-Ala-
(Arg*hCCMSH (13.7 min), *™Tc-NAD-B-Ala-(Arg*Y)CCMSH (17.0 min), and
9MTc-EAD-B-Ala-(Arg*)CCMSH (14.2 min), prior to the incubation in mouse

serum.

Figure 4.4. Cellular internalizaton and efflux of %™Tc-RSD-B-Ala-
(Arg")CCMSH (A and B), **"Tc-RTD-B-Ala-(Arg*')CCMSH (C and D) and
9MTc-RVD-B-Ala-(Arg*)CCMSH (E and F) in B16/F1 melanoma cells. Total
bound radioactivity (¢), internalized radioactivity (m) and cell membrane

radioactivity (A ) were presented as counts per minute (cpm).
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Figure 4.5. Cellular internalization and efflux of “™Tc-RAD-B-Ala-
(Arg")CCMSH (G and H), **™Tc-NAD-B-Ala-(Arg*')CCMSH (I and J) and
99MTc-EAD-B-Ala-(Arg*')CCMSH (K and L) in B16/F1 melanoma cells. Total
bound radioactivity (¢), internalized radioactivity (m) and cell membrane

radioactivity (A ) were presented as counts per minute (cpm).

Figure 4.6. Representative whole-body SPECT/CT image of B16/F1
melanoma- bearing C57 mice 2 h post injection of 7.4 MBq of **"Tc-RAD-B-
Ala-(Arg*)CCMSH. Flank melanoma lesions (T) are highlighted with an arrow

on the image.

Figure 4.7. Radioactive HPLC profiles of urinary metabolites at 2 h post-
injection of **"Tc-RAD-B-Ala-(Arg*Y)CCMSH. The arrow denotes the original
retention time of " Tc-RAD-B-Ala-(Arg')CCMSH (15.98 min) prior to tail vein

injection.
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Figure 4.2
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Figure 4.3

6.00
- 90.00: e
soo] A
80.00
4.00 70.00
60.00
3.00
> 50.00
£
200 40.00
oo 30.00
20.00
0.00: 10.00:
o Moo
" 0.00
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 B0 1008 1208 1408 1600 1900 3000 3205 3400 3008 3808 3000 " 3200
inutes Minutes
6.00 - 80.00; P a—
B 7000
4.004 60.00:
50.00:
> >
E 200 E 40.00-
30.00:
000 20.00:
1000
N L e A A A 0.0
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 30.00 32.00 800 1000 1200 1400 1600 1800 20.00 2200 2400 2600 2800 30.00 32.00
Minutes Minutes
3000 c pa— 100.00{ -
25.00 80.00
w0 60.00]
2 15.00 H
10.00 40.00
5.00 20,00
0.00
0001 T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 800 1000 1200 1400 1600 1800 20.00 2200 2400 2600 2800 3000 3200

138




Figure 4.4
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Figure 4.5
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Figure 4.6
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Figure 4.7
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Chapter 5

Project Summary

The development of receptor-targeting diagnostic or therapeutic
radiopharmaceuticals, has taken a near herculean effort; understanding the
coordination chemistry involved within the metal complexes, determining optimal
radiolabeling procedures, and designing the structures of the targeting
biomolecules. At the present time, many *™Tc-labeled radiopharmaceuticals
have been widely used as diagnostic imaging agents in various disease states
such as cancer, thrombosis, infection, and inflammation. Administration of site-
specific targeted radiopharmaceuticals provides the prospect of treating widely
disseminated diseases, such as metastatic cancer. Ideally, the targeted
radiopharmaceutical is designed to locate with high specificity to cancerous foci
at locations undetected and unknown within the human body [152]. The use of
small peptides in targeting of radiopharmaceuticals provides a mechanism of
targeting specific overexpressed receptors on the cancerous cell surface,
enabling high specificity targeting of the cancer cell while minimizing radiation to
healthy tissues.

In this project, we developed novel iterations of a-melanocyte stimulating
hormone peptides capable of binding the melanoma specific, melanocortin-1
receptor, in order to characterize and determine the most effective small peptides
for melanoma targeting. Through previous research, it was determined that a
single amino acid substitution of Gly to Ala in the RXD motif of the RGD-Lys-

(Arg*HYCCMSH peptide greatly improved MC1R binding affinity in B16/F1 murine
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melanoma cells (2.0 nM vs 0.3 nM, respectively) [127]. In this study, we
developed novel a-MSH peptides with further modifications to this same residue
in order to examine the influence of the amino acid on in-vivo melanoma
targeting of the a-MSH peptides. Initially the substitutions of the Gly residue with
Thr and Val amino acids were performed to examine the effects of the —
CH(CH3)OH and —CH(CHs), groups on the biodistribution properties of the **™Tc-
labeled RTD-Lys-(Arg*)CCMSH and RVD-Lys-(Arg'))CCMSH peptides. The
RTD-Lys-(Arg"")CCMSH and RVD-Lys-(Arg')CCMSH peptides were
synthesized via fluorenylmethyloxycarbonyl (Fmoc) chemistry and purified
through RP-HPLC, with chemical purities >95%. Cellular binding studies on
B16/F1 murine melanoma cells demonstrated increased affinity for the MC1R as
compared to the original RGD-Lys-(Arg*)CCMSH peptide, but weaker affinity
than the RAD-Lys-(Arg*")CCMSH peptide with ICs, values of 0.70 + 0.07 nM for
RTD-Lys-(Arg*")CCMSH and 1.00 + 0.30 nM for RVD-Lys-(Arg*')CCMSH.
RTD-Lys-(Arg*')CCMSH and RVD-Lys-(Arg*)CCMSH peptides were
radiolabeled with **™Tc and purified via RP-HPLC with radiochemical purities
>95%. Both compounds demonstrated to be stable in mouse serum for 24 h at
37°C. In-vivo biodistribution studies in B16/F1 bearing female C57BL/6 mice
revealed high receptor-mediated melanoma uptake as compared with *™Tc-
RAD-Lys-(Arg*)CCMSH but with different uptake patterns. *™Tc-RTD-Lys-
(Arg*H)CCMSH showed the highest tumor uptake of 18.77 + 5.13% ID/g at 2 h
post-injection, whereas *°"Tc-RVD-Lys-(Arg')CCMSH showed the highest tumor

uptake of 19.63 + 4.68% ID/g at 4 h post-injection. Both the **"Tc-RTD-Lys-
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(Arg")CCMSH and **"Tc-RVD-Lys-(Arg™)CCMSH exhibited extremely high
renal uptake at 0.5, 2, and 4 h post-injection with values ranging from 105.54 +
27.67- 144.56 + 24.64% ID/g for **"Tc-RTD-Lys-(Arg'')CCMSH and 73.92 +
3.73-94.01 *+ 18.31% ID/g for **"Tc-RVD-Lys-(Arg*')CCMSH. SPECT/CT
imaging studies utilizing **"Tc-RTD-Lys-(Arg')CCMSH and *™Tc-RVD-Lys-
(Arg")CCMSH as imaging probes demonstrated that B16/F1 lesions could be
clearly visualized by SPECT/CT imaging.

Further evaluation of the targeting and pharmacokinetic properties
associated with the substitution of the Gly residue in the RXD motif was
performed in the second study in which the Gly residue was substituted with Ser,
Nle, Phe, and bPhe amino acids. The substitutions were designed to evaluate the
effects of the long hydrocarbon chain (Nle), and the bulky benzene rings (Phe
and oPhe) on MC1R binding affinity and melanoma targeting properties of the
peptides. In addition, the —CH,OH group (Ser) was substituted in an attempt to
facilitate urinary clearance of the peptides compared to the hydrophobic Nle,
Phe, and oPhe compounds. The four peptides were synthesized utilizing a
similar Fmoc chemistry approach as the previously described RTD-Lys-
(Arg*)CCMSH and RVD-Lys-(Arg*))CCMSH peptides and purified to >95%
chemical purity via RP-HPLC. Cellular binding studies on B16/F1 murine
melanoma cells demonstrated varying impacts on the MC1R binding affinities of
the peptides. The long hydrocarbon chain from the Nle amino acid on RNIeD-
Lys-(Arg*)CCMSH peptide exhibited decreased MC1R binding affinity, whereas

the CH,OH group from the Ser amino acid and the bulky benzene rings from the

145



Phe and oPhe amino acids increased MC1R binding affinity. 1Csg values of RSD-
Lys-(Arg'')CCMSH, RNleD-Lys-(Arg*')CCMSH, RFD-Lys-(Arg*')CCMSH, and
RfD-Lys-(Arg'')CCMSH were 1.30 + 0.36, 2.99 + 0.26, 0.82 + 0.06, and 1.35 *
0.08 nM respectively. The differences in receptor binding affinities of these
peptides indicate the Ser, Nle, Phe, and oPhe residues interact with the MC1R
binding moiety differently. The subtle differences may be explained by the
flexibility of the lactam bonds among the amino acid residues in the peptides.

In order to determine the in-vivo melanoma targeting, pharmacokinetic,
and imaging properties of the RSD-Lys-(Arg')CCMSH, RFD-Lys-(Arg*')CCMSH,
and RfD-Lys-(Arg"')CCMSH peptides, all peptides were radiolabeled with *™Tc
and purified through RP-HPLC to a radiochemical purity >95%. Due to the poor
binding affinity of the RNleD-Lys-(Arg*")CCMSH peptide, further evaluation of the
in-vivo tumor targeting properties was not warranted nor determined. Despite the
similar pattern in B16/F1 cellular internalization and efflux, **™Tc-RSD-Lys-
(Arg*H)CCMSH exhibited a contrast in tumor uptake as compared to the **™Tc-
RFD-Lys-(Arg*')CCMSH and **"Tc-RfD-Lys-(Arg*)CCMSH peptides. *"Tc-
RSD-Lys-(Arg*)CCMSH exhibited rapid and high receptor-specific melanoma
uptake of 18.01 + 4.22% ID/g at 30 min post-injection, whereas **"Tc-RFD-Lys-
(Arg')CCMSH and *™Tc-RfD-Lys-(Arg*)CCMSH exhibited their peak
melanoma uptake values of 13.11 + 1.21 and 15.01 + 4.40% ID/g at 4 h post-
injection, respectively. In addition, *™Tc-RSD-Lys-(Arg*))CCMSH displayed 45%
and 32% lower renal uptake values at 24 h than **"Tc-RFD-Lys-(Arg*')CCMSH

and **"Tc-RfD-Lys-(Arg')CCMSH respectively. Renal uptake values were still
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extremely high ranging from 69.23 + 17.41% ID/g at 4 h post-injection to 80.01 +
15.67% ID/g at 2 h post-injection. Not surprisingly, however, *™Tc-RSD-Lys-
(Arg")CCMSH showed 12% and 23% lower liver uptake than **"Tc-RFD-Lys-
(Arg")CCMSH and **"Tc-RfD-Lys-(Arg*')CCMSH, due to the absence of the
bulky benzene ring. Furthermore, **"Tc-RSD-Lys-(Arg™)CCMSH exhibited
faster urinary clearance over all time points as compared to both **"Tc-RFD-Lys-
(Arg")CCMSH and **"Tc-RfD-Lys-(Arg*')CCMSH. SPECT/CT imaging studies
utilizing %™Tc-RSD-Lys-(Arg*')CCMSH as an imaging probe demonstrated that
B16/F1 lesions could be clearly visualized in B16/F1 bearing female C57BL/6
mice.

The extremely high renal uptake (67-135% ID/g at 2 h post-injection) has
become a common implication for all the reported **"Tc-RXD-Lys-(Arg*)CCMSH
peptides [128, 146, 150]. In order to facilitate further therapeutic applications of
these peptides, non-specific renal uptake must be reduced. In clinical cases
today, renal toxicity is the dose limiting factor in peptide-receptor radionuclide
therapy (PRRT), as acute nephrotoxicity and acute renal failure seen in patients
occurs due to accumulation of radiation dosage in the kidneys [154, 155]. Itis
hypothesized that renal handling of these radiopharmaceuticals and peptides is
facilitated by the charge distribution throughout targeting molecule. In the
nephron, evidence has indicated that cationic and neutral molecules are filtered
through the glomerulus more efficiently than anionic molecules possibly due to
the negatively charged basement membrane of the glomerulus [154, 156]. In

addition, the proximal tubule contains negatively charged organic cation transfer
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(OCT) cell surface receptors that can interact with positively charged molecules
[154].

With the overall positive charge and strong positive charge of the Lys
linker in the **™Tc-RXD-Lys-(Arg*)CCMSH peptides, it stands to reason that high
renal uptake of these peptides is due to their potential electrostatic interactions
with multiple constituents of renal physiology. As a proof-of-concept study, co-
injection of purified positively charged L-Lys amino acid with the **™Tc-RXD-Lys-
(Arg*H)CCMSH peptides was performed. Co-injection of the L-Lys amino acid
dramatically decreased non-specific renal uptake of the **™Tc-RXD-Lys-
(Arg'H)CCMSH peptides 37-50%, without affecting the tumor targeting properties
of those peptides. This reduction elucidated the necessity to mitigate the overall
positive charge of the *™Tc-RXD-Lys-(Arg*)CCMSH peptides in order to
facilitate reduced non-specific renal uptake. Clearly, the substitution of the
positively charged Lys linker in the *™Tc-RXD-Lys-(Arg*)CCMSH to a neutral or
negatively charged linker (i.e. Gly or Glu) can decrease the overall charge of the
99MTc-RXD-Lys-(Arg*)CCMSH peptides. In previous studies, reducing the
overall positive charge of ***In-DOTA-GlyGlu-CycMSH via a negatively charged
glutamic acid linker coincided with a 44% reduction in renal uptake as compared
to "' In-DOTA-CycMSH [100]. According to the effect seen in the L-Lys co-
injection studies and with the introduction of the glutamic acid linker in previous
studies, it was likely that such a substitution will provide a significant reduction in

non-specific renal uptake of the %™ Tc-RXD-Lys-(Arg*')CCMSH peptides.
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In the final study of this project we designed a multitude of novel a-MSH
peptides with reduced overall net charge. The positively charged Lys linker in
the RXD-Lys-(Arg'*)CCMSH peptides was replaced with a neutral B-Ala linker to
yield the novel RAD-B-Ala-(Arg')CCMSH, RSD-B-Ala-(Arg*)CCMSH, RTD-B-
Ala-(Arg")CCMSH, and RVD-B-Ala-(Arg')CCMSH peptides. In addition, we
designed the novel XAD-B-Ala-(Arg*')CCMSH peptides containing substitutions
of the positively charged Arg residue in the RXD motif with a neutral Nle amino
acid and negatively charged Glu residue to create the NAD-B-Ala-(Arg*))CCMSH
EAD-B-Ala-(Arg'Y)CCMSH peptides, respectively. The substitutions of these
amino acids were performed to eliminate as many charge dipoles on the peptide
backbone as possible to facilitate reduction in the non-specific renal uptake seen
with the RXD-Lys-(Arg*)CCMSH peptides.

All peptides were synthesized utilizing a similar Fmoc chemistry approach
as described for the RXD-Lys-(Arg*)CCMSH peptides and purified via RP-HPLC
to a chemical purity >95%. Cellular binding studies performed in B16/F1 cells
demonstrated continued low nanomolar binding affinity for the RXD-3-Ala-
(Arg*)CCMSH and XAD-B-Ala-(Arg*)CCMSH peptides. ICs, values for the
RAD-B-Ala-(Arg*')CCMSH, RSD-B-Ala-(Arg*)CCMSH, RTD-B-Ala-
(Arg*)CCMSH, and RVD-B-Ala-(Arg*)CCMSH peptides were 0.35 + 0.01, 2.76
+0.51, 1.56 + 0.63, and 1.99 + 0.16 nM respectively. These values were
comparable to their Lys linker counterparts demonstrating no significant loss in
binding affinity for the MC1R. The binding affinity of the XAD-B-Ala-

(Arg*HYCCMSH peptides for the MC1R was slightly lower with ICs values of 3.84
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+ 0.71 and 3.34 + 0.28 nM for EAD-B-Ala-(Arg*)CCMSH and NAD-B-Ala-
(Arg")CCMSH respectively.

In order to determine the in-vivo melanoma targeting, pharmacokinetic,
and imaging properties of the RXD-B-Ala-(Arg*)CCMSH and XAD-B-Ala-
(Arg")CCMSH peptides, all peptides were radiolabeled with ®™Tc and purified
through RP-HPLC to a radiochemical purity >95%. All RXD-B-Ala-
(Arg")CCMSH peptides exhibited rapid and high receptor-specific melanoma
uptake similar to their Lys linker counterparts with the exception of RSD-3-Ala-
(Arg'"YCCMSH. RAD-B-Ala-(Arg'')CCMSH exhibited peak melanoma uptake of
15.66 + 6.19% ID/g at 2 h post-injection, not significantly different to RAD-Lys-
(Arg*HCCMSH with a peak melanoma uptake of 19.91 + 4.02% ID/g. RTD-B-
Ala-(Arg"")CCMSH exhibited peak melanoma uptake of 13.85 + 1.43% ID/g at 2
h post-injection, not significantly different to RTD-Lys-(Arg**)CCMSH with a peak
melanoma uptake of 18.77 + 5.13% ID/g. RVD-B-Ala-(Arg*')CCMSH exhibited
peak melanoma uptake of 13.11 + 4.78% ID/g at 2 h post-injection, not
significantly different to RVD-Lys-(Arg')CCMSH with a peak melanoma uptake
of 17.10 + 3.82% ID/g. As previously stated, RSD-B-Ala-(Arg'')CCMSH
exhibited peak melanoma uptake of 12.15 + 2.36% ID/g at 4 h post-injection,
which was significantly different to RSD-Lys-(Arg*')CCMSH with a peak
melanoma uptake of 17.42 £ 1.52% ID/g at 2 h post-injection. EAD-B-Ala-
(Arg*H)CCMSH exhibited peak melanoma uptake of 13.36 + 4.12% ID/g at 4 h
post-injection and NAD-B-Ala-(Arg*)CCMSH exhibited peak melanoma uptake of

11.38 £ 1.29% ID/g at 2 h post-injection.
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Importantly in this study, we wanted to determine the renal effects of the
charge substitutions made to the peptides. Non-specific renal uptake was
dramatically reduced in the RXD-B-Ala-(Arg*')CCMSH peptides. Non-specific
renal uptake of RAD-B-Ala-(Arg*)CCMSH, RSD-B-Ala-(Arg*)CCMSH, RTD-B-
Ala-(Arg")CCMSH, and RVD-B-Ala-(Arg*)CCMSH was reduced 79%, 65%,
79%, and 68% at 2 h post-injection as compared to their Lys linker counterparts.
All RXD-B-Ala-(Arg*Y)CCMSH exhibited non-specific renal uptake of less than
30% ID/g. The renal uptake of EAD-B-Ala-(Arg*)CCMSH and NAD-B-Ala-
(Arg*HCCMSH was not further reduced as compared to the RXD-B-Ala-
(Arg*HCCMSH with uptake values of 25.25 + 9.26% and 37.23 + 9.69% ID/g 2 h
post-injection.

The dramatic reduction in renal uptake with the substitution of the neutral
B-Ala linker demonstrates the importance of the electrostatic interactions of the
positive charges on the peptides in renal handling and non-specific uptake in-
vivo. It is imperative to maintain high contrast of tumor uptake to normal organ
tissues for enhanced diagnostic imaging and potential therapeutic applications
utilizing radiolabeled peptide conjugates as targeting molecules. *™Tc-labeled
radiopharmaceuticals can be readily translated to therapeutic
radiopharmaceuticals through the replacement of *™Tc with **°Re/ !%®Re [152,
153]. Both *™Tc and **°Re/ '*®Re have similar coordination chemistry. The
same biomolecule can be labeled with **°Re/ **Re without structural
modification. The combined use of ®™Tc- and ***Re/ **®Re-labeled

radiopharmaceuticals for imaging and therapy will enhance the success of
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targeted radionuclide treatment for individual patients. Imaging patients with
99MTc-labled radiopharmaceuticals can aid physicians in determining patient-
specific dosimetries for safe and efficacious treatment with the **°Re/ 1*Re
therapeutic radiopharmaceuticals. Furthermore, imaging during the treatment of
disease can monitor a patients response to treatment giving critical information to
the physician and allow for modification of treatment protocols, should they be
warranted, to further aid in therapeutic regimens [157].

Throughout this study, one a-MSH peptide conjugate has been elucidated
as a lead compound for further development of both imaging and therapeutic
applications. RAD-B-Ala-(Arg*')CCMSH has demonstrated high MC1R specific
melanoma uptake (15.66 + 6.19% ID/g at 2 h post-injection) with limited non-
specific renal uptake (20.18 + 3.86% ID/g at 2 h post-injection). This high
melanoma uptake and low kidney uptake correlates to a very favorable tumor to
kidney uptake ratio of 0.78 at 2 h post injection. The tumor (target) to kidney
uptake ratio is important in determining the total accumulation and potential dose
limiting exposure of a patient. The higher the ratio, the better the chance of
reducing or eliminating the deleterious effects of radiation within the nephron,

and allowing for stronger, more aggressive PRRT therapy to proceed [154, 155].

Future Directions

The use of a-MSH peptide analogs for diagnosis and treatment of
melanoma in clinical practice today is non-existent. The utilization of these

targeting molecules has been confined to the pre-clinical experimental phase.
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Further development and characterization on the use of these peptide conjugates
in human cell lines and human tissues should be extrapolated in order to
facilitate their potential use in patients seeking clinical aide for treatment of this
deadly disease. In order to begin the process of moving these novel a-MSH
peptides into a more clinical research venture, targeting and pharmacokinetic
properties of the lead compounds in human melanoma will need to be
established.

1) Defining the 3-D structure of the a-MSH peptides.

To date, it has been extremely difficult to determine the 3-D structure of the a-
MSH peptide derivatives. Characterizing the 3-D structure will further allow
investigators to understand the interactions of each part of the a-MSH peptide
conjugates with the melanocortin-1 receptor. Understanding the interactions will
allow for manipulation of the peptides to further enhance MC1R binding affinity
and ultimately increase in-vivo melanoma uptake. The increased melanoma
uptake will facilitate higher quality imaging characteristics and potential
therapeutic treatment with PRRT treatment.

2) Utilizing human melanoma cell lines such as TXM13

This entire study was developed around the utilization of the murine B16/F1
melanoma cell line which overexpresses the MC1R at densities around 7,000
receptor sites/cell [158]. Further experimentation into the use of these peptide
conjugates in human melanoma cells is imperative due to differences in behavior
of both tumors and peptide uptake previously seen. Human TXM13 melanoma

cell lines specifically overexpress the MC1R at densities slightly lower than
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B16/F1 around 5,500 receptor sites/cell [158]. In addition to lower MC1R
density, histopathological analysis of both B16/F1 murine and TXM13 human
melanoma tumors revealed striking differences. The B16/F1 murine tumors are
highly vascularized gelatinous masses, whereas TXM13 human tumors form
solid masses with viable tumor cells surrounding a necrotic core containing few
identifiable melanoma cells. Characterizing the targeting and pharmacokinetic
properties of our lead a-MSH compounds in human cell lines will enhance our
efforts for utilization in human patients.

3) Therapeutic treatment with ***Re’ 1®Re.

In order to facilitate the potential of our lead a-MSH peptide conjugate as a
viable targeting therapeutic molecule, it is necessary to define the efficacy of
treatment of both B16/F1 and TXM13 tumors in-vivo, utilizing ***Re’ *®Re as the
radionuclide for radiation treatment. As stated before, **"Tc and '*°Re’ !%¥Re
share similar coordination chemistry and our a-MSH peptides have been
successfully integrated with **®Re’ *®8Re in previous studies [158]. A longitudinal
study to determine how well treatment with ***Re’ ®®Re -labeled a-MSH peptide
can decrease overall tumor volume and increase survival time of mice that have
been implanted with both B16/F1 and TXM13 melanoma cells is imperative for

moving this research into the clinical realm.
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