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Abstract

Background: Peptides play decisive roles in the skin, ranging from host defense
responses to various forms of neuroendocrine regulation of cell and organelle function.
Synthetic peptides conjugated to radionuclides or photosensitizers may serve to identify
and treat skin tumors and their metastatic forms in other organs of the body. In the
introductory part of his review, the role and interplay of the different peptides in the skin
is briefly summarized, including their potential application for the management of
frequently occurring skin cancers. Special emphasis is given to different targeting
options for the treatment of melanoma and melanotic lesions.

Radionuclide targeting: a-Melanocyte-stimulating hormone (a-MSH) is the most
prominent peptide for targeting of melanoma tumors via the G protein-coupled
melanocortin-1 receptor that is (over-)expressed by melanoma cells and melanocytes.
More than 100 different linear and cyclic analogs of a-MSH containing chelators for
"Mn, 67%8Ga, %4Cu, Y, 21?Pb, ®MTc, '®®Re were synthesized and examined with
experimental animals and in a few clinical studies. Linear Ac-Nle-Asp-His-D-Phe-Arg-
Trp-Gly-Lys-NH> (NAP-amide) and Re-cyclized Cys-Cys-Glu-His-D-Phe-Arg-Trp-Cys-
Arg-Pro-Val-NH, (Re[Arg'']CCMSH) containing different chelators at the N- or C-
terminus served as lead compounds for peptide drugs with further optimized
characteristics. Alternatively, melanoma may be targeted with radiopeptides that bind to
melanin granules occurring extracellularly in these tumors.

Photosensitizer targeting: A more recent approach is the application of
photosensitizers attached to the MSH molecule for targeted photodynamic therapy
using LED or coherent laser light that specifically activates the photosensitizer.
Experimental studies have demonstrated the feasibility of this approach as a more
gentle and convenient alternative compared to radionuclides.
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INTRODUCTION

The skin of all vertebrate species is the site of origin as well as the site of action of
numerous biologically active peptides that show a broad spectrum of activities ranging
from host defense responses to various forms of neuroendocrine regulation of cell and
organelle function [1-4]. For example, of the more than 100 human antimicrobial
peptides known, over a dozen have been shown to occur in the skin (e.g. f-defensins,
dermcidin, drosomycin-like defensin, RNase 5 and 7, chemokines such as chemokine
ligand 20, psoriasin, koebnerisin, chimerins). These peptides represent key components
of the innate immune system, thus forming an integral part of the first line of defense
[5-9]). Some of these host-defense peptides also have the potential to serve as
anticancer agents in the skin [10]. Human skin has long been recognized as an
endocrine organ producing several neuropeptides (e.g. a-melanotropin (a-MSH),
adrenocorticotropin (ACTH), corticoliberin (CRH), endorphin, enkephalin, substance P,
calcitonin gene-related peptide (CGRP), neuropeptide Y (NPY), vasointestinal peptide
(VIP), somatostatin, bradykinin, endothelin, endogenous peptide) which participate in
the regulation of skin function [1, 2, 11-20]. Some of these peptides may play a role in
cancer therapy with cytotoxic agents or radioactivity, e.g. as vehicles for specific
targeting of cancer cells in the skin [21]. Furthermore, several skin peptides from other
species, in particular from frog skin, have been recognized to exhibit cytotoxicity against
tumor cells [22]. Thus, there are a variety of peptides originating from skin that have the
potential to be developed into antitumor agents for treatment of skin cancer.

The three main types of skin cancer include basal cell carcinoma (BCC) [23], squamous
cell carcinoma (SCC) [24] and melanoma [25]. Other types of skin cancer or adnexal
tumors, e.g. sweat gland and sebaceous gland carcinomas [26], non-melanoma nail
neoplasms [27], keratoacanthoma [28], Merkel cell carcinoma (APUDoma) [29], are less
common and treatment options are varying. Of the non-melanoma skin cancers, BCC is
the most abundant (approx. 80%) with over 3.5 million new cases in the USA and
Europe annually [23]; excessive exposure to sunlight is the major risk factor. BCC is
derived from non-keratinizing cells of the basal layer of the epidermis, generally grows
slowly and rarely metastasizes [30]. Current treatment options of BCC include standard
excision, Mohs micrographic surgery, electrodesiccation and curettage, cryosurgery,
radiation therapy, photodynamic therapy, 5-fluorouracil or imiquimod (an immune
modifier) and for extensive cases hedgehog signaling pathway inhibitors such as
vismodegib [31]. SCC accounts for about 20% of non-melanoma skin cancers and
originates from squamous cells of the epidermis, typically forming slowly growing
nodules which may ulcerate. The individual risk of SCC is associated to sun exposure in
the last 10 years prior to diagnosis [32]. It is twice as prevalent in men as in women and
unlike BCC, SCC has a substantial risk of metastasis. Treatment options of localized
SCC are similar to those described for BCC; locally advanced and metastatic SCC may
be cured successfully by chemotherapy (e.g. cisplatin, 5-fluorouracil), or targeting
agents (e.g. cetuximab), with an overall response rate up to 70% [33]. Recently, cationic
membrane active peptides have been studied preclinically for the treatment of SCC;
melittin was the most promising in inhibiting growth of SCC cells and turned out to be
more efficient than 5-fluorouracil [34]. Similarly, G protein-coupled receptor ligands such
as galanin may play a role in inhibiting SCC proliferation: Activation of the galanin
receptor type 1 inhibits cell growth via effects on the cell cycle, and activation of the
galanin receptor type 2 reduces cell proliferation and enhances cell apoptosis [35].

Malignant melanoma is about 20 times less abundant than BCC and SCC but it is much
more aggressive, showing a death rate of 2.3 to 2.7 per 100,000 persons in Europe and



the USA [36, 37]. Worldwide, about 232,000 new cases of melanoma were diagnosed
and about 55,000 melanoma-related deaths occurred in 2012 [38]. The prevalence of
melanoma is also associated with exposure to UV light: Large numbers of acquired
melanocytic nevi, induced by sunburns in childhood, are a strong risk factor for the
development of melanoma in adults [39]. Treatment of early-stage melanoma is
definitively by surgery, accompanied by adjuvant interferon-a therapy for persons at risk
of recurrence. Metastatic melanoma treated by chemotherapy (dacarbazine), interleukin
2 or combinations frequently yields modest results whereas more modern approaches
such as cytotoxic T-lymphocyte-associated antigen 1 (CTLA-1) blocking antibodies
(ipilimumab) or programmed cell death 1 receptor (PD-1) inhibiting antibodies
(pembrolizumab, nivolumab) and combinations thereof appear to be more promising
[40]. Surgery has received a prominent role again along with modern approaches of
treatment of advanced melanoma [41]. Oncolytic viruses, e.g. imlygic (talimogene
laherparepvec/T-Vec, a herpesvirus-based vector optimised for oncolytic and
immunomodulatory activities) represent a new class of anti-melanoma agents that have
recently been approved for treatment [42]. Currently, the highest survival rates are
obtained for melanoma patients with the BRAF V600E mutation with vemurafenib,
dabrafenib or trametinib that are low molecular weight inhibitors of the B-Raf serine-
threonine kinase [43, 44]. In melanoma cells harboring the BRAF V600E mutations, the
mitogen-activated protein kinase (MAPK) pathway is permanently activated, which
ultimately leads to uncontrolled cell proliferation and which can be reversed by inhibition
of B-Raf. However, even though 40% and more of the patients with advanced
melanoma may initially respond to this treatment, the frequently observed development
of resistance and development of SCCs and BRAF-negative melanomas 3-4 months
into the treatment may prevent cure [45, 46]. New strategies combining B-Raf inhibitors
with checkpoint inhibitor immunotherapy (CTLA-1 and PD-1 antibodies) may solve
some of these problems.

In spite of the progress outlined above, treatment of advanced melanoma still remains
an unresolved problem for many patients. The same is true for hypermelanotic or
dysplastic lesions in areas where surgery is problematic or when large surface lesions
are present in frail, elderly patients with contraindications for anesthesia or long
operations. Peptides may fill some of the gaps although none of them has yet reached
the stage of routine application in the clinic. Figure 1 shows the prominent role which
peptides are playing in the complex network of therapeutic approaches for the
management of melanoma and also of other types of skin cancer. Peptides serve
important functions in the preclinical development of small molecules and antibodies but
may be developed as drugs in their own right in the future.

This review will focus on the current state of research about radiolabeled peptides for
peptide receptor radiation therapy (PRRT) or melanin-binding peptide radiation therapy
(MPRT) of melanoma, and about phototoxic peptides for specific photodynamic therapy
(PDT) of dysplastic lesions and melanoma. The first part will be devoted to radiopeptide
analogs of a-melanocyte-stimulating hormone (a-melanotropin, a-MSH) for PRRT, the
second part to melanin-binding radiopeptides (MBP) for MPRT, and the third part to
MSH peptides containing photosensitizers for PDT.



PEPTIDE TARGETING OPTIONS FOR MELANOMA

a-MSH and its analogs are the most widely investigated group of peptides as targeting
option for malignant melanoma. The main physiological role of a-MSH in the skin is to
induce melanogenesis in melanocytes and melanoma cells and, in concert with other
neuro-endocrine regulators, to control melanoblast migration and differentiation
(reviewed in [12, 47, 48]). MSH peptides induce melanogenesis by interaction with the G
protein-coupled melanocortin-1 receptor (MC1R) which was originally identified by
binding studies on mouse and human melanoma cells [49-51] as well as by photoaffinity
labeling [52-54]. MC1R was also the first member of the melanocortin receptor family
(MC1R-MC5R) that had been cloned and sequenced [55, 56]. Whereas human
melanocytes generally express low numbers of MC1R [57] and none of the other four
MCR subtypes, melanoma cells frequently overexpress MC1R which is therefore
regarded as a useful marker for malignant melanoma and an interesting target for
radiolabeled peptides aimed at melanoma diagnosis and therapy [58-61]. MC1R is the
target for, e.g., superpotent [Nle* D-Phe’]-0-MSH (NDP-MSH) (melanotan 1) [62, 63] or
tetrapeptides and tripeptides containing the core sequence [64, 65] when hormone-
induced tanning of the skin is envisaged, be it for cosmetic reasons or to protect the skin
by an increased tan from the risk of melanoma formation. However, uncontrolled and
prolonged use of potent MSH agonist peptides is risky on its own because of potential
induction of malignant moles by the hormones [66]. In fact, a recent study demonstrated
that chronic expression of agouti signaling peptide (ASIP), a physiological
antagonist/inverse agonist of MC1R [67], in the tumor microenvironment of experimental
cutaneous or metastatic lung melanoma provided a survival advantage to melanoma-
bearing mice [68]. This demonstrates that persistent inhibition of MC1R may slow down
melanoma tumor growth. And finally, the finding that MC1R germline variants confer risk
for the development of BRAF-mutant melanoma (in the absence of UV light) shows that
artificially induced tanning provides limited benefit or is even counterproductive [69].

Early attempts to develop MSH-based PRRT for the treatment of melanoma tumors date
back to the 1970s when highly tritiated analogs of a-MSH were synthesized and later
applied to in vitro and in vivo targeting experiments (reviewed in [47, 70]). The soft -
radiation of tritium (~ 5.7 keV) was expected to minimize collateral damage in healthy
tissue when radioactivity is accumulated in the tumor. However, studies with animal
models showed that the radiotoxicity of these p"-particles was too low and the retention
of the radionuclide by the tumor was too short to arrest melanoma cell growth in vivo
[70]. On the other hand, these experiments demonstrated that radioactive peptides are
readily taken up by tumor cells, mediated by internalization of the MC1R-ligand complex.
In the early 1990s, analogs of a-MSH containing the diethylenetriaminepentaacetic acid
(DTPA) chelator for incorporation of radiometals with high-energy emission were
synthesized and tested for targeting of melanoma tumors in experimental animals
[71-75]. This was the starting point for the study of a still growing number of currently
worldwide >100 different radiolabeled a-MSH peptides containing various chelators and
radiometals.

The principal lead peptides for melanoma targeting are summarized in Table 1. The
natural sequence of a-MSH is not ideal for targeting purposes because the in vitro
stability of a-MSH in human or rat plasma is insufficient and the half-life is short (20-40
min at 37°C) [47] and in vivo it is even shorter [76]. The Phe7—Arg8 bond of a-MSH is the
primary cleavage site that leads to inactivation of the hormonal core sequence [62, 76].
This problem was resolved with the development of [Nle*,D-Phe’]-a-MSH (NDP-MSH)



that exhibits high metabolic stability [62] and formed the basis for the design of a
number of similar MSH analogs and fragments (reviewed in [77, 78]). One of these is
[Nle* Asp®,D-Phe’]-a-MSH,.11 (NAP-amide) which proved to be very useful for targeting
[79].

Apart from MC1R agonists, the antagonist/inverse agonist ASIP [67] and the physiologic
antagonist g-defensin 3 (BD3) [80] have both been demonstrated to interact with MC1R.
Whereas ASIP is a 131-residue peptide with a complex knot motif of five cystin bridges
in the C-terminal part, D3 is a 45-residue peptide with three cystins (reviewed in [81,
82]). Although the C-terminal ASIPg1.131 fragment displays full biologically activity [83],
the minimal structures of ASIP and also of D3 are too complicated for ready structure-
activity studies necessary for developing an optimized targeting compound. The only
short antagonist currently known for MC1R is a cyclic y-MSH decapeptide (Table 1) that
mimics the backbone structure of ASIP447.122 thought to be essential for the interaction
with MC1R [84]. Eventually, peptides for melanoma targeting based on this antagonist
or on novel ASIP- or D3-mimicking structures may become available in the future.

Another alternative for melanoma targeting are peptides that interact directly with
melanin granules (Table 1). These melanin-binding peptides (MBP) were originally
developed for studies of melanization by the fungus Cryptococcus neoformans during
murine infection [85]. One of these peptides, 4B4, served as lead compound for the
development of heptapeptides with a good potential for radiotargeting of melanoma [86].
MBP may replace an anti-melanin antibody previously used for radioimmunotherapy of
melanoma [86]. A last peptide worth mentioning is the tyrosinase inhibitor decapeptide-
12 which was shown to be effective in the treatment of melasma and lentigo [87]. The
potential of decapeptide-12 for melanoma targeting has not yet been investigated but it
is likely that the peptide is capable of penetrating cell and/or melanosome membranes.

RECEPTOR-MEDIATED TARGETING OF MELANOMA BY MSH RADIOPEPTIDES
Principles of radionuclide targeting of melanoma

The general principle of melanoma tumor targeting with MSH radiopeptides is outlined in
Figure 2. In most cases, radiolabeled MSH peptides are applied intravenously, leading
to accumulation in the target organ and also in non-target tissues, mainly the kidneys,
liver and spleen, but may also include bone marrow, intestines and skin. Binding of the
radiopeptide to MC1R induces receptor down-regulation and internalization of the
receptor-ligand complex [59, 88], the extent of which in humans may depend on the
MC1R variant expressed [89]. GPCR receptor-ligand complexes are first found in
endosomes (reviewed in [90]), and later, part of the radioactivity may accumulate in the
nucleus and also in mitochondria [91]. The selection of the radioisotopes for MSH
peptides depends on the purpose of the targeting: For diagnostic applications, isotopes
emitting y-radiation are necessary (e.g. *’Ga, **™Tc, """In), or positron-emitters (e.g. '°F,
6264Cu, ®8Ga) which also produce y-photons. For therapeutic application of MSH
peptides, short-range a-emitters (e.g. 212pp) or high-energy p-emitters (e.g. *°Y, "’Lu,
"Cu, "®Re) are selected or, alternatively, isotopes that emit Auger electrons (e.g. **™Tc,
"In). The insertion of radiometals into peptides requires suitable chelators [92]
conjugated to the MSH peptides; selected chelators used in the context of melanoma
targeting are presented below.



Before setting up any in vivo studies, the synthetic conjugates between MSH peptides
and selected chelators are vigorously tested in vitro: A general scheme for radiopeptide
development is found in [92]. The screening methods first applied for MSH peptides are
receptor binding and bioassays using mouse and human melanoma cell lines for which
Kb, Ki and/or ICs values are determined. This is followed by a kinetic analysis of the
cellular uptake of the radiopeptide and retention of the radionuclide by melanoma cells,
an example of which is presented in Figure 3. In addition, receptor autoradiography with
melanoma tissue sections in vitro is frequently applied to examine MC1R distribution in
the tumor [75]. In vivo, PET, planar scintigraphy or SPECT have become the primary
examination methods, but autoradiography of tumor sections taken after in vivo
biodistribution studies may complement imaging because it can unveil unconspicuous
details of tumor lesions [79].

Chelators for radiometals used in melanoma targeting

As mentioned above, open-chain DTPA was the chelator employed for the initial studies
of radiotargeting melanoma, not least because of the mild conditions for complex
formation with "''In [71-75]. However, the stability of DTPA-radiometal complexes in
vivo was frequently insufficient, in particular that of [*°Y]DTPA [93]. On the other hand,
the related (preorganized) cyclohexyl derivative of DTPA, N-(2-aminoethyl)-trans-1,2-
diaminocyclohexane-N,N',N-pentaacetic acid (CHX-A-DTPA) [94] allowed for
straightforward and efficient labeling of a cyclic MSH peptide with ®*Ga, #Y and "'In
[95]. Yet, despite the facile preparation of the different radioligands, tumor uptake and
stability of these cyclic MSH analogs was moderate [95] and the application of this
chelator was not pursued.

The development of the bifunctional cyclen 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) [93] yielded a superior chelator for tumor targeting because the
[radiometal]DOTA-peptide complexes are generally very stable in vivo (for detailed
information, including chemical structures of many different chelators, see [92]).
However, the disadvantage of DOTA is that complex formation with radiometals
requires heat and takes up to one hour for completion which is a drawback for
radionuclides with very short half-lives. An improved chelation method using microwave
technology and requiring less than one minute has been introduced for the labeling of a
cyclized DOTA-MSH analog [96]. Expansion of the 12-membered ring of DOTA to the
14-membered size of 4,11-bis(carboxymethyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane (CBTE2A) yields a cage that forms more stable
complexes with **Cu than DOTA and thus higher specific radioactivity of the peptide
can be obtained [97]. Reduction of the 12-membered ring of DOTA to the 9-membered
ring of 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) results in an alternative
chelator suitable for MSH peptides, as NOTA forms very stable complexes with °/%®Ga,
"In and also ®*Cu under mild conditions and displays high conformational and size
selectivity (see [92]). NOTA is more lipophilic than DOTA because of its neutral net
charge when complexed with trivalent metal ions, leading to faster elimination through
the kidneys. It has been conjugated to both cyclic and linear MSH peptides and
complexed with ®Cu and %*Cu [98, 99].

Chelators for (Tc=0)*, (Re=0)*", Tc(CO)s" and Re(CO)s* cores and the different steps
of complex formation have been reviewed in detail in [92] and [100]. The first MSH
peptides containing *™Tc or '*Re were described by Giblin et al. [101] who developed
an approach with a chelating structure integrated in the sequence of the MSH molecule:



The side-chains of three Cys at positions 3, 4 and 10 in a modified [D-Phe’]-a-MSH3.13
sequence together with an amino group can form an NSs-type chelating structure after
appropriate folding of the peptide. As a consequence of the complexation with the
radiometal, the initially linear MSH peptide will be cyclized [101]. These cyclic peptides
are stable in vivo and suitable for targeting melanoma lesions. Alternatively, **™Tc and
'®8Re were incorporated into NDP-MSH peptides by complexing [*™TcOJ** with the
N2So-type chelator Cys-Gly-Cys-Gly [102, 103] or by complexing with the N3S-type
chelators MAG; [103]. The former chelator yielded superior biodistribution results than
the latter. Incorporation of **"Tc and '®Re into MSH peptides was also achieved by
complexing [**"Tc(CO)s]" with Ala-triazol or [*™TcO,]" with tetraamine (N4) [104]; by
complexing [**"TcO4]” with HYNIC and tricine or EDDA as coligand [105-107], or by
preparation of the [*"Tc(N)(PNP3)]** building block and formation of a metallated
{I®®Tc(N)](Cys-Ahx-p-Ala)} containing cyclic MSH4.13 analog [108]. The stability of the
latter radiopeptide complex in vivo was judged good; however non-specific tissue
uptake of ™ Tc was relatively high and thus the potential of the peptide limited.

Linear MSH radiopeptides for melanoma targeting

To date, about 30-40 different linear MSH radiopeptides have been synthesized and
examined for melanoma targeting. Table 2 lists the amino acid sequence and biological
characteristics of the 15 most prominent linear MSH radiopeptides. DTPA-bisMSH (L1)
was important for the proof of concept [71], including some human studies [73], but it
was not stable enough and exhibited high non-specific uptake, not least because of its
relatively high molecular weight of ~3500 Da. The general rule to facilitate rapid plasma
and kidney clearance and to keep non-target organ accumulation as low as possible is
to limit the molecular weight of peptides for targeting at <1500 Da. This led to the
development of the a-MSH4.10 heptapeptide analogs L2 and L3 both of which were
conjugated to DTPA at the N-terminus [72, 74]. L3 differed from L2 by two 2,3-
dihydroxy-(2S)-propyl (DHP) groups attached to the Lys'® side-chain, and it represented
the most promising compound of a series of three analogous peptides that either had a
free Lys'? side-chain (L2) or carried one or two DHP groups. The tumor-to-kidney ratio
of L3 in tumor-bearing mice was about 1:2 and the tumor-to-liver ratio about 1:0.4. The
same three peptides dimerized via conjugation to DTPA all had inferior targeting
properties, particularly very high kidney and liver uptake, as demonstrated for L4 [74].
Similar observations were made with DTPA-bis{NDP-MSH} (L5) compared to DTPA-
NDP-MSH (L6) [109].

Whereas bioactivity and biostability of the MSH fragment analogs of the type of Ac-Nle-
Asp-His-D-Phe-Arg-Trp-Lys-NH, proved to form an excellent basis for further structural
modifications, the DTPA chelator showed insufficient binding stability of the radiometal
for melanoma targeting. As mentioned, DOTA turned out to be a much more universal
cage for different radiometals and, when conjugated to NDP-MSH (L7), it only slightly
affected the receptor binding affinity of the peptide [110]. The DOTA-octapeptide analog
L8 yielded a more marked drop in affinity and bioactivity which was about 8-10-fold
[110]. On the other hand, a comparative study between ['"'IN]DOTA-NDP-MSH (L7)
and ['""In]DOTA-p-Ala-Nle-Asp-His-D-Phe-Arg-Trp-Lys-NH, (L8) showed that L7
exhibited slower blood clearance together with much higher retention in organs widely
distributed in the body, such as muscle, bone, and skin, or sensitive to radiation, such
as bone, all of which reduce both the diagnostic and the therapeutic potential of the
tridecapeptide [110]. The octapeptide L8 proved to be stable in experimental animals
during the first few hours after injection: Analysis of urine samples at 4 h demonstrated



that all of the radioactivity excreted by renal clearance was bound to intact L8 whereas
at 24 h the excreted radioactivity was bound to smaller fragments [110]. Kidney
retention of L8 was shown to be independent of the presence of MC1R but was
associated with the positively charged side-chain of Lys'® of the peptide.

The design of [Nle* Asp® D-Phe’,Lys(DOTA)'"]-a-MSH,.11 (DOTA-NAP-amide) (L9) was
an important step forward (Fig. 4), as the MC1R affinity of this radiopeptide was shown
to be equivalent to that of a-MSH [79]. In vivo, tumor uptake of radiopeptide L9 was
markedly higher than with L8, particularly when ¢’Ga served as radiometal [79].
Conversely, kidney uptake of L9 was markedly reduced, leading to much improved
tumor-to-kidney ratios of 1.1 (for "''In) and 1.8 (for ®’Ga). These values were even 65%
higher when 15 mg of L-Lys were co-injected with the radiopeptide into the animals. It is
well known that positively charged peptides interact with the negatively charged surface
of proximal tubular cells in the kidneys which enhances re-uptake of the radioligands;
competition with basic amino acids reduces re-uptake [111]. Froidevaux et al. [79]
further demonstrated that high specific radioactivity of the peptide injected (e.g. 185
kBqg/20 pg) is decisive for optimal tumor uptake whereas lower specific radioactivity (e.g.
185 kBg/400 pg) reduces tumor uptake considerably but not the non-specific uptake by
other tissues [79]. Finally, these studies showed that the major metabolite of L9 found in
urine after renal clearance is Lys(['"'In]DOTA)-NH,. Tiny amounts of this metabolite
appear already 10-20 min after injection, along with predominating intact L9; during the
first 24 h, the ratio between L9 and its metabolite is gradually reversed (Froidevaux,
unpublished).

The excellent melanoma specificity of NAP-amide was confirmed by PET imaging
studies using [®*Ga]DOTA-NAP-amide (L9) [79] and [Lys(['®FISFB)""]-NAP-amide (L10)
[112], although tumor uptake of L10 was judged moderate [113]. Yet, very tiny tumor
lesions in experimental animals are difficult to visualize by PET, and in addition, PET
cannot differentiate between melanotic and amelanotic melanoma which is important if
an approach with MBPs is considered for treatment. In order to analyze the extent of
targeting of melanoma lesions in different organs by L8 and L9, tumors were generated
in the skin, the lungs and the liver. In a first study, experimentally induced “primary”
intracutaneous melanoma in mice was demonstrated to take up radiolabeled L8 or L9
throughout the entire tumor lesion with little radioactivity found in the surrounding
healthy tissue (Fig. 5). In the same way, high specificity was also observed for
metastatic melanoma lesions in the lung and the liver, both for melanotic and amelanotic
melanoma (Fig. 6). This demonstrates that the excision and analysis of tumor tissue
after application of a diagnostic radiopeptide represents an important complementary
method for the proof of the targeting concept with a specific radiopeptide.

Refinement of the structure of NAP-amide is essential to increase the specificity of
melanoma targeting by radiolabeled MSH peptides. Options for structural modifications
include cyclization (see below), different types of capping of the N- and C-terminal part
of the molecule, alterations of the hydrophilicity/hydrophobicity, e.g. by insertion of sugar
moieties, or an optimized distribution of positive and negative charges across the
molecule. A systematic study on the type of chelator and its conjugation to the MSH
peptide is important as well. From our own observation we assume that by introducing a
cleavage site in the linker region specific for enzymes of the tubular system of the
kidneys, the non-specific accumulation in this organ may be reduced. The positive
charge of a free Lys'”"" side-chain of MSH analogs exerts an adverse effect on kidney
retention in vivo (although it enhances receptor binding). This adverse effect is
eliminated when the positive charge is neutralized by attaching a small protecting group



such as formyl or acetyl, or by conjugation of the chelator to the e-position of lysine
[114].

The issue of increasing receptor affinity of linear MSH peptides and hence the efficiency
of tumor targeting was approached in two ways: Firstly, four dimerized DOTA-MSH
hexapeptide analogs (Nle-Asp-His-D-Phe-Arg-Trp-NH>) (L11) were prepared by
conjugation via a short PEG-linker in either NC-NC orientation (i.e. N-terminus of the
first moiety conjugated to the C-terminus of the second) or in CN-NC orientation; the
DOTA was attached at the N- or C-terminal end or in the middle of the dimer [115].
While all DOTA-peptides exhibited increased receptor affinity in vitro, up to 6-fold for di-
hexa-(NC-NC)-Gly-Lys(DOTA)-NHz in human melanoma cells, tumor uptake in vivo was
lower than that of DOTA-NAP-amide and non-specific uptake by the kidneys, liver and
other organs was high, most likely owing to the increased hydrophobicity and the higher
molecular weight of the dimers. In the second approach, six glycosylated derivatives of
DOTA-NAP-amide containing galactosyl, glucosyl or maltotriosyl at either the N-
terminus, the side-chains of Asp® or Lys'", or at the C-terminus were synthesized and
tested in vitro and in vivo [116]. Again, receptor affinities were high for all compounds
but the tumor selectivity of five of the six ''In-labeled analogs was inferior to that of
DOTA-NAP-amide. By contrast, Gal-DOTA-NAP-amide (L12) with the galactosyl at the
N-terminus and the DOTA on the Lys'" side-chain (Fig. 4) displayed a 20% improved
tumor-to-kidney ratio (Table 2). This demonstrates that the task of “fine-tuning” high-
affinity MSH radiopeptides to excellent biological characteristics in vivo is complex and
requires numerous experiments.

The overall net charge and the charge distribution across the MSH molecule is another
important factor that affects the in vivo characteristics of linear MSH radiopeptides.
Froidevaux et al. [114] designed a series of DOTA-NAP-amide analogs by insertion of
small alterations, such as the position of DOTA in the peptide and the net charge of the
MSH analog, by modifying the C-terminal Lys.11 residue at both the a- and e-position.
The only peptide with DOTA at the N-terminus showing similar characteristics to those
of DOTA-NAP-amide was L13 (Table 2) with a blocked Lys11 side-chain. Introduction of
negative charges at the C-terminus did not positively affect the biodistribution data of
the corresponding ''In-labeled compounds. These findings were recently confirmed in
a study investigating an overall net charge of -1 and -2 for MSH radiopeptides [117]:
Whereas DOTA-NAP-D-Asp-D-Asp (Ac-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys(DOTA)-D-
Asp-D-Asp-OH) with three negative charges at the C-terminal end and an overall net
charge of the molecule of -2 led to a >10-fold drop in MC1R affinity and a markedly
lower tumor-to-kidney ratio, compound L14 with the structure DOTA-Gly-Tyr(P)-Nle-
Asp-His-D-Phe-Arg-Trp-NH; (DOTA-Phospho-MSH.,.g; Table 2) and two negative
charges in the N-terminal region (overall net charge -1) displayed equivalent biological
data to those of DOTA-NAP-amide both in vitro and in vivo. Yet, the kidney retention
was 44% lower; and over an observation period from 4-48 h, the tumor-to-kidney ratio
of L14 was 35% more favorable than that of the reference compound and is currently
the highest for short linear MSH radiopeptides [117]. From a comparative analysis of
different analogs of DOTA-NAP-amide covering an overall net charge between -2 and
+2, it is evident that a net charge greater than -1 or +1 leads to an unfavorably high
kidney uptake and reduced tumor uptake with ensuing low tumor-to-kidney ratios (Fig.
7). For net charges of a-MSH analogues between -1 and +1, the in vivo characteristics
depend on the charge distribution within the molecule and lipophilicity aspects.
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Cyclized MSH radiopeptides for melanoma targeting

The first cyclic a-MSH analog, cyclo[Cys*-Cys']-a-MSH, was reported by Sawyer et al.
[118] in 1982 and thought to be 10,000-fold more active than a-MSH. This value was
later corrected to equipotency or a value up to 10-fold higher than that of the native
peptide, depending on the assay used [47, 119]. Replacement of the L-Phe’ residue in
cyclo[Cys*-Cys'%-a-MSHa.12 by D-Phe’ led to a potent analog with prolonged activity
[119]; it was the basis for the design of even shorter cyclic MSH peptides containing
sither a cystin (4-10) bridge or a lactam (5-10) bridge with Asp® or GIu® side-chains
coupled to Lys'®, Orn'®, Dab™ or Dpr'® [120]. A prominent cyclic MC1R agonist with
Asp®-Lys'® ring formation is melanotan Il, Ac-Nle*-cyclo[Asp®,D-Phe’,Lys']-a-MSHa.10,
which was shown to exhibit high potency in vitro [121] and became the basis for some
of the cyclic MSH radiopeptides (see below). Melanotan Il itself has not obtained
approval for medical use, similar to melanotan |, but it is sold via the internet and used
for tanning.

In the following sections, cyclic MSH radiopeptides obtained through rhenium-induced
ring formation, lactam-bridge or “click” cyclization will be presented, followed by RGD-
hybride cyclic MSH radiopeptides and MSH radiopeptides developed for therapy.

Rhenium-cyclized MSH radiopeptides

As already outlined, Giblin et al. [101] designed and tested Cys-containing a-MSH
analogs with which **™Tc and '®Re radiometals can be stably complexed through
coordination with structures that form an integral part of the peptide itself. These authors
set out with a comparison of the conformation and biological characteristics of
cyclo[Cys*-Cys'®, D-Phe’]-0-MSH4.13, ReO-{[Cys*'°,D-Phe]-a-MSH4.13} (ReMSH) and
ReO-{[Cys**"° D-Phe’]-0-MSHs.13} (ReCCMSH) (C1; Table 3). The latter displayed an
ICs0 of 2.9 nM in the mouse B16-F1 melanoma cell binding assay and stable complex
formation with ®™Tc and "®Re. (It is interesting to note that ReO-cyclization of the
peptide increased receptor affinity whereas in subsequent publications also a decrease
of 1Cso after cyclization was found, depending on the cell type used.) In a murine
melanoma model, [*"Tc]CCMSH showed significant tumor uptake and was effective in
imaging the tumor although uptake by the kidneys and other organs was relatively high
[101]. Replacement of the Lys'" residue in ReCCMSH by Nle'" or Gly'" dramatically
decreased kidney uptake but markedly reduced tumor uptake [122]. The authors
concluded that co-infusion of L-Lys is a better approach to reduce kidne%/ uptake than to
replace the Lys'" side-chain in ReCCMSH; they also found that linear [**™Tc]CGCG-
NDP-MSH exhibited lower tumor and lower kidney uptake but higher uptake by the
intestines than [*™Tc]ReCCMS because of excretion via the gastrointestinal tract of
[*™Tc]CGCG [122].

Replacement of Lys'" of C1 by Arg"" yielded ['**Re][Arg'']ReCCMSH (C2) that
displayed high receptor affinity (ICso 1.9 nM), very good tumor uptake and markedly
lower kidney uptake [123]. Co-infusion of 20 mg L-Lys per animal further reduced kidney
uptake, increasing tumor-to-kidney ratio to 2.5 at 1 h post-injection [123]. Biodistribution
experiments with '®*Re-labeled C1 and C2 in Scid mice bearing a human melanoma
TXM13 xenograft gave similar results as found previously for B16-F1 melanoma: Both
C1 and C2 showed similar tumor uptake and retention but kidney uptake was twice as
high for C1 compared to C2 [124]. Peptide C2, N-terminally extended by Ac-Lys- or Ac-
D-Lys, also served as template for radioiodination by attachment of ['?°l]-iodobenzoate
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([125I]-IBA) at the e-position of the lysines [125]. In particular the peptide with Ac-D-Lys
displayed excellent in vitro uptake and retention by B16-F1 melanoma cells as well as
by experimental tumors in vivo. By contrast, NDP-MSH labeled with ['?°I]-IBA was
released from the cells and also from the tumor very quickly and hence is not suitable
for tumor localization studies [122, 125]. The data clearly demonstrate that rhenium
cyclization significantly enhances MSH trapping in the cell and thus facilitates tumor
localization with iodine radionuclides.

(Ala-triazol)Ac-Re[Arg"'JCCMSH (C3a; Fig. 8) and N4-CO-Re[Arg''JCCMSH (C3b; Table
3) were designed to combine a chelator for *™Tc with ReO-cyclized 2 [104].
Radiolabeling of these peptides proceeded via [*"Tc(CO)s]" for C3a and [*"TcO),]* for
C3b, respectively. Both compounds showed high radiochemical stability and MC1R
affinity. Tumor targeting in vivo was selective with good retention in the tumor,
particularly for C3a, making it possible to clearly visualize melanoma tumors by PET
(Fig. 9).

ReO-{[Cys**'° D-Phe’]-a-MSH3.13} (ReCCMSH; C1) containing non-radioactive
(Re=0)*" served as lead compound for the development of stable cyclic DOTA-
containing MSH radiotracers. The first of a series of analogs was [""In]DOTA-
ReCCMSH (C4; Table 3) that showed considerably higher tumor uptake and markedly
lower kidney uptake than the corresponding linear peptides which make C4 a potential
candidate for radiodetection and radiotherapy [126]. C4 exhibited very good MC1R
affinity (ICso of 1.2 nM). Comparison of *™Tc-labeled C1 with ""'In-labeled C4
demonstrated that uptake and elimination of C1 from the tumor and non-specific tissues
is faster than those of C4 which has a longer residence time in the tumor but also in the
kidneys [127]. In order to lower kidney uptake further, Cheng et al. [128] undertook a
structure-activity study and designed four new analogs (Ac-Lys(DOTA)-ReCCMSH,
DOTA-Re[Arg''JCCMSH, DOTA-ReCCMSH-OH, DOTA-ReCCMSH-Asp-OH) in order to
compare the introduction of a delocalized positive charge in position 11 with additional
negative charges (-1, -2) at the C-terminus. Undoubtedly, DOTA-Re[Arg'']CCMSH (C5)
turned out to be the most promising because it showed high tumor uptake combined
with considerably reduced kidney uptake; tumor-to-kidney ratios were 1.8 after 0.5 h, 2.0
after 2 h, 2.4 after 4 h and still 1.5 after 24 h [128]. Instead of labeling C5 with """In,
McQuade et al. [129] used ®¢Y and ®*Cu for a comparative study which showed that both
radiopeptides exhibited similar characteristics in melanoma targeting as '''In-labeled
C5, except that the **Cu-labeled compound yielded more non-specific tissue uptake. As
DOTA is not an ideal chelator for ®*Cu, CBTE2A was attached to Re[Arg'']CCMSH to
produce [**Cu]CBTE2A-Re[Arg''JCCMSH (C6; Table 3) [97]. Biodistribution data of this
radiotracer were much improved as only little non-specific uptake was observed, except
for the kidneys. Tumor lesions could be visualized well by PET imaging and
microimaging. Similarly, ®®Ga was complexed to peptide C5 which turned out to be a
promising PET agent for early detection of melanoma [130].

A comparison between C2 and C5 by Miao et al. [131] revealed that both radiopeptides,
[**™Tc][Arg" JCCMSH and ['"'In]DOTA-Re[Arg"''JCCMSH, are promising candidates for
the detection of melanoma metastases, whereby the former produced better resolution
of lesion images than the latter. Another candidate for melanoma detection is
[2**Pb]DOTA-Re[Arg''J|CCMSH that was developed as imaging surrogate for
[#'?Pb]DOTA-Re[Arg''|CCMSH envisaged for melanoma treatment [132] (see below).
The synthesis of [Arg”]CCMSH analogs with the N-terminus extended by Gly-Gly-Nle or
truncated at the C-terminus showed that Arg''-Pro'? residues were required for efficient
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tumor targeting whereas N-terminal extension positively affected the reduction of kidney
uptake [133].

Lactam-bridge and “click” cyclized MSH radiopeptides

The first lactam-bridge cyclized MSH radiopeptides for imaging were prepared in 2008,
when Raposinho et al. [134] coupled the *™Tc-chelator pyrazolyl diamine Pz' to p-Ala-
extended melanotan Il and labeled the conjugate with [*™Tc(CO)s]*, yielding
[¥°MT¢(CO)s]-Pz'-p-Ala-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NHz]. This radiopeptide
showed good tumor uptake, but very high kidney values in the first few hours after
injection. Although the larger portion of accumulated radionuclide in the kidneys was
eliminated by 24 h post-injection, the characteristics of this radiopeptide were not yet
comparable to those of the best Re-cyclized MSH analogs. Concurrently with these
studies, Miao et al. [135] synthesized DOTA-cyclo[Lys-Nle-Glu-His-D-Phe-Arg-Trp-Gly-
Arg-Pro-Val-Asp] (DOTA-cycMSH) and DOTA-GIly-Glu-cyclo[Lys-Nle-Glu-His-D-Phe-
Arg-Trp-Gly-Arg-Pro-Val-Asp] (DOTA-Gly-Glu-cycMSH) both of which were labeled with
"In. These peptides displayed fairly good tumor uptake as well, but again with the
impairment of high kidney values. Extension of the cyclic dodecapeptide ring structure of
DOTA-cycMSH by the dipeptide Gly-Glu to form DOTA-Gly-Glu-cycMSH reduced kidney
uptake by 40-50%. This kind of structural element was successfully used later for cyclic
MSH analogs with smaller ring size. Labeling of the cyclic 12-residue DOTA-Gly-Glu-
cycMSH with ""'In and ¢’ Ga produced two radiopeptides apparently useful for imaging of
primary and metastatic melanoma in tumor-bearing mice [136, 137] but with insufficient
tumor-to-kidney ratios. By shifting the DOTA chelator from the N-terminus to the C-
terminus of DOTA-GIly-Glu-cycMSH, a radiopeptide with even better tumor selectivity
was obtained [138], but again kidney values were still very high which prompted Guo et
al. [139] to focus on cyclic MSH peptides with smaller ring size.

The melanotan-IlI-type lactam-bridged ring structure served as template for three new
analogs: DOTA-NIe-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH;] (C7; Table 3) [139], DOTA-
Gly-Gly-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH;] (C8) [140], NOTA-Gly-Gly-Nle-
cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH;] (C9) [141] which exhibited increasingly superior
characteristics from C7 to C9 when studied in vivo for melanoma targeting. In particular
C8 and C9 became new lead compounds with comparable or even somewhat superior
characteristics to those of Re-cyclized MSH analogs. A comparison of the N-terminal
dipeptide extension of melanotan |l by either Gly-Gly or Gly-Glu showed that the latter
had a 10-fold lower receptor affinity than the former, which resulted in inferior
biodistribution data [140]. Therefore, Gly-Gly served as optimal N-terminal extension.
Replacement of the DOTA chelator by NOTA slightly increased MC1R affinity and
further improved tumor-to-kidney ratios for a ®’Ga-labeled C9 that produced values up to
>2.5 [141]. Analogous observations were made with ®*Cu-labeled C9 produced for PET
imaging [142]: Tumor-to-kidney ratios gradually increased from 1.35 to 5.74 between 0.5
h and 24 h post-injection and surpassed the values obtained with C6 and C8 2- to 5-fold.
In fact, they ranged amongst the highest values obtained for MSH radiopeptides to date.
Not surprisingly labeling of C8 with '""Lu (which requires DOTA as chelator) yielded
lower tumor-to-kidney values [143]; nevertheless, the biodistribution characteristics of
this compound were judged potentially promising for '"’Lu-therapy [143].

Instead of using lactam bridge formation between residues 5 and 10, cyclization of a-
MSHa.10 peptides can be achieved by copper-catalyzed terminal azide-alkyne
cycloaddition “click” chemistry techniques: Martin et al. [144] designed click-melanotan Il
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(ClickMTIl), Ac-Nle-cyclo[Pra-His-D-Phe-Trp-Lys(N3)-NH-], and four DOTA-containing
ClickMTII analogs by triazol formation between the Pra® and Lys(N3)' residues, followed
by attachment of DOTA either to the N-terminal amino group or the e-side-chain amino
group of an additional Lys attached to Lys'® or, alternatively, to the Gly-Gly spacer-
extended N- or C-terminal attachment points. Except for DOTA-ClickMTII, all DOTA
other analogs of ClickMTII exhibited high MC1R affinity, excellent stability and good
tumor uptake. The highest tumor-to-kidney ratio was obtained with [?®Gal]DOTA-Gly-
Gly-Nle-cyclo[Pra-His-D-Phe-Trp-Lys(Ns3)-NH2] (C10; Table 3) which produced clear PET
images [144].

Improvement of the original ®™Tc-labeled melanotan |1, [**"Tc(CO);]-Pz'-p-Ala-Nle-
cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH>] (see above), by a structure-activity study to find
a superior chelator for ®™Tc¢ resulted in a compound containing the following pyrazolyl
group: 4-{N-[2-(4-(2-carboxyethyl)-3,5-dimethyl-1H-pyrazol-1-yl)-ethyl], N-[(2-
amino)ethyl]}amino-butanoic acid (Pz*) [145]. This MSH radiopeptide, [**™Tc(CO)s3]-Pz*-
B-Ala-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH,] (C11; Table 3), yielded lower kidney
and liver uptake and presented the highest tumor-to-kidney ratio ever found (7.1 at 4 h
post-injection). Consequently, excellent scintigraphy images were obtained [145].
Attachment of other types of *™Tc chelators to Gly-Gly-Nle-cyclo[Asp-His-D-Phe-Arg-
Trp-Lys-NH,] such as [*"Tc]MAGs3, [*"Tc]AcCGs, [*™Tc(CO)s]HYNIC or
[99mTc](EDDA)—HYNIC showed that the latter exhibited the highest melanoma uptake
and fastest urinary clearance, combined with good tumor localization [146]; yet, the in
vivo characteristics did not match those of C11. If however the N-terminal Gly-Gly
extension of melanotan Il was replaced by 8-amino-octanoic acid (Aoc), the resulting
[99mTc](EDDA)—HYNIC—Aoc—NIe-cyclo[Asp—His—D-Phe-Arg—Trp-Lys—NHz] (C12; Table 3)
showed high MC1R affinity, high melanoma uptake und markedly reduced kidney
uptake, matching the tumor-to-kidney ratios of C11 [147]. Other spacers in the place of
Aoc did not reproduce the data obtained with C12. Analogous imaging results were also
obtained with M21 human melanoma xenografted into nude mice [148].

Gao et al. [99] used a different approach for a lactam-cyclized ®4Cu-labeled NOTA-MSH
radiopeptide: [Lys*,D-Phe’,Glu'®,Arg""]-a-MSH4.13 was cyclized between residues 4 and
10, yielding an analog in which the negative charge in position 5 and the positive charge
in position 11 of the a-MSH molecule were maintained. NOTA was attached to the N-
terminus extended by the linker Ahx-B-Ala, using NOTA-Bz-NCS as reagent. This cyclic
MSH analog exhibited an approx. 20- to 40-fold lower K; (whether or not NOTA or
[CUNOTA was present) than linear Ahx-ﬁ-AIa-[NIe4,D-Phe7]-a—MSH4_1o with and without
NOTA attached [103]. It should be noted, however, that the cyclic peptide had a different
C-terminus and a higher molecular weight than the linear peptide. A more informative
comparison was reported by Carta et al. [108] who synthesized linear H-Cys-Ahx-3-Ala-
[Lys*,D-Phe’,Glu' Arg""]-a-MSH4.13 and the corresponding (4-10) lactam-cyclized Cys-
Ahx-p-Ala-cyclo[Lys*,D-Phe’,Glu', Arg""]-0-MSH,.13. Radiolabeling was done as outlined
above by formation of a stable radiometal complex {[**"Tc(N)](Cys-Ahx-p-Ala)}-peptide
using PNP3. In vitro and in vivo analysis demonstrated that the linear peptide displayed
a >100-fold higher MC1R affinity and much more favorable biodistribution characeristics
than the cyclic compound. Hence, whether the cyclic or linear form of a peptide is to be
preferred depends on structural details that cannot be generalized but have to be
examined experimentally.
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RGD-hybrid cyclized MSH radiopeptides

The finding by Capello et al. [149] that the RGD motif Arg-Gly-Asp, integrated into a
somatostatin analog used for scintigraphy, can increase the radiotherapeutic efficacy of
the radiopeptide by dual targeting, thus leading to a higher tumoricidal effect, prompted
Yang et al. [150] to synthesize RGD-Lys-[Arg" JCCMSH and label it with **™Tc to yield
cyclic [*™Tc]-RGD-Lys-[Arg'']CCMSH. The peptide exhibited good tumor uptake in vivo
and prolonged tumor retention but also high kidney uptake which could be reduced by
co-injection of L-Lys. Single treatment of cultured B16-F1 melanoma cells with the
radiotracer for 3 h showed significantly reduced survival (65%) of the cells [150].
Application of this radiotracer to M21 human melanoma xenografted into nude mice led
to tumor uptake that could be partially blocked by coinjection of either RGD or
[Arg”]CCMSH; kidney uptake was very high [151]. Modification of the RGD motif in the
RGD-Lys-[Arg'"]CCMSH molecule by exchange of Gly for Ala had a positive effect on
tumor uptake; kidney uptake remained high but tumor lesions could be visualized clearly
[152]. Similarly, high kidney uptake was also observed when Gly was exchanged for Thr
or Val in the RGD motif [153]. When the Lys residue linking the RGD motif to
[Arg”]CCMSH was replaced by an Arg residue, tumor uptake was increased and kidney
uptake reduced, whereby the latter was still 2-fold higher than the former [154]. A similar
reduction of kidney uptake was found for the peptide analog with an Arg linker and the
RAD motif [155]. Elimination of the Lys linker or replacement by Gly reduced kidney
uptake considerably and yielded tumor-to-kidney ratios ranging between ~0.6 at 2 h and
~2 at 24 h post-injection [156]. -Ala, Ahx, Aoc or PEG were suitable linkers replacing
Lys for conjugation of a series of RXD, XAD and cyclic RGD motifs to [Arg''JCCMSH
(C13; Table 3). These peptides generally led to improved tumor targeting [157-159]. In
summary, the dual targeting approach by RGD-MSH radiopeptides simultaneously
interacting with integrin receptors and with MC1R has led to the development of some
promising MSH analogs, but the ideal structure of the conjugate surpassing previous
MSH radiotracers warrants further development.

Therapy studies with MSH radiopeptides

Melanoma targeting for therapy requires peptides that contain a-emitting (e.g. me) or
high-energy p-emitting radionuclides (e.g. *Y, """Lu, ®’Cu, "®®Re) or isotopes that emit
Auger electrons (e.g. **™Tc, """In) [92, 160-162]. Whereas the literature on basic studies
with ®™Tc- and """In-labeled MSH peptides is abundant, reports on potential therapeutic
applications of MSH peptides labeled with °Y, ""Lu, *’Cu, "®®Re, or ?"?Pb is scarce. A
first important issue was a comparative analysis of *°Y- and '"’Lu-labeled MSH peptides
in vitro and in vivo. Cellular internalization and retention of [*°Y]DOTA-Re[Arg'']CCMSH
and ['""Lu]DOTA-Re[Arg''JCCMSH in B16-F1 melanoma cells was fast and retention of
the radioactivity extended [163]. In B16-F1 melanoma-bearing C57 mice high receptor-
mediated tumor uptake and retention coupled with fast whole-body clearance was
noted; little activity accumulated in normal organs except for the kidneys [163]. These
data indicated that both radiopeptides may prove suitable for targeted radionuclide
therapy of melanoma, in particular after coupling of a negatively charged amino acid
residue (Glu) at their N-terminus with which renal uptake was markedly reduced [164].

Treatment of mouse B16-F1 melanoma-bearing C57 mice with 2x 18.5 MBq (4 days
apart) or 1x 37 MBq of ['""Lu]DOTA-Re[Arg''JCCMSH led to tumor volumes that were
26% and, respectively, 30%, smaller than those in control animals. The mean survival
times of the animals increased by 15% and 21%, respectively [165]. Similar studies
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using doses of 7.4, 22.2, or 2x 14.8 MBq (3 days apart) of ['**Re][Arg'']CCMSH showed
tumor volumes that were 17%, 27.5% or 40% smaller than those of control animals
[166]. Mean survival was only extended with the largest dose applied, from 9.4 days to
13.3 days. Interestingly, nude mice bearing TXM13 human melanoma treated with 22.2,
2x 14.8 (7 days apart), or 37.0 MBq of ['®Re][Arg"'JCCMSH experienced marked
extension of survival, from 39.6 days to 72.7 days for the largest single dose, to 57.6
days for 22.2 MBq and to only 41.4 days for 2x 14.8 MBq [166]. In the same order,
tumor volumes 8 days after treatment were 6.5%, 21.5%, and 47.0%. This demonstrates
a greater therapeutic efficacy of ['®®Re][Arg"'JCCMSH in the human melanoma model
compared to mouse melanoma.

The a-emitter 2"?Pb was studied with B16-F1 melanoma-bearing C57 mice by injection
of 1.85, 3.7, or 7.4 MBq of ['>Pb]DOTA-Re[Arg''JCCMSH [167]. Pharmacokinetic
analysis demonstrated that excretion of the radiotracer through the kidneys was rapid
and that the dose of 2"?Pb per gram of tissue was 3-fold higher in the melanoma tumor
than in the kidneys 4 h post-injection; the radioactivity in other tissues was negligible.
This proved rapid and specific uptake as well as long retention of the radiotracer by the
tumor. Survival times of the animals increased from an average of 14.4 days for the
controls to 22.0 days (1.85 MBq), 28.0 days (3.7 MBq) and 49.8 days (7.4 MBq). Two of
10 animals (3.7 MBq) and 4 of 9 animals (7.4 MBq) were free of tumor and survived the
120-day study period [167]. These experiments with [*'?’Pb]DOTA-Re[Arg'']|CCMSH
lead to the expectation that a radiopharmaceutical adapted for human application of
targeted radionuclide therapy of melanoma will find its way into the clinic. An important
intermediate step will however be to study the efficiency of such a radiopeptide in
experimental animals bearing patient-derived orthotopic melanoma xenografts (PDOX).
To date, the literature on melanoma PDOX studies in general is very scarce and missing
entirely for radiotherapy studies.

Perspectives and limitations of melanoma targeting with MSH radiopeptides

As already outlined, renal accumulation is the predominant problem for all radiopeptides
containing metal chelators such as DOTA or DTPA and is not confined to MSH analogs.
The most frequently used radiopeptide in the clinic, both for diagnostic and therapeutic
application, is ""'In-, ®®Ga-, Y- or """Lu-labeled DOTA-octreotide (DOTATOC) [168].
Yet, severe renal complications (such as delayed renal insufficiency) have been
reported even after a moderate cumulative dose of ~5,600 MBg/m? of [*°Y]DOTATOC
used for treatment of neuroendocrine tumors [169]. For these reasons, a number of
improved somatostatin radiopeptides have been developed in the past few years [170],
but research still continues to find more suitable compounds with the lowest possible
kidney uptake and retention.

An analogous situation is found for MSH radiopeptides developed for melanoma
targeting: Kidney uptake and retention of considerable amounts of the injected dose of
many of the compounds presented in this review will limit the therapeutic efficacy of this
approach. In most of the published studies with DOTA-MSH radiopeptides, the uptake of
radioactivity by the kidneys usually exceeds that of the tumor. However in the past ten
years, novel MSH radiopeptides have become available that exhibit higher uptake by the
tumor than by the kidneys. Yet, as volumes of melanoma tumor lesions in the clinical
situation of patients are generally smaller than those of the kidneys, the problem of
accumulated radiotoxicity still persists, even though various methods to reduce renal
retention have been developed. A question which is not yet solved at present relates to
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the molecular processes of retention of radiopeptides by the kidneys. If eventually
reabsorption of radioactive MSH by proximal tubules can be inhibited specifically,
therapeutic application of MSH radiopeptides may be envisaged. Another approach that
may circumvent kidney retention of radiopeptides but has barely been investigated for
melanoma targeting, is pretargeting of the tumor lesions with a non-radioactive MSH
peptide conjugate whose cell uptake is slow and that carries a marker group, e.g. biotin,
which in a second step can be targeted with the radionuclide bound to the counterpart of
the marker group, e.g. avidin. A study using a pretargeted bivalent bacteriophage
revealed that this principle can work for melanoma [171], although considerable non-
specific accumulation in the intestinal tract was noted for this particular case. Further
development of the pretargeting approach may be worthwhile.

For diagnostic application of MSH radiopeptides, the situation is different because the
load of radioactivity, in particular for a single analysis by PET, is much smaller. Tables 2
and 3 show a collection of interesting MSH candidates for melanoma diagnosis which
may eventually be developed for clinical application. Additional information is also found
in [172]. MSH radiopharmaceuticals may complement magnetic resonance imaging or
computed tomography methods for addressing specific diagnostic questions, e.g. when
more information about tumor lesions is needed. Thus, there is certainly a considerable
interest for introducing receptor-based melanoma imaging in the clinic.

Another important aspect that may limit the melanoma targeting approach with MSH
radiopeptides is the expression of MC1R in non-melanoma cell types and tissues as well
as the crossreaction of MSH radiopeptides with other MC receptor subtypes such as
MC3R, MC4R, and MC5R. For example, MC1R is not only expressed on melanocytes
and melanoma cells but also on macrophages, neutrophils, endothelial cells, astrocytes,
and adipocytes [173-175], although generally to a lesser degree than on melanocytes.
Yet, studies in experimental animals have demonstrated that accumulation of MSH
radiopeptides in skin tissue (containing melanocytes) surrounding melanoma tumors is
very low [79, 110] and well tolerated during and after therapy [167]. Thus, as melanoma
radiotherapy will always be an ultima ratio approach when no other options can help, a
low degree of non-specific accumulation of radioactivity is tolerable. With respect to the
protection of leukocytes (macrophages, neutrophils) where MSH peptides exert an anti-
inflammatory function, careful selection of MSH radiopeptides with a decreased affinity
to MC3R (the predominant MC receptor on macrophages [172]) will further reduce or
avoid damage.

DIRECT TARGETING OF MELANIN WITH PEPTIDES, SMALL MOLECULES OR
ANTIBODIES

Direct targeting of melanin was based on the efforts to develop melanoma-specific
radioimmunotherapy (RIT) approaches for treating experimental and clinical melanoma.
The first studies of RIT date back to the early 1980s when monoclonal antibodies
(mAbs) against a high-molecular weight antigen (a melanoma tumor-associated
proteoglycan) were developed and labeled with "'l with which melanoma lesions could
be treated in experimental animals and some patients [176, 177]. In the past two
decades, mAbs labeled with a-and p-emitting radionuclides and targeted to different
melanoma antigens were investigated clinically; detailed historical accounts are found in
references [86] and [178]. The generation of the murine mAb 6D2 that binds to melanin
of the fungus Cryptococcus neoformans [179] initiated a study by Dadachova et al. [180]
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who demonstrated that '®Re-labeled 6D2 specifically targets extracellular melanin in
MNT1 human melanoma transplanted to nude mice. Tumor growth was inhibited by
labeled 6D2 and survival of treated animals prolonged. Also, there was no crossreaction
of 6D2 with normal melanized tissues in black mice [180]. Preclinical and clinical studies
with ['®®Re]-6D2 demonstrated that the antibody is effective over a wide range of
melanin concentrations in tumors [86] and that it is taken up by tumors in patients and
the various sites of metastatic lesions, without any accumulation in healthy melanized
tissues such as eye, skin or melanized neurons; and finally, it led to prolongation of the
patients’ survival [181].

Melanin-binding radiopeptides for melanoma targeting

The positive results obtained with the ['**Re]-6D2 mAb for a small patient group
encouraged Dadachova et al. [182] to investigate the melanin-binding peptide (MBP)
4B4 (Tyr-Gly-Arg-Lys-Phe-Trp-His-Gly-Arg-His; [85]) for MBPT-type melanoma
targeting. HYNIC-4B4 was synthesized using D-amino acids for all residues (all-D-4B4)
in order to increase serum stability; similarly, a control decapeptide was prepared from
D-amino acids. The compounds were labeled with '®Re and applied to nude mice
bearing MNT1 human melanoma tumors. The results showed that ['**Re]HYNIC-4B4
only bound to non-viable melanoma cells, i.e. they did not cross the cell membrane
[182]. Administration of 2x 37 MBq of ['®Re]HYNIC-4B4 in a 10- to 20-day interval
significantly retarded tumor growth. Although uptake by the kidneys and other organs
was high, no histological damage was observed, and there was no accumulation of
radiotracer in melanized healthy tissues of black mice [182]. In order to reduce kidney
uptake, MBPs with shorter chain-lengths were identified using a phage-display library
[183]. Three heptapeptides bound to melanin and served as leads for the preparation of
the corresponding HYNIC-conjugated all-D-heptapeptides that were labeled with '**Re.
Binding analysis with MNT1 and A2058 human melanoma cells and in vivo
biodistribution studies with nude mice bearing A2058 melanoma revealed that the
['®Re]HYNIC-Asn-Pro-Asn-Trp-Gly-Pro-Arg heptapeptide showed the most promising
data for treatment. In a therapy study, nude mice bearing A2059 tumors were treated
with 37 MBq of ['®®Re]HYNIC-Asn-Pro-Asn-Trp-Gly-Pro-Arg and, for comparison, with
['®®Re]HYNIC-4B4 after the tumors had reached a size of 0.7-0.8 cm in diameter.
Treatment with the radioligands was repeated 7 days later. An identical significant
retardation of tumor growth was observed for both radiotracers; kidney uptake was
however 7-fold lower with the heptapeptide compared to 4B4 [183]. Thus, MBP-
heptapeptides may serve as vehicles for transport of radionuclides into melanoma tumor
lesions.

Melanin-binding with small radiolabeled molecules for melanoma targeting

The lack of penetration of the MBP-decapeptide and the heptapeptides into melanoma
cells increased the interest in small molecules such as radiolabeled benzamides that
bind to melanoma tumors with good retention and localization properties by intracellular
integration into melanin (reviewed in [86]). One of these benzamides is MIP-1145, N-(2-
diethylamino-ethyl)-4-(4-fluoro-benzamide)-5-iodo-2-methoxy-benzamide, which after
labeling with "'l and injection into melanoma-bearing animals dramatically inhibited
tumor growth [184]. A clinical study with '?*|- and "*'I-labeled BA52, benzo-(1,3)-
dioxolo-5-carboxylic acid (4-(2-diethylamino-ethylcarbamoyl)-2-iodo-5-methoxy-phenyl)-
amide, demonstrated the potential of melanin-binding benzamides for imaging and



18

therapy of patients with metastatic melanoma [185]. Thus, small molecules, peptides
and mAbs binding to melanin may all be conceived — as single drugs or in combination
with others — for specific application in the treatment of metastatic melanoma.

PEPTIDE-PHOTOSENSITIZER CONJUGATES FOR PHOTODYNAMIC THERAPY OF
MELANOTIC LESIONS

Principles of photodynamic therapy with peptide-photosensitizer conjugates

In last few decades, photodynamic therapy (PDT) has received considerable attention,
especially in the field of skin cancer treatment, e.g. for actinic keratosis and superficial
BCC, SCC, macular degeneration etc. [186]. PDT is favored over other therapeutic
modalities owing to its non-invasive nature and because light of different wavelengths
represents a decisive component of treatment. The different wavelengths of light differ
in their ability to penetrate the skin; for example, UV light just penetrates the corneal
layer and upper part of the epidermis whereas infrared light can reach much deeper
layers down to subcutaneous tissue [187,188]. Hence, tunable light is preferred to treat
the various skin disorders occurring in different layers, i.e. at different depths of the skin.
The other component of PDT are photosensitizers which usually consist of highly
conjugated systems that have the capacity to produce reactive oxygen species (ROS)
when exposed to certain wavelengths of light. ROS are toxic and can react with
neighboring cells and tissues, eventually leading to cell death. A range of
photosensitizers approved by the FDA and EU has been reported, e.g. verteporfin,
temoporfin [189, 190], HPPH, photofrin and others [186]. There are also FDA-approved
precursors of photosensitizers, e.g. 6-aminolevulinic acid (ALA; Levulan) and methyl
aminolevulinate (Metvix): After a few hours of topical application of these precursor-
drugs, they are integrated in the inherent biosynthetic pathway of cellular synthesis of
protoporphyrin IX (PPIX), a photosensitizer [191]. In this way, dormant and hyperactive
cancer cells and malignant lesions may be localized, as these cells have an
upregulated biosynthesis of PPIX. Light of specific wavelengths can induce cytotoxicity
which makes PDT a very attractive tool for treatment of tumor tissues.

PDT can circumvent the unwanted side-effects of radiolabeled peptide ligands in PRRT
which are a concern for therapy. For example, early stage skin cancer or tumors in
delicate places such as the face, neck, and forehead are preferably treated with a
“softer” approach, represented by PDT. To establish targeted PDT, ideally the same
peptides are used that have been shown with radionuclides to target specific types of
skin cancer. To this end, the chelators for radionuclides in these peptides are replaced
by a photosensitizer so that the biological characteristics of the peptide conjugates are
more or less maintained, e.g. good binding affinity to MC1R in melanoma. As described
above for radiopeptides, newly synthesized photosensitizer-peptide conjugates are
vigorously tested for binding and bioactivity, lack of cytotoxicity in the dark and toxicity
after exposure to a specific wavelength. Important is the binding of the MSH-
photosensitizer conjugates to MC1R and its rapid internalization in melanotic
melanocytes and malignant melanoma overexpressing MC1R so that the
photosensitizer will get as close to the nucleus as possible. After exposure of the
treated skin lesions with light of the appropriate wavelength, the activated
photosensitizer will induce the formation of ROS that cause cell death and tissue
necrosis (Fig. 10).
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MSH-photosensitizer conjugates

In order to direct the photosensitizer more specifically to the nucleus of cancer cells,
Slastnikova et al. [192] developed a four-component nanotransporter for melanoma
targeting, consisting of bacteriochlorin-p as photosensitizer, an MSH peptide for
interaction with MC1R and internalization by the cells, an endosome release unit based
on the diphtheria toxin translocation domain and finally the SV40 large T antigen
domain for optimized nuclear localization. This relatively large construct, however, was
far from being as specific as MSH radiopeptides when studied by in vivo biodistribution.
Nevertheless, B16-F1 and Cloudman-S91 melanoma-bearing mice responded
positively to PDT with this construct; their life-span was markedly increased compared
to controls [192].

We chose a different approach by confining the conjugates to just two components, the
photosensitizer (e.g. HPPH) and the MSH peptide (NAP-amide). Basically, the DOTA
chelator in DOTA-NAP-amide was replaced by HPPH, yielding HPPH-NAP-amide
which specifically binds to MC1R (Fig. 11a). The peptide conjugate was tested for
specificity and cytotoxicity using B16-F10 mouse melanoma cells. First, incubation of
HPPH-NAP-amide with these cells without exposure to light resulted in a melanin
production comparable to that elicited by a-MSH or NAP-amide (Fig. 11b); HPPH itself
did not induce melanogenesis. This indicates that HPPH-NAP-amide is a full agonist of
MC1R. In the dark, i.e. in the absence of any light-induced generation of ROS, no cell
toxicity was observed using various concentrations of HPPH-NAP-amide (Fig. 11c; the
two concentrations 1 yM and 10 yM are shown, compared to controls). By contrast,
exposure of the cells to light promoted cell death (Rout and Bigliardi, unpublished
results). These promising preliminary results obtained with a photosensitizer conjugated
to a specific ligand for MC1R open up a new area for targeted PDT utilizing laser or
incoherent light with specific activating wavelengths tailored to the corresponding
photosensitizer. Moreover, exploring suitable peptide-photosensitizer conjugates for
various skin disorders including malignant melanoma, hypermelanotic lesions or other
types of skin cancer will bring targeted PDT more to the focus of dermato-oncology.

CONCLUSIONS AND PERSPECTIVES

Peptide drugs for skin cancer are of increasing interest, in particular with respect to
targeting melanoma and hypermelanotic lesions. In the past 20 years, considerable
progress in the design of specific and stable a-MSH radiopeptides has been
documented in the literature. The novel MSH compounds display comparable targeting
characteristics in experimental melanoma models as achieved with the clinically used
somatostatin radiopharmaceuticals. For linear MSH radiopeptides, a first breakthrough
was DOTA-NAP-amide which yielded high tumor uptake and a good tumor-to-kidney
ratios when studied in vivo with melanoma-bearing animals. DOTA-Gal-NAP-amide and
DOTA-Phospho-MSH..g further improved the targeting specificity. With respect to cyclic
MSH radiopeptides, the rhenium-cyclized Re[Arg"''JCCMSH or DOTA-
Re[Arg''JCCMSH, and the lactam bridge-cyclized MSH analogs of melanotan Il with the
N-terminal extension of DOTA-Gly-Gly, NOTA-Gly-Gly, Pz*-g-Ala- or HYNIC-Aoc-
served as lead compounds with excellent characteristics. Yet, in view of the high
tolerance of melanoma to ionizing radiation requiring a very high accumulation of
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radionuclide in tumor lesions and hence high doses of radiopharmaceutical, the rate of
MSH-mediated tumor uptake and retention of radionuclides by the tumor should first be
further enhanced before larger clinical studies are started. We believe that it is less
important to test too many different radionuclides with the same peptides and in the
same experimental setting as there are more important open questions to solve at
present: (1) the development of targeting systems with which the radionuclides are
more rapidly and extensively internalized into tumor cells; (2) a better understanding of
MC1R regulation in melanoma in vivo in order to find the most efficient targeting
conditions; (3) the employment of PDOX models for selecting the most suitable
radiopapetides; and (4) the study of appearance of a-MSH antibodies in the circulation
under specific pathophysiological conditions. Such antibodies could scavange MSH
radiopharmaceuticals, thus reducing the efficiency of any therapy. Once these and
other open questions are resolved, a clinical study with the then most appropriate MSH
radiocompound may lead to a real breakthrough in clinical melanoma targeting [161].

MBPs labeled with therapeutic radionuclides present an alternative to MSH
radiopeptides, particularly in those situations where MC1R expression is low and where
melanoma tumors are well melanized. However, the optimal peptide is not yet defined
that exhibits minimal non-specific tissue uptake and long retention in the tumor lesion.
Yet, MBPs are promising candidates for melanoma therapy warranting further
development.

Research on MSH-photosensitizer constructs has only recently been started and
therefore few data are available at this time. Nevertheless, as PDT has a great
potential, MSH-photosensitizer conjugates may receive increased attention in the next
few years. In particular, the development of more sophisticated light sources for
precisely localized activation in the skin and other organs and the future availability of
optimized peptide-photosensitizer conjugates will minimize or completely avoid
collateral damage to the surrounding healthy cells.

LIST OF ABBREVIATIONS

ACTH adrenocorticotropic hormone; adrenocorticotropin
Ahx 6-aminohexanoic acid

ALA d-aminolevulinic acid

Aoc 8-amino-octanoic acid

ASIP agouti signaling peptide

BCC basal cell carcinoma

D3 [-defensin 3

BRAF gene of the serine/threonine-protein kinase B-Raf

Bz-NCS 4-(isothiocyanate)benzyl
CBTE2A 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane

CGRP calcitonin gene-related peptide

CRH corticotropin-releasing hormone; corticoliberin

CTLA-1 cyotoxic T-lymphocyte-associated antigen 1

DHP 2,3-dihydroxy-(2S)-propyl

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTATOC DOTA-octreotide

DTPA diethylenetriaminepentaacetic acid

EDDA ethylenediamine-N,N’-diacetic acid
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Gal galactosyl

HPPH 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a
HYNIC hydrazinonicotinic acid

IBA iodobenzoate

IR infrared

LED light emitting diode

mADb monoclonal antibody

MAG2 mercaptoacetylglycylglycyl

MAG3 mercaptoacetylglycylglycylglycyl

MAPK mitogen-activated protein kinase

MBP melanin-binding peptide

MCR1 melanocortin receptor 1

MRPT melanin-binding peptide radiation therapy
MSH melanocyte-stimulating hormone; melanotropin

NAP-amide [Nle*, Asp®,D-Phe’]-0-MSHa.11
NDP-MSH  [Nle*,D-Phe’]-a-MSH

NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid

NPY neuropeptide Y

PD-1 programmed cell death 1 receptor

PDOX patient-derived orthotopic xenograft

PDT photodynamic therapy

PET positron emission tomography

PNP3 N, N-bis(dimethoxypropylphosphinoethyl)-methoxyethylamine

PPIX protoporphyrin 1X

Pra L-propargylglycine

PRRT peptide receptor radioaction therapy

Pz’ N-{5-(t-butyl)isoxazol-3-yl}-2-{4-[5-(1-methyl-1H-pyrazol-4-yl)-1H-
benzo[d]imidazol-1-yl]phenyl}-acetamide

pz* 4-{N-[2-(4-(2-carboxyethyl)-3,5-dimethyl-1H-pyrazol-1-yl)-ethyl], N-[(2-
amino)ethyl]}amino-butanoic acid

RIT radioimmunotherapy

SCC squamous cell carcinoma

SFB succinimidyl-4-fluorobenzoate

SPECT single-photon emission computed tomography

Tyr(P) phosphotyrosine

uv ultraviolet

VIP vasointestinal peptide
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FIGURE LEGENDS

Fig. (1). Peptides for skin cancer management. Peptides serve a multitude of functions,
e.g. as growth inhibitors, as vehicle for cancer localization and treatment (radiopeptides,
photosensitizer-peptide conjugates), as lead compounds for the development of non-
peptide small-molecule inhibitors or as antigens for the generation of monoclonal
antibodies against antigens in cancer cells.

Fig. (2). Principle of peptide-receptor radiotherapy (PRRT) of melanoma with MSH
peptides. The radiolabeled peptide is injected i.v. and is accumulated in MC1R-
expressing melanoma tumors through internalization by the cells. Depending on the
purpose of the radiopeptide, either therapeutic Auger-, a- or $-emitting radiometal ions,
or diagnostic y-emitting metal ions are inserted into the chelator-conjugated peptide.
Alternatively, positron-emitting '®F-, ®*Cu- or ®®Ga-containing MSH radiopeptides are
applied for PET (not shown).

Fig. (3). Time-course of the uptake of [''In]DOTA-Phospho-MSH..o (L14) by mouse
B16-F1 melanoma cells in vitro and release of '''In from the cells in the absence of
radioligand. (A) B16-F1 cells seeded in 6-well plates were exposed to 74 kBq of L14 and
incubated for 0.5, 2 and 3.5 h. Total radioactivity bound to the cells consisted of surface
bound and internalized radiopeptide. The former was determined by a dissociation step
(details see [117]). (B) Retention of internalized radioactivity by the cells kept in normal
medium at 37°C for 1, 2 and 4.5 h.

Fig. (4). Chemical structures of (A) DOTA-NAP-amide (L9), (B) DOTA-Gal-NAP-amide
(L12) and (C) DOTA-Phospho-MSHz.9 (L14).

Fig. (5). Induced intracutaneous mouse B16-F1 melanoma (A) and the corresponding
autoradiogram (B) 4 h after in vivo injection of ['"'In]DOTA-B-Ala-Nle-Asp-His-D-Phe-
Arg-Trp-Lys-NH; (L8) into experimental animals. The tissue was collected and
immediately fixed, frozen, dried in a desiccator, exposed to a storage phosphor plate (for
B) and finally scanned (for A), as described in detail in [110]. Equivalent results were
obtained with ['"'IN]DOTA-NAP-amide (L9) [79].

Fig. (6). Metastatic melanotic melanoma in the lung (A), amelanotic lung melanoma (C)
and melanotic liver melanoma metastases (E), and the corresponding autoradiograms
(B, D, F). Experimental conditions as in Fig. 5 using either L8 or L9 (see also [79, 110]).

Fig. (7). Tumor-to-kidney ratios of '""'In-labeled DOTA-NAP-amide analogs with net
charges between -2 and +2 at observation time intervals of 4 h, 24 h, and 48 h after
injection in tumor-bearing mice. Net charge -2: {[Ac-Nle* Asp®,D-Phe’ Lys" (DOTA)]-a-
MSHy.11}-D-Asp-D-Asp-OH; net charge -1: [DOTA-GIy? Tyr(P)? Nle* Asp® 0-Phe’]-a-
MSH..o; net charge 0: [Ac-Nle* Asp®,D-Phe’ Lys' (DOTA)]-a-MSH4.11-carboxylate; net
charge +1: [Ac-Nle* Asp® D-Phe’ Lys' (DOTA)]-a-MSHa.11; net charge +2: [DOTA-

Nle* Asp®,D-Phe’]-a-MSHa.11. The bars represent the mean of 6-12 determinations +
SEM,; the values originate from references [79, 114, 117] where experimental details can
be found.

Fig. (8). Chemical structure of (A) Re-cyclized (Ala-triazol)Ac-Re[Arg' JCCMSH (C3a)
and lactam-bridge-cyclized Pz*-p-Ala-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NHz] (C10).
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Fig. (9). Tumor imaging with ([**"Tc(CO)s]Ala-triazol)Ac-Re[Arg'']CCMSH (C3a) in
B16/F1 melanoma bearing C57 mice 2 h post injection (reproduced from [104]). Whole
body and transaxial SPECT images of C3a (A, B) or transaxial and whole body images
of C3a in the presence of the unlabeled NDP-MSH (C, D) as part of a blocking study.
Tumor-bearing mice were injected with 18.5 MBq of C3a for SPECT imaging studies.
Tumor uptake specificity of C3a was determined by co-injecting 20 ug of unlabeled
NDP-MSH at 2 h post-injection. (Figure kindly provided by Professor T.P. Quinn,
University of Missouri, Columbia, MO and reproduced with permission.)

Fig. (10). Schematic representation of principle of targeted photodynamic therapy in
skin. Left: Cellular uptake of peptide with attached photosensitizer (yellow star) by the
skin. Right: Cellular necrosis induced by ROS (red dot) after exposure of photosensitizer
to different wavelengths of light (UV or IR) that penetrate the skin to different depths.

Fig. (11). (A) Chemical structure of HPPH-NAP-amide. (B) Melanin production by B16-
F10 cells treated with a-MSH (10 nM), NAP-amide (1 uM) and HPPH-NAP-amide (1
uM); optical density (OD) of melanin was measured at 475 nm after 72 h. (C) Cell
proliferation curves of B16-F10 cells kept in the dark and treated with 10 yM or 1 uM
HPPH-NAP-amide compared to controls.
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Table 1. Amino acid sequence of lead peptides for PRRT and MPRT of melanoma and for the treatment of melanotic lesions

Peptide

Biological role

Application

a-MSH:
Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH;

NDP-MSH:
Ac-Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-NHz
and numerous analogs and fragments, e.g.:
cap-His-D-Phe-Arg-Trp-cap
NAP:
Ac-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys-NHz

Cyclic y-MSH analog:
cyclo-[(CH2);CO-Gly-His-D-Phe-Arg-D-Trp-Cys(S-)]-
-Asp-Arg-Phe-Gly-NH>

MBP:
Tyr-Gly-Arg-Lys-Phe-Trp-His-Gly-Arg-His (4B4)
Asn-Pro-Asn-Trp-Gly-Pro-Arg

Decapeptide-12:
Tyr-Arg-Ser-Arg-Lys-Tyr-Ser-Ser-Trp-Tyr

Photosensitizer-NAP:
HPPH-NIle-Asp-His-D-Phe-Arg-Trp-Gly-Lys-NH;

Stimulation of melanogenesis

Stimulation of melanogenesis

Stimulation of melanogenesis

Inhibition of melanogenesis
(ASIP-like backbone structure)

Melanin binding peptides

Inhibition of melanogenesis
(inhibition of tyrosinase)

Stimulation of melanogenesis
(in the dark); cell arrest/killing
(when exposed to LED light)

Melanoma targeting (PRRT)
(early experiments)

Melanoma targeting (PRRT)
Cosmetic tanning

Melanoma targeting (PRRT)

Potentially useful for
melanoma targeting

Melanoma targeting (MPRT)

Melasma treatment
Lentigo treatment

Melasma treatment
Melanoma treatment




Table 2. Sequence of selected linear MSH radiopeptides and their biological characteristics.
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MSH peptide-chelator complex Nuclide Characteristics Reference

L1 DTPA-bisMSH (= DTPA{[-NH-Ser']-a-MSH},) "Mn 89% of melanoma lesions in patients detected; high kidney 71,73
and liver uptake

L2 DTPA-Nle-Asp-His-D-Phe-Arg-Trp-Lys-NH; "MIn 5x higher tumor uptake in mice as compared to DTPA- 72
bisMSH

L3 DTPA-Nle-Asp-His-D-Phe-Arg-Trp-Lys(bisDHP)-NH, "Mn Good tumor uptake in mice; high kidney uptake; moderate 74
liver uptake; best of three similar analogs

L4 DTPA-bis{Nle-Asp-His-D-Phe-Arg-Trp-Lys-NHy} "MIn Moderate tumor uptake; very high kidney and liver uptake; 74
best of three similar dimeric analogs

L5 DTPA-bis{NDP-MSH} "n Good tumor uptake; high kidney and liver uptake 109

L6 DTPA-NDP-MSH Mn Good tumor uptake; relative high kidney an thyroid uptake; 109
no liver uptake

L7 DOTA-NDP-MSH "n Good tumor uptake; kidney uptake and moderate uptake by 110
bone marrow and skin; low liver uptake

L8 DOTA-pAla-Nle-Asp-His-D-Phe-Arg-Trp-Lys-NH, "MIn Precise localization of metastatic tumor lesions; low non- 110
specific uptake, except kidneys

L9 Ac-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys(DOTA)-NH ", Excellent localization of metastatic tumor lesions with *'Ga; 79

671683, precise tumor localization with ®*Ga by PET; good tumor
Dy uptake and low non-specific uptake, except kidneys

L10 Ac-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys(SFB)-NH; °F Similar in vitro data as with DOTA-NAP-amide; moderate 112, 113
tumor localization with PET

L11 DOTA-{di-[Nle-Asp-His-D-Phe-Arg-Trp]} analogs "MIn Three different dimerized MSH,_o peptides containing DOTA 115
showed higher MC1R affinity but lower tumor uptake and
higher kidney and liver uptake

L12 Gal-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys(DOTA)-NH, "Mn 20% improvement of tumor-to-kidney ratios compared to 116
DOTA-NAP-amide; best of five other glycopeptides

L13  DOTA-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys(Ac)-NH, "Mn Almost equivalent to DOTA-NAP-amide above; best of six 114
similar compounds

L14 DOTA-Gly-Tyr(OPO3H;)-Nle-Asp-His-D-Phe-Arg-Trp-NH, "Mn Similar tumor uptake as with DOTA-NAP-amide but 44% 117
lower kidney uptake

L15 NOTA-Bz-NCS-Ahx-pAla-Nle-Aps-His-D-Phe-Arg-Trp-Gly-NH, #Cu High MC1R binding affinity and good in vivo stability 99




Table 3. Sequence of selected cyclic MSH radiopeptides and their biological characteristics.
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No. MSH peptide-chelator complex Nuclide Characteristics Reference
C1 Ac-Cys-Cys-Glu-His-D-Phe-Arg-Trp-Cys-Lys-Pro-Val-NH, som High MC1R affinity (ICso 2.6 nM), comparable to linear 101
------- T ReQ -7 (ReCCMSH) '®8Re peptides; good tumor localization with *°™Tc
C2 Ac-Cys-Cys-Glu-His-D-Phe-Arg-Trp-Cys-Arg-Pro-Val-NH, '®®Re High MC1R affinity (ICso 1.9 nM), very good tumor uptake; 123
"T--ZReQ - (Re[Arg"'JCCMSH) e e kidney uptake lower than tumor uptake

C3a,b (Ala-triazol)-Ac-Re[Arg''JCCMSH, N,-CO-Re[Arg''JCCMSH 9mre High MC1R affinity (ICso ~1 nM (a) and 2.4 nM (b)); good 104
tumor localization; kidney uptake

c4 DOTA-Cys-Cys-Glu-His-D-Phe-Arg-Trp-Cys-Lys-Pro-Val-NH, "I High MC1R affinity (ICso 1.2 nM); good tumor localization; 126, 128

~~~~~ < ReQ -7 (DOTA-ReCCMSH) kidney uptake similar to tumor uptake
C5 DOTA-Cys-Cys-Glu-His-D-Phe-Arg-Trp-Cys-Arg-Pro-Val-NH, "I High MC1R affinity (ICso 1.2 nM); good tumor localization; 128, 129
~~~~~ < ReQ -7 (DOTA-Re[Arg”]CCMSH) #cu, %y kidney uptake lower than tumor uptake
Cé6 CBTE2A—Cy§—Cys:GIu—His—D—Phe—Arg:]'_r_p_—_Cys—Arg—Pro—VaI—NH2 ®cu MC1R affinity 4—5x lower (ICs9 5.4 nM); good stability and 97
""""" “=ReQ ----—""""7" good tumor localization; moderate kidney uptake

Cc7 DOTA-NIle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH] "Mn High MC1R affinity (ICso 1.2 nM); good tumor localization; 139
kidney uptake slightly higher than for C5

cs8 DOTA-Gly-Gly-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH,] "Mn, "Ly High MC1R affinity (ICso 2.1 nM); good tumor localization; 140, 143
kidney uptake markedly lower

C9 NOTA-Gly-Gly-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH;] Ga High MC1R affinity (ICso 1.6 nM); good tumor localization; 141, 142

#Cu further reduction of kidney uptake

c10 DOTA-Gly-Gly-Nle-cyclo[Pra-His-D-Phe-Arg-Trp-Lys(N3)-NH] ®Ga Triazol cyclized ClickMTIl analog; ICsy 2.7 nM; good stability; 144
tumor uptake 3.4x higher than kidney uptake; clear PET image

c11 Pz4—[3—AIa—NIe—cyclo[Asp—His—D—Phe—Arg—Trp—Lys—NH2] 9mre High MC1R affinity (ICso 0.16 nM); good stability and tumor 145
localization; excellent tumor-to-kidney ratios

Cc12 HYNIC-Aoc-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys-NH,] 9mre High MC1R affinity (ICso 0.4 nM); good stability and tumor 147
localization; excellent tumor-to-kidney ratios

C13  cyclo[Arg-Ala-Asp-D-Tyr-Asp]-B-Ala-Re[Arg''J|CCMSH 9mre Dual targeting peptide with modified RGD motif; high MC1R 157

affinity (ICs9 0.35 nM); tumor uptake ~ kidney uptake
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Uptake of peptide drug by the skin
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