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Abstract

Objective Early detection plays a role in the prognosis of melanoma, the most aggressive skin cancer. **Cu- and ®*Ga-labeled
alpha-melanocyte-stimulating hormone (a-MSH) analogs targeting the melanocortin-1 receptor are promising positron emis-
sion tomography (PET) tracers for detecting melanoma, and the use of '®F-labeling will further contribute to the detectability
and availability. However, the high radiochemistry demand related to the conventional '3F-labeling methods has restricted
the development of ®F-labeled a-MSH analogs. A recently developed radiofluorination method using aluminum-fluoride
(AI'8F) offers a simple, efficient, and time-saving labeling procedure compared to the conventional ®F-labeling methods.
Herein, we sought to establish a simple preparation method for an '*F-labeled a-MSH analog using AI'®F, and we examined
its potential for the early detection of melanoma.

Methods A 1,4,7-triazacyclononane-N,N',N"-triacetic acid (NOTA)-conjugated a-MSH analog (NOTA-GGNle-CycMSH,..,)
was prepared by the Fmoc solid-phase strategy. NOTA-GGNle-CycMSH, ., was labeled with AI'®F by heating at 105 °C
using a microwave synthesizer for 15 min. Biodistribution study was conducted on B16/F10-luc melanoma-bearing mice at
30 min, 1 h and 3 h after injection of Al'"®F-NOTA-GGNle-CycMSH,,... PET imaging was conducted on melanoma-bearing
mice at 1 h post-injection. One day prior to the PET imaging, bioluminescence imaging was also performed.

Results Al'8F-Ni OTA-GGNIe-CycMSH, ., was readily prepared with a high radiochemical yield (94.0 +2.8%). The biodistri-
bution study showed a high accumulation of AI'8F-NOTA-GGNIe-CycMSH,;,, in the tumor at 30 min and 1 h post-injection
(6.69 +1.49 and 7.70 + 1.71%ID/g, respectively). The tumor-to-blood ratio increased with time: 3.46 +0.89, 12.67 +1.29,
and 35.27 +9.12 at 30 min, 1 h, and 3 h post-injection, respectively. In the PET imaging, Al'®F-NOTA-GGNle-CycMSH,,.
clearly visualized the tumors and depicted very small tumors (<3 mm).

Conclusions We successfully prepared Al'SF-NOTA-GGNle-CycMSH,., in a simple and efficient manner.
AI'F-NOTA-GGNle-CycMSH,,, showed high tumor accumulation and clearly visualized very small tumors in melanoma-
bearing mice. These findings suggest that Al'8F-NOTA-GGNle-CycMSH, ., will be a promising PET tracer for melanoma
imaging at an earlier stage.
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Introduction

Melanoma is the most aggressive type of skin cancer, and
its incidence is increasing [1]. Distant metastatic mela-
noma is associated with a poor prognosis. However, the
overall 5-year survival rate can reach 98% if the melanoma
is detected at its earliest stages and removed surgically [2].
Early detection and accurate staging thus play important
roles in the management of melanoma.

Positron emission tomography (PET), a powerful tool
for diagnostic imaging, is used for the detection and
full staging of metastatic melanoma [3-5]. Although
2-'8F-fluoro-2-deoxy-glucose (!®F-FDG)-PET is the best
examination for localized stage III/IV melanoma, there
are several limitations to the use of 3F-FDG-PET, includ-
ing its low sensitivity to detect primary and metastatic
lesions among stage I/II melanomas, the lack of small
lesion detectability (<5 mm) [6-8], and low specificity
in distinguishing a malignant tumor from an inflamma-
tory lesion [9]. Moreover, a certain subtype of melanoma
that uses non-glucose-based substrates as an energy source
does not take in much '*F-FDG [10]. The development of
PET tracers targeting melanoma-specific molecules could
contribute to the early detection of melanoma.

Various radiolabeled alpha-melanocyte-stimulating hor-
mone (a-MSH) peptide derivatives have been developed
as melanoma-specific imaging probes [11-13]. These pep-
tides specifically bind to melanocortin-1 (MC1) receptor,
which is over-expressed on the surface of human mela-
noma cells [14]. Among the a-MSH derivatives, %4Cu- or
8Ga-labeled NOTA-GGNle-CycMSH, ., (that is, 1,4,7-tri-
azacyclononane-1,4,7-triacetic acid-conjugated Gly—Gly-
Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-CONH,, Fig. 1) has
shown promising properties such as high tumor uptake
and high tumor specificity in melanoma-bearing mice [15,
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Fig.1 The structure of NOTA-GGNIle-CycMSH;,
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16]. However, limitations related to the use of ®*Cu and
%Ga have restricted the wide use of these tracers [17—19].
Although the use of '®F mitigates radioisotope-associ-
ated concerns, there are a limited number of '®F-labeled
o-MSH derivatives [20] because the high radiochemistry
demand for the traditional '*F-labeling methods has hin-
dered the development of such derivatives [21, 22].

The recently discovered radiofluorination method using
aluminum—fluoride (A118F) offers a simple, efficient, and
time-saving labeling procedure compared to the conven-
tional 18F-labeling methods [23]. Similar to ®*Cu and %Ga,
AI'®F coordinates a stable complex with NOTA [23, 24].
Some Al'®F-labeled peptides have already shown promis-
ing results in clinical studies [25, 26]. We hypothesized that
the application of Al'®F-labeling to NOTA-GGNIle-CycM-
SH;, could lead to the development of highly convenient
8F_labeled a-MSH derivatives without compromising the
promising properties of the original **Cu- and ®3Ga-labeled
tracers while minimizing the complications related to the
tracer availability.

In this study, we established a facile '®F-labeling method
for the preparation of Al'8F-NOTA-GGNIe-CycMSH,....
We evaluated the biodistribution profiles of
All8F-NOTA—GGNle—CycMSHheX and the image quality
and detectability of AI'SF-NOTA-GGNle-CycMSH,,-PET
in melanoma-bearing mice.

Materials and methods

Amino acids and reagents for peptide synthesis were pur-
chased from Watanabe Chemical Industries (Hiroshima,
Japan) and Merck (Darmstadt, Germany). The 1,4,7-triaza-

cyclononane-1,4-bis-tert-butyl acetate-7-acetic acid [NOTA-
bis(tBu ester)] was purchased from Macrocyclics (Dallas,
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TX). Electrospray ionization mass spectroscopy (ESI-MS)
data were obtained with a model LCMS-2020 mass spec-
trometer (Shimadzu, Kyoto, Japan).

Synthesis of precursor peptide

NOTA-GGNIle-CycMSH, ., peptide was synthesized as
described by Shamshirian et al. [27] with slight modifica-
tion. The linear peptide (Gly—Gly-Nle-Asp(O-2-PhiPr)-
His(Trt)-D-Phe-Arg(Pbf)-Trp(Boc)-Lys(Mtt)-CONH,) was
synthesized using Fmoc solid-phase synthesis on Sieber
amide resin with a fully automated peptide synthesizer
(Initiator+ Alstra, Biotage Japan, Tokyo). Then, NOTA-
bis(tBu ester) was conjugated to the N-terminus of the lin-
ear peptide. The NOTA conjugate peptide was cleaved, and
Asp(O-2-PhiPr) and the Lys(Mtt) were selectively depro-
tected in a single treatment of 2.5% trifluoroacetic acid
(TFA) in dichloromethane for 15 min. The product was
purified by RP-HPLC (column: CAPCELL PACK C18, AQ,
20 mm X 250 mm, Shiseido, Tokyo) with acetonitrile/0.1%
TFA (A) and water/0.1% TFA (B) at a flow rate of 15 mL/
min, and a linear gradient from 90 to 10% B in 30 min. The
fraction containing the NOTA-conjugated linear peptide
was collected, and the solvent was removed by freeze-dry-
ing. ESI-MS Calc’d for C,yoH,5N»,0,;S (M +2H)**: m/z
1053.4, found: 1054.2.

The NOTA-conjugated linear peptide (15 mg; 7.1 pmol)
was dissolved in 15 mL of N,N-dimethylformamide and
cyclized using benzole-1-yl-oxytris-pyrrolidino-phospho-
nium-hexafluorophosphate (PyBOP) (29.5 mg, 56.8 pmol)
and N,N-diisopropylethylamine (19.3 pL, 113.6 pmol). The
product was purified by RP-HPLC. ESI-MS Calc’d for
C100H148N2040S (M +2H)?*: m/z 1044.5, found: 1045.2.

The NOTA-conjugated cyclized peptide was deprotected
using a mixture of anisole, 1,2-ethanedithiol, thioanisole,
and TFA (2.5:2.5:5:90 v/v). The final product NOTA-
GGNle-CycMSH, ., peptide was purified by RP-HPLC.
ESI-MS Calc’d for CgHg3N,,05 (M +H)*: m/z 1381.7,
found: 1381.9.

Nonradioactive fluorine was used for preparing cold
AIF-NOTA-GGNle-CycMSH,,. First, NOTA-GGNle-
CycMSH, ., (450 pL, 2 mM) in acetate buffer (pH 4.0) was
added to a mixture of aluminum chloride (360 pL, 5 mM)
in 0.2 M acetate buffer (pH 4.0) and sodium fluoride (36 pL,
100 mM). The mixture was heated at 105 °C using a micro-
wave synthesizer (Initiator+, Biotage) for 15 min. The
product was purified by RP-HPLC (column: CAPCELL
PACK C18, AQ, 4.6 mm X 250 mm, Shiseido) with acetoni-
trile/0.1% TFA (A) and water/0.1% TFA (B) at a flow rate of
1 mL/min, and a linear gradient from 85 to 65% B in 30 min.
The fraction containing the peptide was collected, and the
solvent was removed by freeze-drying. ESI-MS Calc’d for
CgyHg AIFN,,O,5s M +H)*: m/z 1425.7, found: 1425.9.

Radiolabeling with AI'F

NOTA-GGNle-CycMSH, ., (30 pL, 1 mM) in 1 M
acetate buffer (pH 4.0) was added to a mixture of alu-
minum chloride (3 pL, 5 mM) in 0.2 M acetate buffer
(pH 4.0), 0.1 mL of aqueous '|F-fluoride (100 pL,
60-100 MBq), and ethanol (130 pL). The mixture was
heated at 105 °C using a microwave synthesizer for 15 min.
A1'®F-NOTA-GGNIle-CycMSH,, was purified by RP-
HPLC according to the retention time of nonradioactive
AIF-NOTA-GGNIle-CycMSH;,., using the same gradient.

In vitro stability

First, 15 pL of AI'8F-NOTA-GGNIe-CycMSH, ., peptide
in saline (1.5 MBq) was added to 135 pL of mouse serum,
and the mixture was incubated for O h, 3 h, or 6 h at 37 °C.
The sample was deproteinized using acetonitrile and ana-
lyzed by RP-HPLC (column: CAPCELL PACK C18, AQ,
4.6 mm X 250 mm) with acetonitrile/0.1% TFA (A) and
water/0.1% TFA (B) at a flow rate of 1 mL/min, and a linear
gradient from 90 to 10% B in 30 min.

Biodistribution study in C57BL/6 mice bearing
aB16/F10-luc tumor

All animal experiments were approved by the animal
experiments committee of Gunma University. The lucif-
erase stably expressing the mouse melanoma cell line
B16/F10-luc was purchased from Japanese Collection
of Research Bioresources Cell Bank (Tokyo). The B16/
F10-luc cells (2.5 x 10° cells/mouse) were subcutane-
ously injected on the right flank of C57BL/6 female mice
(Japan SLC, Shizuoka, Japan). The tumor volume (V)
was measured using digital calipers with the formula V
[mm®]= (Lx WA)/2, where L represents the longest diameter
and W represents the perpendicular tumor diameter. After
the tumor size reached 100 mm? (approx. 2 weeks after
cell inoculation), a biodistribution study was performed.
Al'*F-NOTA-GGNIle-CycMSH,, (200 kBg/mouse) was
intravenously injected into B16/F10-luc tumor-bearing
mice. Mice were killed at 30 min, 1 h, and 3 h after injec-
tion (n >4, each group). The tissues of interest were har-
vested and weighed, and the radioactivity was counted
using a gamma counter (ARC7001; Hitachi Aloka Medi-
cal, Tokyo). The results are presented as the percentage of
injected dose per gram of tissue (%ID/g).

Bioluminescence and PET imaging
The B16/F10-luc cells were suspended in a mixture of

PBS:Matrigel (Corning Life Sciences, Corning, NY) (1:1;
v/v) at several cell densities (2 x 10°, 1x10°, 5x 10, and
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2.5%10° cells per 100 pL). Five-week-old female nude mice
(BALB/c nu/nu, Japan SLC) were divided into two groups.
Each mouse was injected subcutaneously with 100 pL of
the cell suspension into the dorsal flank at two sites: the left
and right. The mice in group 1 were injected with 2 x 10°
and 1x 10° cells/mouse, and the other group’s mice were
injected with 5 X 10° and 2.5 x 10° cells/mouse (n=3, each
group).

Small-animal PET imaging was performed when
the tumor lengths were <5 mm (approx. 1 week post-
inoculation). B16/F10-luc tumor-bearing mice were
intravenously injected with approx. 3 MBg/mouse of
AI'F-NOTA-GGNIle-CycMSH,,.,. PET imaging in list mode
was carried out on an animal PET scanner (Inveon; Sie-
mens, Knoxville, TN) at 1 h post-injection and with a 10 min
acquisition time. The imaging data were reconstructed using
an iterative OSEM3D/MAP procedure with the matrix size
128 X 128 X 159, including attenuation correction. Imme-
diately after the imaging, the tumor was removed and its
volume was measured with calipers.

The bioluminescence imaging (BLI) was performed 1 day
prior to the PET imaging. p-luciferin solution (15 mg/mL,
150 pg/g of body weight) was intraperitoneally injected to
B16/F10-luc tumor-bearing mice under isoflurane-inhalation
anesthesia. At 15 min after the injection, bioluminescence
images were acquired with an IVIS Imaging System (Perki-
nElmer, Waltham, MA).

Results
Radiolabeling

Al'SF-NOTA-GGNle-CycMSH,, was successfully obtained
within 60 min at a high radiochemical yield: 94.0+2.8%
(n=3). Complete separation from its precursor peptide
was achieved by RP-HPLC purification (Fig. 2). The reten-
tion times of AI'®F-NOTA-GGNle-CycMSH,,, and its
precursor peptide were 23.8 min and 21.5 min, respec-
tively. After purification, the radiochemical purity of
AI'F-NOTA-GGNIe-CycMSH, ., was >98%. The specific
activity was 20-70 GBg/pmol at the end of synthesis.

In vitro stability

The in vitro stability of the radiotracer in murine serum
was evaluated with the use of RP-HPLC. After incu-
bation in murine serum at 37 °C for 6 h, the purity
of the radiotracer remained high, and >95% of the
AI'F-NOTA-GGNle-CycMSH, ., remained intact (Fig. 3).

@ Springer

s a
&
Z
N
(2]
[
S
=
<
=4
0 5 10 15 20 25 30
Time (min)
-
g b
=
(=]
o
o
N
=
2
N
=9
S
=]
w
=
<
2 #—-J\—J
-
0 5 10 15 20 25 30
Time (min)

Fig.2 An RP-HPLC chromatogram of Al'8F-NOTA-GGNle-CycMSH,,
before purification. a UV and b radioactivity. The retention times of
AI'SF-NOTA-GGNIe-CycMSH,,., and its precursor peptide (NOTA-
GGNle-CycMSH, ) were 23.8 min and 21.5 min, respectively

Biodistribution study

The biodistribution of AlI'8F-NOTA-GGNIe-CycMSH,,,
in B16/F10-luc tumor-bearing mice is summarized
in Fig. 4. AI'8F-NOTA-GGNIle-CycMSH,., showed
high accumulation in the tumors at 30 min and at 1 h
post-injection (6.69 +1.49 and 7.70 + 1.71%ID/g,
respectively), then decreased at 3 h post-injection
(3.74 £0.77%1ID/g). Due to the rapid blood clearance of
AI'8F-NOTA-GGNIle-CycMSH,,,, the tumor-to-blood
ratio increased with time: 3.46 +0.89, 12.67 +1.29, and
35.27+9.12 at 30 min, 1 h, and 3 h post-injection, respec-
tively. The mouse kidneys, which are the excretory organ
for MSH peptide [15, 16], showed the highest uptake at
30 min (8.46 +3.09%ID/g). The radioactivity accumula-
tion gradually decreased with time (5.52 +£0.57%ID/g and
2.39+0.96%ID/g at 1 h and 3 h post-injection, respectively),
which resulted in a tumor-to-kidney ratio that was > 1.0 after
1 h post-injection. The radioactivity uptake in the other nor-
mal tissues was <2.4%.
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Fig.3 A radio-chromatogram of AI'®F-GGNle-CycMSH,,, after
a 0-h and b 6-h incubation in mouse serum. The retention time of
AI'*F-GGNle-CycMSH;,, is 16.5 min

Bioluminescence and PET imaging
To evaluate the detectability of Al'®F-NOTA-GGNle-

CycMSH,.,, we performed PET imaging when the murine
tumors were small. At 1 week after the inoculation of B16/

F10-luc cells at the densities of 2x 10°, 1x10°%, 5x 107,
and 2.5 x 10> cells per 100 pL, small tumors (4.5+ 1.8 to
15.4+3.5 mm®) had developed. The location and formation
of these small tumors were confirmed by bioluminescence
imaging. In the PET images, high radioactivity uptake was
observed in areas corresponding to bioluminescence signals
(Fig. 5). AI'F-NOTA-GGNIle-CycMSH,,. clearly depicted
tumors as small as 3 mm (9 mm?). A high accumulation of
AllSF—NOTA-GGNle-CycMSHheX was also noted in excre-
tory organs for the radiotracer (kidney and bladder).

Discussion

Fluorine-18 is the most frequently used positron emitter in
clinical practice. Almost all cyclotron facilities can produce
8F anion with high activity and at moderate production
costs. The lactam-bridged a-MSH analog NOTA-GGNIle-
CycMSH, . labeled with either *Ga or %*Cu has been
attracting attention due to the excellent pharmacokinetics
and in vivo stability. While promising, the low availability
and high cost of the radioisotopes have restricted the appli-
cation of these tracers. In the present study, we developed a
highly efficient '8F-labeling method for NOTA-GGNle-Cyc-
MSH,., without any structural modification to the original
peptide or complicated radiochemistry demands.

In contrast to the traditional nucleophilic '®F-fluorination
methods [28], AI'F-NOTA-GGNle-CycMSH,,., was readily
prepared with an almost quantitative radiochemical yield
(94.0 +£2.8%), which is comparable to the radiochemical
yields achievable with radiometal labeling [29]. Once the
optimal radiolabeling protocol is established, it will be able
to constantly produce Al18F-NOTA-GGNle-CycMSHheX
with radiochemical yields higher than 95%. This will allow
for the omission of the purification process, a drawback
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Fig.4 The biodistribution of AlI'®F-GGNle-CycMSHj,, at 30 min, 1 h, and 3 h post-injection in C57BL/6 female mice bearing B16/F10-luc
tumors. The data are mean + standard deviation (%I1D/g). Each group’s n>4
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Fig.5 A representative bioluminescence image (a) and PET image of
AI'8F-GGNle-CycMSH,,,, at 1 h post-injection (b) in a nude mouse
bearing the B16/F10-luc cell line with different tumor sizes and vol-
umes. Left: 3 mm, 9 mm?>. Right: 4.9 mm, 19.4 mm?

of traditional '®F-labeling [30, 31]. Since Al'®F-labeling
reaction was almost quantitative, we assume that the use
of higher initial radioactivity will enable the production of
AI'®F-NOTA-GGNle-CycMSH, ., in specific activity high
enough to visualize tumor even in the presence of non-
radiolabeled ligand. As observed in our in vitro stability
test, the strong bond dissociation energy of Al-F (675 kJ/
mol) [32, 33] and the high thermodynamic stability and
kinetic inertness of the AI-NOTA complex ensured high
in vitro stability of the tracer. Taking these findings col-
lectively along with the high availability of '®F and the
simplicity of the radiolabeling process, it is apparent that
AI'8F-NOTA-GGNIle-CycMSH, ., would be a convenient
PET tracer for melanoma.

Our subsequent biological evaluations confirmed that
the change of radioisotopes from %Ga or ®Cu to Al'8F
does not significantly affect the favorable pharmacoki-
netics of NOTA-GGNle-CycMSH,,., [15, 16, 23]. The
rapid blood clearance and high tumor accumulation of
Al'"F-NOTA-GGNIle-CycMSH,, resulted in a high tumor-
to-blood ratio as early as 30 min post-injection. This result
indicates that AI'*F-NOTA-GGNIe-CycMSH,,, would pro-
vide high contrast in PET imaging even in the early phases.
AI'®F-NOTA-GGNIe-CycMSH, ., also showed a high tumor-
to-background ratio at 3 h post-injection, due to the retained
tumor accumulation and the fast whole body clearance.

Although A1'®F-NOTA-GGNle-CycMSH,, showed
high renal accumulation, the excretory pathway for the
tracer, high signal in the kidney would not affect the
detectability of a primary lesion or major metastatic
lesions of melanoma except for adrenal gland metastasis,
which commonly metastasize to lung, liver, brain, adre-
nal gland, gastrointestinal tract, and bone [34, 35]. The
low uptake in the bone indicates high in vivo stability of

@ Springer

AI'®F-NOTA-GGNIle-CycMSH,,., [23]. These results also
suggest the potential of Al'"*F-NOTA-GGNle-CycMSH,,,
as a PET tracer for melanoma detection.

Our PET imaging study revealed high detectability of
AI'F-NOTA-GGNIe-CycMSH,,... Considering the physical
half-life of '®F (110 min) and the high tumor-to-blood ratio,
we performed PET imaging at 1 h post-injection. The use of
All8F-NOTA-GGNle—CycMSHheX provided clear images and
depicted tumors smaller than 3 mm. Since the tumor thick-
ness is strongly associated with the survival of melanoma
patients (94-98% survival for melanomas < 1 mm, 75-88%
survival for melanomas 1.01-2 mm, and 24-88% survival
for melanomas 2.01-4 mm) [36, 37], early detection plays a
significant role for the prognosis.

In addition to the high availability and moderate produc-
tion cost, the use of '°F has several advantages compared
to ®8Ga and %*Cu-labeled tracers for the detection of small
tumors. For example, the suitable positron energy of '8F
(Eax: 0.63 MeV) theoretically results in improved spatial
resolution compared to that of ®*Ga, which has higher posi-
tron energy (E,,.: 1.90 MeV) [38]. The physical half-life of
8F (110 min) may also enable the centralized production
and delivery of the tracer to distant satellite centers, whereas
the short half-life of ®®Ga makes the delivery of sufficient
tracer activities to remote centers challenging. In contrast,
%4Cu has positron energy (Eax: 0.66 MeV) that is compara-
ble to that of 'F, but the physical half-life of **Cu (12.7 h) is
too long for peptide-based tracers with rapid pharmacokinet-
ics, which may cause unnecessary radiation exposure to the
patients. Although one-by-one comparisons are necessary,
AI'SF-NOTA-GGNIe-CycMSH, ., may overcome the limi-
tations related to the uses of ®*Ga and **Cu and would thus
warrant further clinical investigation.

In conclusion, we successfully prepared Al'®F-NOTA-GGNIle-
CycMSH,,, with a high radiochemical yield. AI'"*F-NOTA-
GGNle-CycMSH, ., showed high tumor accumulation
and rapid clearance from non-target organs in melanoma-
bearing mice. The use of AlI'*F-NOTA-GGNIe-CycMSH,,
enabled the clear visualization of very small tumors
in PET imaging. These findings suggest that
A1'®F-NOTA-GGNIe-CycMSH,, would be a promising
PET tracer for melanoma imaging at early stages.
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