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Abstract

Melanoma is a malignancy with increasing incidence. Although primary tumors that are localized to the skin can
be successfully treated by surgical removal, there is no satisfactory treatment for metastatic melanoma, a con-
dition that has currently an estimated 5-year survival of just 6%. During the last decade, f- or a-emitter-
radiolabeled peptides that bind to different receptors on a variety of tumors have been investigated as potential
therapeutic agents in both the preclinical and clinical settings with encouraging results. A recent study dem-
onstrated that 188-Rhenium (1¥Re)-labeled, via HYNIC ligand, fungal melanin-binding decapeptide 4B4 was
effective against experimental MNT1 human melanoma and was safe to normal melanized tissues. The avail-
ability of radiolanthanides with diverse nuclear emission schemes and half-lives provides an opportunity to
expand the repertoire of peptides for radionuclide therapy of melanoma. The melanin-binding decapeptide 4B4
was radiolabeled with 177Lu, ®*Ho, and '>*Sm via a DO3A chelate. The stability studies of Ln*-DO3A-4B4 in
phosphate-buffered saline, serum, and a hydroxyapatite assay demonstrated that '”’Lu-labeled peptide was
more stable than '**Ho- and '*’Sm-labeled peptides, most likely because of the smallest ionic radius of the
former allowing for better complexation with DO3A. Binding of Ln*-DO3A-4B4 to the lysed highly melanized
MNT1 melanoma cells demonstrated the specificity of peptides binding to melanin. In vivo biodistribution data
for 7Lu-DO3A-4B4 given by intraperitoneal administration to lightly pigmented human metastatic A2058
melanoma-bearing mice demonstrated very high uptake in the kidneys and low tumor uptake. Intravenous
administration did not improve the tumor uptake. The plausible explanation of low tumor uptake of '’Lu-
DO3A-4B4 could be its decreased ability to bind to melanin during in vitro binding studies in comparison with
185Re-HYNIC-4B4, exacerbated by the very fast clearance from the blood and the kidneys “sink” effect.
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Introduction particularly notable as an important cause of cancer among
individuals 30-50 years of age, which imposes economic

Melanoma is a malignancy with increasing incidence that  losses to society that further compound the human loss and
affects ~60,000 new patients each year in the United suffering caused by this disease. Although primary tumors
States and an estimated 132,000 worldwide." Melanoma is that are localized to the skin can be successfully treated by
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surgical removal, there is no satisfactory treatment for meta-
static melanoma, a condition that has currently an estimated
5-year survival of just 6%.2 Unfortunately, there has been little
improvement in the prognosis for metastatic melanoma in the
past 25 years.

Most melanomas are pigmented by the presence of mel-
anin. Some melanomas are called “amelanotic,” because they
are not black or darkly pigmented. However, even amela-
notic melanomas contain some melanin,>* which makes this
pigment a convenient target for development of radionuclide
therapy of metastatic melanoma. Several years ago the fea-
sibility of targeting melanin, an intracellular melanocyte
pigment, to deliver cytotoxic radiation to human melanoma
cells in vivo has been demonstrated using a fungal melanin-
binding monoclonal antibody (mAb 6D2) with promising
therapeutic results.” This approach is currently being tested
in a clinical trial in patients with metastatic melanoma.®

Another approach to specifically deliver cytocidal radia-
tion to the tumors is peptide-receptor radionuclide therapy
(PRRT), which has an established role in the therapy of some
tumors.” A recent study expanded PRRT to melanoma
treatment by performing therapy of experimental melanoma
with a beta-emitter 188-Rhenium (‘**Re)-labeled melanin-
binding deca- or heptapeptides.>” The results indicated that
185Re-labeled melanin-binding peptides had activity against
melanoma and that these reagents could be potentially use-
ful against this tumor, especially if the efficacy of the treat-
ment could be improved.

Beta-emitting radioisotopes of rare earth elements (so
called radiolanthanides) are of interest for the development
of the antibody- or peptide-directed radionuclide therapy of
melanoma for several reasons. First, a selection of half-lives,
particle energies, and ranges in tissues is available, thus al-
lowing a match with the tumor size and density and resi-
dence time of the targeting vector.'”'® Imaging and
dosimetry are facilitated by the y rays, which all radi-
olanthanides have in their nuclear decay schemes. Second, all
of the lanthanides exhibit stability in macrocyclic and acyclic
aminocarboxylate bifunctional ligands; thus, the radi-
olanthanide can be easily varied. Third, the technology for
conjugation of the bifunctional ligands to peptides and an-
tibodies is mature and radiolabeling and formation of a
stable chelate should be straightforward. The present study
describes the results of the radiolabeling of melanin-binding
decapeptide 4B4 with three different radiolanthanides—
7714, 1%Ho and '®*Sm—and the in vitro and in vivo evalu-
ation of radiolabeled peptides with the purpose of improving
peptide-targeted radiotherapy of metastatic melanoma.

Materials and Methods
General

The radiolanthanides were obtained as '**Sm, '®*Ho, and
7Lu in 0.05M HCI from the University of Missouri Re-
search Reactor. The specific activities range from 3.06 Ci/mg
for '**Ho to 25.28 Ci/mg for '”Lu on the day of shipping.
4B4 peptide and the irrelevant control decapeptide, PA1,'
were synthesized from D-amino acids with DO3A at the N-
terminus. Two PEG, 8-amino-3,6,-dioxaoctanoic acid, groups
were used as a linker to attach the DO3A moiety to the
peptide. DO3A was incorporated into the peptide sequence,
reacting a DOB3A(tri-tert-butyl)-CH,COOH with the PEG-
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dTyr-dGlu-dArg-dLys-dPhe-dTrp-dHis-Gly-dArg-dHis-CONH;

PA1:
dLeu-dGIn-dTyr-dThr-dPro-dSer-dTrp-dMet-dLeu-dVal-CONH,

FIG. 1. The peptide constructs employed in this study.
DOBA was coupled to the melanin-binding 4B4 peptide and
the irrelevant PA1 control using standard solid-phase pep-
tide synthesis techniques. Both peptide constructs were
radiolabeled with "Lu, "Ly, '®Sm, and '®°Ho. PEG, 8-
amino-3,6-dioxaoctanoic acid.

PEG linker appended to the N-terminus. The DO3A ligand
provides three carboxylate groups and an amide group to
bind to the lanthanide ion. The peptides were synthesized
using standard solid-phase peptide synthesis by Fmoc pro-
cedures from Peptide International. The formulations of the
peptides are shown in Figure 1. The DO3A-4B4 melanin-
binding peptide and the irrelevant control peptide, DO3A-
PA1, were received as trifluoroacetate salts in powdered
form, with analyzed purity (HPLC) of 96.6% and 88.5% for
4B4 and PAl, respectively. ES-MS analyses performed by
Peptide International were in agreement with the calculated
formulations. Both peptide samples were used as received
without any further purification. The peptides will be de-
noted as DO3A-4B4 or DO3A-PA1, for convenience.

Radiolabeled peptide samples were purified and analyzed
on a Rainin Dynamax HPLC (Model SD-200 pump) equip-
ped with a Dynamax UV-1/UV-vis detector and a Nal(T1)
scintillation detector (Ortec 905-3). HPLC chromatograms
were analyzed using Varian Pro STAR software (Version
6.4). The mobile phase was comprised of H,O (A) and ace-
tonitrile (B), both containing 0.1% TFA. The method devel-
oped for evaluation of radiolabeled product utilized an
initial concentration of 5% B with a linear gradient to 55% B
over a period of 25 minutes with a flow rate of 1 mL/minute.
Following the analysis, the column was equilibrated with 5%
Solvent B for a period of 10 minutes prior to the next injec-
tion. Gamma counting was performed on an automated
Perkin Elmer Wizard® Model 1470-015 5-well detector run in
an open window mode.

Synthesis of "Lu DO3A-4B4

The DO3A-4B4 peptide was dissolved in 500 uL. of am-
monium acetate buffer (0.15M, pH 6.0) to give a final con-
centration of 5.0mg/mL. One hundred microliters of the
peptide solution was diluted with 50 uL. of ammonium ace-
tate buffer (pH 5), and 20 uL of LuCl; (0.024M) in 0.05M
HCl,q stock solution was added. This provided an Lu-to-
peptide ratio of 2:1. The solution was adjusted to a pH of 5.5
using 10 uL. of 0.05M HCl,4. The reaction was heated to 90°C
for 4 hours in a heating block. This solution was used for the
mass spectral analysis and the HPLC coelution studies.
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Mass spectral analysis of "*Lu DO3A-4B4

LC-MS analysis was performed on an Agilent Technolo-
gies G6520A high resolution Q-TOF mass spectrometer at-
tached to an Agilent Technologies 1200 Capillary HPLC
system. Samples were ionized by electrospray ionization.
The instrument was controlled with Agilent MassHunter
Workstation Acquisition software (Version B.02.00) and data
were analyzed using Agilent MassHunter Workstation
Qualitative Analysis software (Version B.03.01) with Agi-
lent’s BioConfirm software installed.

Radiolabeling of Ln* peptides (Ln*="""Lu, "®®Ho,
or "°3Sm) and purification

The DO3A-4B4 peptide was dissolved in 500 uL. of am-
monium acetate buffer (0.15M, pH 6.0) to give a final con-
centration of 5.0mg/mL. Ten microliters of the peptide
solution was diluted with 50 uL. of ammonium acetate buffer
(0.15M, pH 6) and 20 uL of Ln*-chloride (Ln*="""Lu, '**Ho,
or 1%35m) stock solution was added. The reaction was heated
to 90°C for 1 hour in a heating block. Following incubation,
50 uL of 1mM EDTA was added to quench the reaction and
scavenge any unreacted Ln*. For coelution studies, a spike of
the macroscopic "™'Lu-DO3A-4B4 (50 L) was added prior to
injection on the HPLC. Radiolabeling of the DO3A-PA1
control peptide followed the same procedure as that used for
the 4B4 analog. The Ln*DO3A-4B4 and Ln*DO3A-PA1 were
purified before in wvitro and in vivo assays as follows: the
appropriate radio peak was collected and 500 uL. of NH,OAc
was added to the sample to prevent acid degradation. The
sample was lyophilized overnight. Following lyophilization,
samples were redissolved in 500 uL of phosphate-buffered
saline (PBS) and used for the in vitro assays.

In vitro stability

PBS assay. For PBS stability, DO3A-4B4 and DO3A-
PA1 were radiolabeled and purified as described earlier.
Following lyophilization, samples were redissolved in 500 uL
of PBS (pH 7.4) and incubated at 37°C in a heating block. At
each time point, a 100 uL sample was removed and injected
on the HPLC to determine complex stability.

Hydroxyapatite assay. A modification to the hydroxy-
apatite (HA) assay procedure previously reported'® was
followed. Samples were analyzed at 24-hour time intervals
from 0 to 5 days. To 5-mL scintillation vials, 0.125g of 40%
(by weight) HA solution and 2mL of 50mM TRIS with
0.01mM CaCl, (pH 7.5) were added. Subsequently, 25 uL of
purified radiolabeled peptide in PBS was added to each
sample. To separate the liquid phase, an Acrodisc® (0.45 um)
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was attached to a 20-mL syringe, and the contents of the
scintillation vial was put into the syringe and pushed
through the Acrodisc. The sides of the scintillation vial were
washed with 8 mL of water and the wash water was pushed
through the syringe. To separate the solid phase, 10 mL of
1.3N HNO; was added to digest the solid material and
pushed through the Acrodisc. Samples were counted using a
Perkin-Elmer Nal gamma scintillation counter. Each time
point consisted of five samples; each sample was counted for
a period of 1 minute. All samples were counted following
a period of 120 hours to eliminate the need for decay
corrections.

Serum stability assay. The '”"Lu DO3A-4B4 peptide was
evaluated over a period of 72 hours using a modification to
the procedure previously reported.'® Briefly, 100 uL of the
lyophilized radiolabeled peptide was added to 400 uL of
human serum and incubated at 37°C. A 100 uL aliquot was
removed for each time point, diluted with 200 uL of PBS (pH
7.4), and filtered using a 0.45-um filter, after which, 100 uL
injections of the samples were analyzed using an SE-HPLC
equipped with a TosoHaas size exclusion column (TSKGel®
G4000 SW 30cm x7.5mm). The mobile phase consisted of
1.0mM PBS (pH 7.4) at a flow rate of 1.0mL/minute. The
percentage of intact complex was determined by the total
area under the radiopeak at the appropriate retention time
compared with the total of the spectra.

In vitro binding assay

The Ln*-DO3A-Peptide (Peptide=4B4 or PAl) samples
were prepared and purified as described earlier and the
appropriate radiopeak was collected and lyophilized over-
night and reconstituted in 500 uL of PBS (1.5mM, pH 7.4).
Following reconstitution in PBS, a 55uL aliquot was re-
moved from each sample to perform a QC analysis using RP-
HPLC. The final volume of the samples was 445 uL. Peptide
concentrations were estimated using the UV absorbance of
the species at 260 nm from the HPLC trace and a previously
prepared standard curve. The specific activities of the puri-
fied radiolabeled peptides are given in Table 1.

Highly pigmented human melanoma cells MNT1 (a kind
gift from Dr. V. Hearing, NIH, Bethesda, MD) were grown in
MEM/20% fetal bovine serum medium. The binding of Ln*-
DO3A-4B4 and irrelevant control peptide Ln*-DO3A-PA1 to
MNT1 cells was evaluated by incubating (20ng/mL) with
0.25-2.0x 10° osmotically lysed cells. After incubation for 1
hour at 37°C with gentle shaking, the cells were collected by
centrifugation, the supernatant was removed, the cell pellet
was washed with PBS, and the pellet and the supernatant
were counted in a gamma counter to calculate the percentage

TABLE 1. SPECIFIC ACTIVITIES OF PURIFIED RADIOLABELED PEPTIDES

Lu-177 Sm-153 Ho-166
DO3A-PA1 DO3A-4B4 DO3A-PA1 DO3A-4B4 DO3A-PA1 DO3A-4B4
Total activity (mCi) 1.16 1.2 1.49 1.68 1.58 1.71
Concentration (mCi/mL) 2.522 2.609 2.98 3.36 3.435 3.717
SA (mCi/mg) 42.757 32.38 13.817 20.923 16.846 20.487

The melanin-binding peptide is DO3A-4B4 and the control peptides are DO3A-PAL.
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of peptide binding to the cells. As an additional control for
proving the specificity of Ln*-DO3A-4B4 peptide binding,
the MNT1 cells were also preincubated with an excess
(50 ug/mL) of unlabeled DO3A-4B4 for 1 hour before the
addition of Ln*-DO3A-4B4.

In vivo biodistribution

All animal studies were carried out in accordance with the
guidelines of the Institute for Animal Studies at the Albert
Einstein College of Medicine. For the purpose of biodis-
tribution, female nude mice were inoculated with ~8x10°
A2058 human melanoma cells by a subcutaneous injection
(100 uL of the cell growth medium) into the right flank.
Tumors were allowed to grow for 10 days and reached 0.3—
0.7cm in diameter. To determine the in vivo fate of the
melanin-binding peptide, 48 mice were divided into 2 groups
of 24 mice, with 1 group being injected intraperitoneally
with 100 uL "Lu-DO3A-4B4 and the other with 100 uL
77Lu-DO3A-PAL1 intraperitoneally. Mice were sacrificed at 1,
3, 24, 48, 120, and 168 hours, with 4 mice per time point.
Organs and tumors were collected, weighed, and counted on
a gamma counter and the percentage of injected dose per
gram of tissue (%ID/g) was calculated.

To compare the intraperitoneal (i.p.) injection with intra-
venous (i.v.) administration, a subsequent biodistribution
study was performed using similar methods to those de-
scribed above substituting i.v. injection, administered via the
tail vein, in place of the i.p. injection. A total of 15 mice were
used, divided into 4 groups, one receiving an i.v. injection
of 7Lu-DO3A-4B4, one receiving an iv. injection of
77Lu-DO3A-PA1, one receiving an i.p. injection of "Lu-
DO3A-4B4, and the other receiving an i.p. injection of Y u-
DO3A-PAL. Mice were sacrificed at 3 and 72 hours. Organs
and tumors were collected and counted on a gamma counter
and the %ID/g was calculated.

Results
Synthesis

The peptide constructs and the schematic of the lanthanide
complexes are shown in Figure 1. ESI-MS of the melanin-
binding peptide DO3A-4B4 showed a single peak with m/z
of 2090.26 (calcd.: 2090.05) and the control peptide DO3A-
PA1 of 1884.01 (calcd.: 1883.90), verifying the integrity of
these peptides. Amino acid sequencing was consistent with
the formulation of the peptides.

The "™ Lu-DO3A-4B4 construct was prepared by heating a
2:1 ™LuCly3H,0:DO3A-4B4 solution, pH 5.5, at 90°C. The
high-resolution ESI-MS data for "**Lu-DO3A-4B4 support the
molecular formula for the structure shown in Figure 1.
Supplementary Figure S1 (Supplementary Data are available
online at www.liebertonline.com/cbr) shows the overall
mass spectral data as well as the individual +4, +3, and +2
charge state regions. For each charge state, the observed m/z
values show excellent agreement with the calculated m/z
values (Supplementary Table S1). This construct was used
for coelution studies.

Radiolabeling

Initial radiolabeling was performed with '"Lu and the
radiochemical yields were determined by radio-HPLC (Fig. 2).
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FIG. 2. HPLC trace of "LnDO3A-4B4 coinjected with
77Lu-DO3A-4B4. The coelution of the '”’Lu and ™Ln pep-
tide complexes demonstrates that the '"’Lu complex pos-
sesses the same chemical structure of the characterized
"'LnDO3A-4B4.

Radiolabeling yields were optimized for pH, temperature,
incubation time, and peptide concentration. The results of
these experiments are illustrated in Figure 3. The details of
the optimization experiments are given in Supplementary
Table S2. First, the pH was varied at constant concentration
(10 uM), temperature (37°C), and time (1 hour). A pH of 6
was chosen and the reaction temperature was varied (con-
centration: 10 uM; time: 1 hour). The ligand concentration was
varied next at constant pH 6, temperature 37°C, and 1 hour
time. Finally, the reaction time was varied as a function of
temperature 37°C, pH 6, and 1 uM ligand concentration. Re-
action temperatures of 37°C or greater were found to achieve
90+ % radiolabeling yield. The labeling yield was quite sen-
sitive to ligand concentration and time. For example, the
DO3A-4B4 ligand concentration of 0.1 M resulted in 70%
radiolabeling yield, whereas a 10-fold higher ligand concen-
tration resulted in 98% yield. At least 1 hour was necessary to
achieve >90% labeling at 37°C. The final conditions were pH
6, 90°C, 1 hour time, and 1 uM ligand concentration.

In vitro stability

To probe the stability of the radiolabeled complex in vitro,
samples were evaluated using PBS, HA, and human serum.

PBS stability assays. For analysis of stability in PBS
solution, RP-HPLC was utilized, and the percentage of intact
complex was determined by the total area under the peak at
the appropriate retention time compared with the total area
of the HPLC. These data, presented in Table 2, show that the
Ln* DO3A-4B4 and '""Lu-DO3A-PA1 complexes are stable
over 72 hours. There was no statistical difference in the
complex stability of '”/Lu- or '**Ho-labeled peptides through
72-hour time period. However, the '*Sm analog showed a
marked decrease in stability when compared with the other
two isotopes.

HA stability assays. Table 3 shows the results of the HA
assays. The '7"Lu/"**Sm/'**Ho DO3A-4B4 shows 85%-90%
complex stability in solution at 24 hours and decreases to
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FIG.3. Optimization of the radiochemical yield for labeling reactions of DO3A-4B4 with '”"Lu. The radiochemical yield was
determined by counts under the radiopeak of '”Lu-DO3A-4B4 divided by the counts in the total spectra.

around 78%-80% complex stability in solution at 120 hours.
There was no statistical difference between the three iso-
topes. The '”7Lu-DO3A-PA1 showed a higher stability to HA
from 24 to 96 hours.

Serum stability assay. For the purpose of the serum
stability studies, '”’Lu was used for radiolabeling. The serum
stability assay for the 77Lu-DO3A-4B4 is illustrated in Table
4. The time points and the % of intact 77Lu-DO3A-4B4, as
determined from SE-HPLC, are shown. The % intact radio-
labeled complex slightly decreases with time when incubated
in human serum over a period of 72 hours.

In vitro binding assay

In vitro binding was performed with highly melanized
MNT1 melanoma cells for the reason that the abundant
melanin in MNT1 cells facilitates the experimental procedure
by distinguishing the melanin pellet from cellular debris after
cell lysis. Figure 4 illustrates the binding of the Ln-DO3A-4B4
complexes to the MNT1 cells. The data are presented in
Supplementary Table S3. Peptide binding to melanin was
evaluated using highly pigmented MNT1 cells, which were
lysed prior to addition of the radiolabeled peptides. The
77Lu-DO3A-4B4 shows a rapid binding to the melanized
cells and reaches saturation after a cell concentration of

TABLE 2. STABILITY OF THE RADIOLABELED DO3A-4B4 AND DO3A-PA1 IN PHOSPHATE-BUFFERED SALINE ASSAYS

71 u-DO3A-4B4

71 u-DO3A-PA1

166 Ho-DO3A-4B4 15381m-DO3A-4B4

Time (hours) Average Standard deviation Average Standard deviation Average Standard deviation Average Standard deviation

24 99.56 0.53 95.63 2.84
48 99.05 0.74 82.94 2.39
72 96.23 6.21 84.21 2.13
96

99.08 1.01 91.61 2.33
96.17 3.17 87.22 7.29
93.11 5.83 76.42 3.00
92.27 243

The time points and the percentage of intact radiolanthanide complex as determined by RP-HPLC are shown.
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TaBLE 3. RADIOLANTHANIDE DO3A-PEPTIDE STABILITY: HYDROXYAPATITE STABILITY ASSAYS

Y71 u-DO3A-4B4 Y7Lu-DO3A-PA1

1936m-DO3A-4B4 16619-DO3A-4B4

Time % Standard Time % Standard Time % Standard Time % Standard
(hours) intact deviation ~ (hours) intact deviation  (hours) intact deviation  (hours) intact deviation
0 100.00 — 0 100.00 — 0 100.00 — 0 100.00 —
24 85.16 3.12 24 97.00 2.35 24 86.33 5.02 24 91.84 6.11
48 84.14 2.97 48 95.77 3.61 48 86.13 4.55 48 87.67 8.01
72 83.89 3.03 72 95.33 3.29 72 85.76 5.42 72 86.52 6.53
96 79.73 2.96 96 92.03 3.27 96 79.20 5.97 96 83.67 5.02
120 79.77 2.79 120 85.01 6.09 120 78.77 6.23 120 80.47 5.58
n=10 n=>5 n=>5 n=>5

The time points and the activity remaining in solution when contacted with hydroxyapatite solid are shown. The % intact indicates the
activity remaining in solution compared with the total activity (solution plus solid hydroxyapatite).

1x10°. Both '**Ho and '*Sm exhibit a similar binding profile
though the initial specific activity of the radiolanthanide is
lower than that of '”“Lu. The control peptides, '”"Lu, '**Ho,
and '%Sm DO3A-PA1, show no binding to the cells and
experiments adding a blocking peptide DO3A-4B4 peptide
prior to the radiolabeled peptides also show little or no
binding to the cells.

In vivo biodistribution

In vivo biodistribution data were obtained with A2058
tumors, because the MNT1 cell line has lost its tumor-
igenecity in nude mice several generations ago and thus
cannot be utilized for tumor induction in mice, whereas
A2058 has a 100% tumor take in nude mice. The A2058
tumors become visibly necrotic at ~20 days postinduction,
which means that there are multiple isles of necrosis within
the tumors long before that which makes melanin in non-
viable necrotic cells available for peptide binding.'” In the
present study, the same in vivo model was utilized for
185Re-labeled peptides biodistribution.®”

The biodistribution of ”’Lu-DO3A-4B4 and 'Lu-DO3A-
PA1, administered by i.p. injection is shown in Table 5. Data
for 7Lu-DO3A-4B4 show high uptake by the kidneys. By
comparison, the activity within the bone is very low, which
indicates that the 'Lu remains in the chelate in vivo. The
PA1 analog shows low retention within all organs and no
discernable tumor uptake was observed. The lower than
expected uptake within the tumor of the '/Lu-DO3A-4B4
complex is most probably due to rapid removal from the
blood pool by the kidneys.

The comparison of average %ID/g for both i.p. and i.v.
injection methods is given in Table 6. The 4B4 analogs show

TABLE 4. RADIOLANTHANIDE DO3A-PEPTIDE STABILITY:
SERUM STABILITY

Time (hours) Average Standard deviation
0 99.31 0.64

24 93.62 3.20

48 85.08 5.39

72 80.31 4.85

The time points and the average % activity of the '”"Lu DO3A-4B4
upon incubation in serum are shown (1=3).

clearance through the kidney in both i.p. and i.v. models,
although the i.v. administration shows about 50% less up-
take in the kidney at 3 hours and about 33% less uptake at 72
hours. Generally, all organs show lower uptake for all time
points in the i.v. model. The PA1 shows similar uptakes in
organs and tumors in both injection models.

Discussion

During the last decade, f- or a-emitter-radiolabeled pep-
tides that bind to different receptors on a variety of tumors
have been investigated as potential therapeutic agents in
both the preclinical and clinical settings with encouraging
results.”'® Preclinical studies of the radiolabeled peptides in
melanoma treatment have concentrated on melanin or mel-
anin synthesis-associated substances as targets for PRRT. For
example, the metal-cyclized alpha-melanocyte-stimulating
hormone (MSH) peptide analogs such as Re-(Arg'")CCMSH
and Re-CCMSH are suitable for the incorporation of Re
isotopes such as 188Re or '®°Re, radioiodination, or attach-
ments of various radiometals, for example, Y711 or #2Bi via
bifunctional chelating agents such as DOTA (reviewed by
Miao and Quinn'®). The authors of the present study have

*Ln-4B4 Binding Assay
100

80

Peptide Binding to the cells, %

—
1
0 0.5 1 15 2
Cells ( x 10%)
--177Lu-4B4 -= 1535m-4B4 - 166H0-4B4 -—=Control =+Blocked

FIG. 4. Cell binding assay of *Ln-DO3A-4B4 in highly
pigmented MNTT1 cells. Cells were osmotically lysed prior to
addition of the radiolabeled complex. For the blocking ex-
periment, 50 ug/mL DO3A-4B4 peptide was used before
addition of radiolabeled peptides. Data are given in Sup-
plementary Table S3.
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recently demonstrated that 188Re-labeled, via HYNIC ligand,
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TABLE 6. COMPARISON OF INTRAVENOUS AND INTRAPERITONEAL INJECTION METHODS FOR BIODISTRIBUTION
IN A 2058 HumAN METASTATIC MELANOMA TUMOR-BEARING NUDE MICE

71 u-DOTA-4B4 (%ID/G)

Y71 u-DOTA-PA1 (%ID/G)

Organ 3 hours (i.v.) 3 hours (i.p.) 72 hours (i.v.) 72 hours (i.p.) 3 hours (i.v.) 3 hours (i.p.) 72 hours (i.v.) 72 hours (i.p.)
Blood  0.06+0.003 0.08+£0.04  0.03%£0.01 0.04+0.03  0.11£0.03 0.13£0.02  0.01£0.002  0.06+0.03
Lung 0.33£0.11  0.25+0.13  0.06+0.01 0.20+0.11  0.18%0.10 0.14£0.03  0.17£0.01 0.07£0.02
Heart  0.06+0.02  0.11+£0.04  0.04£0.001 0.06+0.002 0.10+0.01 0.11+0.02  0.04+0.01 0.07+0.02
Spleen  0.43+0.3 141+0.05 0.32+0.2 0.82+0.05  0.25+0.30 0.27+0.03  0.16+0.02 0.20£0.06
Liver 2.49+0.9 3.57+2.3 1.00+£0.15 2.55+£0.51  0.56+0.57 0.57+0.04  0.27+0.03 0.19£0.002
Kidney 39.56+1.7  68.05+36.4  7.02+0.30 21.32+4.1 1.66+£0.002 2.83+£0.21  0.35+0.03 0.49+0.05
Bone 0.23+£0.01  0.43+0.08 0.91+0.83 0.59+0.30  0.26%0.05 0.30£0.03  0.53%0.05 0.78+0.59
Tumor 0.15£0.03  0.20+0.1 0.21+0.14 0.12+0.04 2.28+28 0.23+0.03  0.09+0.03 0.18£0.02
Muscle 0.03+0.04  0.06%£0.002 0.06%0.006 0.05+0.003 0.06%£0.008 0.07+0.03  0.06+0.01 0.08£0.007

Injection mode: i.v., intravenous; i.p., intraperitoneal.

77Lu-labeled DO3A-conjugated mAb cc49 were performed.
Interestingly, at later time points, the stability of '*Ho-
DO3A-cc49 and "Lu-DO3A-cc49 antibodies in the above
assays, reported by Miao and Quinn,” was ~10% higher
than that of '**Ho-DO3A-4B4 and '"Lu-DO3A-4B4 peptides
in the present study, although the form of the DO3A ligand
in both studies was the same—one carboxyl group sacrificed
for the attachment to the mAb or the peptide. A possible
explanation could be the steric stabilization of Ln*-DO3A
complexes attached to the mAb by secondary interactions
with various functionalities on the mAb. Alternatively, as
4B4 peptide carries a strong positive charge, the radiolabeled
peptide could bind to some extent via electrostatic interac-
tion to the negatively charged protein or HA components,
creating the impression of instability.

The biological half-life of unmodified 4B4 has not been
determined. However, for these and previous studies using
185Re-HYNIC-4B4 and other melanin-binding peptides, the
constructs have been synthesized entirely from D-amino
acids.*” The synthesis of the peptides using D-amino acids is
a technique that is known to extend the biological half-lives
of peptides from minutes to several hours.”® This and the
introduction of the DO3A moiety may have contributed to
the serum stability of the 77Lu-DO3A-4B4, which was
comparable to the 188Re-HYNIC-4B4,® for which at 72 hours,
80% of the '"Lu activity was still associated with the pep-
tides and not with plasma proteins (Table 4).

Binding of Ln*-DO3A-4B4 to the lysed highly melanized
MNT1 melanoma cells demonstrated the specificity of peptides
binding to melanin, with 7Lu-DO3A-4B4 binding ~50%
better than "*Ho-DO3A-4B4 and '**Sm-DO3A-4B4 most likely
because of the higher specific activity of the ”’Lu-DO3A-4B4.
Overall, the binding of Ln*-DO3A-4B4 to the lysed MNT1 cells
was on average twofold lower than the binding of ®*Re-HY-
NIC-4B4 to these cells, which might be due to the much higher
specific activity of the latter. '®Re is carrier-free, whereas the
radiolanthanides used in this study possess carrier.

The cell binding data were obtained in the presence of
equimolar amounts of peptides, 20ng/mL for every sample
in the assay. Thus, the approximately threefold higher spe-
cific activity of '""Lu-labeled peptide translated into three
times higher binding of this peptide to the cells in compari-
son with '*Ho- and '**Sm-labeled peptides. This is consis-
tent with the differences in binding due to the differences in
specific activities. In addition, an Ln*-DOTA complex, which

is attached to 4B4 by a flexible PEG-PEG linker and is much
larger than the "®*Re-HYNIC complex, might interfere with
the binding to melanin. Hence, in the present study, it was
chosen to move forward with in vivo biodistribution for the
771 u-DO3A-4B4 that exhibited the highest binding to MNT1
melanoma cells among the radiolanthanides tested.

In vivo biodistribution data for '"Lu-DO3A-4B4 given
intraperitoneally to lightly pigmented human metastatic
A2058 melanoma-bearing mice demonstrated very high up-
take in the kidneys and low uptake in the tumor; the uptake
in the tumor was not melanin-specific when compared with
the biodistribution of the control peptide '"Lu-DO3A-PA1.
When the iv. route was investigated, the kidney uptake
decreased almost twofold to the values observed for '**Re-
HYNIC-4B4 in the same melanoma model; however, this
change in the route of administration did not improve the
tumor uptake of Y71 ,u-DO3A-4B4, which remained low
(0.15% ID/g) at 3 hours p.i. in comparison with ~1% ID/g
for '®®Re-HYNIC-4B4.® The plausible explanation for low
tumor uptake of “Lu-DO3A-4B4 could be its decreased
ability to bind to melanin in comparison with '**Re-HYNIC-
4B4 as seen during in vitro binding studies exacerbated by
the kidneys “sink” effect. In the present study, it was, how-
ever, not attempted to block the kidneys with positively
charged amino acids such as Dp-lysine, as such attempts were
unsuccessful when '®*Re-HYNIC human tumor melanin-
binding peptides were used.’ It has been recently convinc-
ingly demonstrated that high uptake of many peptides used
in PRRT in the kidney is due to the multiplicity of mecha-
nisms and is not simply due to electrostatic interactions.**

There are potentially four reasons for the differences in
biodistribution comparing the '**Re-HYNIC-4B4 and '""Lu-
DO3A-4B4. Very likely, stability is not an issue as there was
very little uptake in the bone or liver for both constructs. The
issues that likely impact biodistribution lie with (1) the
structures and sizes of the chelates, (2) charges of the che-
lates, (3) the moieties linking the chelate to the B4B peptide,
and (4) the half-life of the radionuclide.

The structures of '**Re-HYNIC-4B4 and '”/Lu-DO3A-4B4
conjugates are quite different and charges are likely different.
Although chemically robust, the “™Tc and Re-HYNIC coli-
gand species are poorly characterized at the tracer level.”” Tt
is considered that multiple species exist under physiological
conditions. The HYNIC moiety can coordinate as a mono-
dentate or bidentate ligand, and if HYNIC coordinates in a
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1:1 stoichiometry (as demonstrated by mass spectroscopic
data), a “coligand” is required to complete the coordination
sphere. In the case of 188Re-HYNIC-4B4, the coligand is
gluconate. Tt is possible that the '**Re (V) is coordinated to
HYNIC and gluconate without an oxo or halide ligand.*® The
coordination and the charge are not well defined. The degree
of deprotonation of the coligand remains unsolved under
physiological conditions, and therefore, the charge of the Re-
HYNIC-gluconate complex is not known. Very likely, the
188Re-HYNIC complex is a fairly compact structure. Unlike
the Y"Lu-DO3A-4B4, there are no PEG units as linkers in the
185 Re-HYNIC-4B4.

On the other hand, the structures of lanthanide DO3A
complexes and lanthanide DOTA complexes are fairly well
known, including their s’cereochernistry.”’30 In this case, the
77Lu-DO3A is likely heptacoordinate with the DO3A ligand
bound to the ""Lu(Ill) center and likely a secondary inter-
action to the amide of the linker linking to the PEG. The
charge of the "”Lu-DO3A complex is neutral. The complex is
linked to the 4B4 peptide via two PEG units. In summary, the
charge of the complex (unknown for 'Re-HYNIC and
neutral for 177L1.1—D03A), their size, and their hydrophilicities
(that are higher for the '"Lu-DO3A because of the PEG
units) may account for the differences in biodistribution.

A salient difference between the '®*Re-HYNIC-4B4 and
77Lu-DO3A-4B4 constructs is the PEG-PEG linker. This lin-
ker may be too hydrophilic, resulting in fast clearance. There
are several examples wherein the linker can have a drastic
impact on peptide affinity. The impact of linkers have been
observed in thorough studies on the development of Cu-64
bombesin constructs.’’** It may be important in future
studies to identify different linker technologies that offer
more hydrophobicity to the construct to keep them in the
blood stream longer, to potentially increase tumor uptake.
Also, different ligands that may impart a different overall
charge to the complex may be examined, for example, the
DOTA and DTPA ligands.

Finally, the half-life is likely very important in realization
of therapeutic efficacy.'’ ™" '””Lu was chosen because of the
higher melanin-binding ability compared with '®Ho and
1555m. However, the half-life of '®*Ho (26 hours) is closest to
that of '®¥Re (16.9 hours) and may have the optimal half-life
to match the residence time of the 4B4 peptide.

In conclusion, this study is an initial examination of radi-
olanthanide peptide constructs for therapy of melanoma. The
constructs show binding to melanin that is dependent on the
specific activity. Further optimization of the chelate, linker, and
radiolanthanide is required to achieve therapeutic applications.
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