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New effective therapies are greatly needed for metastatic uveal
melanoma, which has a very poor prognosis with a median survival

of less than 1 y. The melanocortin 1 receptor (MC1R) is expressed in

94% of uveal melanoma metastases, and a MC1R-specific ligand

(MC1RL) with high affinity and selectivity for MC1R was previously
developed. Methods: The 225Ac-DOTA-MC1RL conjugate was syn-

thesized in high radiochemical yield and purity and was tested

in vitro for biostability and for MC1R-specific cytotoxicity in uveal
melanoma cells, and the lanthanum-DOTA-MC1RL analog was

tested for binding affinity. Non–tumor-bearing BALB/c mice were

tested for maximum tolerated dose and biodistribution. Severe

combined immunodeficient mice bearing uveal melanoma tumors
or engineered MC1R-positive and -negative tumors were studied

for biodistribution and efficacy. Radiation dosimetry was calculated

using mouse biodistribution data and blood clearance kinetics from

Sprague–Dawley rat data. Results: High biostability, MC1R-specific
cytotoxicity, and high binding affinity were observed. Limiting toxic-

ities were not observed at even the highest administered activities.

Pharmacokinetics and biodistribution studies revealed rapid blood
clearance (,15 min), renal and hepatobillary excretion, MC1R-specific

tumor uptake, and minimal retention in other normal tissues. Radiation

dosimetry calculations determined pharmacokinetics parameters and

absorbed α-emission dosages from 225Ac and its daughters. Efficacy
studies demonstrated significantly prolonged survival and decreased

metastasis burden after a single administration of 225Ac-DOTA-

MC1RL in treated mice relative to controls. Conclusion: These

results suggest significant potential for the clinical translation of 225Ac-

DOTA-MC1RL as a novel therapy for metastatic uveal melanoma.
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Uveal melanoma is the most common primary intraocular
malignancy and differs from the more common cutaneous mela-

noma in terms of risk factors, primary treatment, anatomic spread,

molecular changes, and response to systemic therapy (1,2). Patients

who develop uveal melanoma metastases, primarily in the liver,

have a very poor prognosis with a median survival of about 1 y.

Because uveal melanomas have different characteristic mutations

from cutaneous melanomas, targeted therapies that have been ef-

fective for the latter, such as BRAF, are not indicated for the

former (3). Immune checkpoint inhibition therapies that are suc-

cessful in cutaneous melanoma have had poor efficacy in ocular

melanoma, with fewer than 10% of patients responding and with

rapid recurrence (3).
The melanocortin 1 receptor (MC1R) is highly expressed in

uveal melanoma metastases (4). MC1R is a member of a family of

5 G-protein–coupled melanocortin receptors, 4 of which bind me-

lanocyte-stimulating hormone (MSH) and related ligands (MC1R,

3R, 4R, and 5R) (5). Unlike the other members of this G-protein

family, MC1R is not expressed in most normal human tissues (6),

lessening concern for therapy-related toxicity. Although expression

is found in the brain (7) and normal melanocytes (8), this is not a

major concern because conjugates can be designed to not cross
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the blood–brain barrier and, in the most severe cases of melanocyte
loss, the most serious symptom is vitiligo (9). MC1R expression has
been reported on activated monocytes, macrophages, and dendritic
cells derived from monocytes (10). This is also not a significant
concern since the population of activated monocytes and macro-
phages can be replenished within days and lymphoid dendritic cells,
which do not express MC1R, will not be depleted. MC1R is highly
polymorphic (11), but the wild-type frequency is about 50% (8) and
the most common mutations occur with a frequency of 21.5% in
cytoplasmic domains, 19.7% in transmembrane domains, and 0% in
the extracellular domain (11). Hence, most patients will have an
MC1R isoform that is suitable for ligand binding. An MC1R-spe-
cific ligand (MC1RL) and conjugates were previously developed
with high specificity (.200 fold) and affinity (0.2–0.4 nM inhibi-
tion constant) for MC1R (12,13). A fluorescent-dye conjugate was
rapidly internalized by MC1R-expressing tumor cells, does
not cross the blood–brain barrier, and is rapidly cleared from
circulation (7).
Herein is reported the preclinical development and testing of a

novel MC1R-targeted radiopharmaceutical, 225Ac-DOTA-MC1RL,

for targeted a-particle therapy (TAT) (14,15) of uveal melanoma.

a-particle emissions consist of dicationic helium nuclei (He21) that

have high linear-energy transfer and a short mean free path of

only a few cell diameters (,100 mm) in tissue (16). 225Ac is an

a-particle–emitting radionuclide that has a 10-d half-life (17), 4

a-emissions in its decay chain, and high (28 MeV) total energy

release (18).

MATERIALS AND METHODS

Compound Synthesis and Loading with Lanthanide

MC1RL (13) was synthesized according to a conventional Na-fluo-
renylmethyloxycarbonyl (Fmoc) peptide synthesis strategy, except the

Fmoc-Lys(Alloc)-OH was coupled to allow orthogonal alloc depro-
tection of the linker on the e-amino group of the lysine after the linear

peptide synthesis. The alloc group is removed, and Fmoc-aminohexanoic
acid linker and tri-t-butyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetate (DOTA; TCI Chemicals) were coupled sequentially using
O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-

fluorophosphate activation. The DOTA-MC1RL peptide was cleaved

from the resin with a cocktail of trifluoroacetic acid (Chem-Impex In-

ternational), water, and triisopropylsilane (Sigma-Aldrich) (95:2.5:2.5,
v/v), precipitated in cold diethyl ether, pelleted/decanted, and lyophilized.

The crude white powder was purified by reverse-phase high-performance
liquid chromatography (Agilent) and characterized by both matrix-assisted

laser desorption/ionization time-of-flight mass spectroscopy (JEOL
USA Inc.) and analytic high-performance liquid chromatography. A

scrambled peptide ligand (DOTA–substance P [SP]) was synthesized
by changing the order of amino acids (sequence: 4-phenylbutyric acid-

Trp-Gly-His-Arg-(D)-Phe-Lys(aminohexanoic acid-DOTA)-CONH2).
The europium–diethylenetriaminepentaacetic acid (DTPA)–MC1RL

was synthesized as described before (19) except that MC1RL was used
as the binding ligand (Supplemental Figs. 1A–1C; supplemental mate-

rials are available at http://jnm.snmjournals.org). Competition bind-
ing assays were performed as previously described using the

europium-DTPA-NDPa-MSH ligand. The europium-DTPA-MC1RL
binding affinity was determined using saturation binding assays. To

determine MC1RL binding affinity for murine MC1RL, saturation bind-
ing assays were performed using the europium-DTPA-MC1RL and

B16-F10 murine melanoma cells with high expression of murine

MC1R (12).

Cell Culture and Characterization

Uveal melanoma cell lines were acquired (OCM1, OCM3, and

OCM8 from June Kan-Mitchel, University of Southern California;

FIGURE 1. Radiochemical synthesis of 225Ac-DOTA-MC1RL.

TABLE 1
In Vitro Serum Stability of 225Ac-DOTA-MC1RL

% intact

Day Thin-layer chromatography scanner γ-counter

0 100 100

2 97.3 ± 0.5 96.9 ± 0.4

4 95.6 ± 1.1 95.1 ± 0.8

6 93.5 ± 0.8 93.2 ± 1.3

8 91.4 ± 1.2 91.0 ± 0.9

10 90.2 ± 0.7 89.9 ± 1.3
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OMM1 from Gregorius P. Luyten, University Hospital at Rotterdam;

and MEL270, MEL290, and OMM2.3 from Timothy Murray, Bascom
Palmer Eye Institute) and grown in RPMI medium, 10% fetal bovine serum,

a 100 units/mL concentration of penicillin, a 100 mg/mL concentration of
streptomycin, 1% 200 mM L-glutamine, 1% 100 mM sodium pyruvate, 1%

minimal essential medium essential vitamin mixture (·100), 1%
nonessential amino acid mixture (·100), and 1% 1 M (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) in 5% CO2 at 37�C. A375, A375/MC1R
human cutaneous melanoma cells, and Hek293/MC1R cells were

obtained and grown as before (12,20). Cells were authenticated per
American Type Culture Collection guidelines (21), monitored for

original morphology, and tested forMycoplasma (MycoAlert kit; Lonza),
and only passage numbers of less than 25 cells were used. MC1R

expression and receptor number were determined as previously de-
scribed (12,13) except that europium-DTPA-MC1RL was used for

saturation binding. Cytotoxicity was determined as described in Sup-
plemental Figure 2.

Radiochemical Synthesis and Characterization

DOTA-MC1RL or DOTA-SP (10 mg/10 mL of water), 225Ac(NO3)3
(3.4 MBq), 90 mL of water, and 10 mL of 20% L-ascorbic acid were
added to a 1.5-mL tube followed by pH adjustment to 5.5–6 (1 M Tris

buffer;10–12 mL) and incubation at 60�C for 1 h (Fig. 1). Specific
activity was calculated using a standard method (22). Radiochemical

purity was assessed 24 h after collection by a g-counter, and in vitro
serum stability was determined by adding 50 mL of 225Ac-DOTA-

MC1RL (2,072 kBq) to 1 mL of human serum (n 5 4), incubated at
37�C for 10 d, and quantified at multiple time points by thin-layer

chromatography and g-counting using established methods (23).

Animal Studies

All protocols were approved (University of
South Florida Institutional Animal Care and

Use Committee protocol IS00000805 and

Wake Forest University Health Sciences In-
stitutional Animal Care and Use Committee

protocol A11-144). Male and female animals

were used. Sprague–Dawley rats, 10–12 wk
old and weighing 200–250 g, were purchased

with jugular vein catheters installed (Charles
River). Nontumor studies used BALB/c mice

(10–12 wk old, 18–22 g; Charles River). Se-

vere combined immunodeficient (SCID) mice
(6–8 wk old, 15–20 g; Charles River) were

used for xenografting cell lines. Tail vein catheters were used for agent

administration to mice.
For xenografting, 10 · 106 cells in 80 mL of phosphate-buffered

saline and 20 mL of Matrigel (phenol red–free; Corning) were injected
subcutaneously into the flank. Tumor volumes were determined by

caliper using the following formulas: volume 5 (length · width2)/2

for A375 and A375/MC1R, and volume5 (length · width · height)/2
for MEL270 tumors, which were initially flat with a gradual shift to a

rounded shape.

Histology and Immunohistochemistry

Excised tissues were prepared for histology, hematoxylin and eosin

staining, MC1R immunohistochemistry staining, and slide scanning as
previously described (12). Metastasis burden was determined using

images of 3 sections (25%, 50%, and 75%) through each liver and

lung. Metastasis area was determined by segmentation using intensity
and size threshold classifiers on the triple-red channel (Visiopharm

software, version 6.7.0.2590). Total tissue area was determined with

an intensity threshold classifier on the immunohistochemistry inten-
sity channel, and the percentage metastasis was calculated.

To quantify MC1R expression in tumors, images from serial hema-
toxylin and eosin and immunohistochemistry sections were analyzed

using Visiopharm, version 2017.7. Each serial section pair (hema-

toxylin and eosin and immunohistochemistry) was aligned using the
tissue align module, and viable tumor was segmented by thresh-

olding the hematoxylin channel. A multithreshold-marker-area anal-

ysis was then performed within the viable tumor region on each
immunohistochemistry image. Each pixel was categorized as nega-

tive, weak, moderate, or strong on the basis of thresholds set by a

pathologist, and the percentages of each category were normalized by
total area of interest.

Maximum Tolerated Dose (MTD)

The MTD study was performed as previously described (23).

Measurement of Activity

Because a-particles from 225Ac cannot be directly measured in
tissue because of the short mean free path (18), 225Ac a-activities

were estimated using measurements of related g-emissions. For the

initial MTD study, syringes were prepared with a range of activities as
determined by the g-counter (Wallac 1470 Wizard; Perkin-Elmer). For

subsequent studies, a dose calibrator (Atomlab 500; BioDex) was used

to prefill syringes with 148 kBq 6 10% (per Appendix E of the
BioDex manual) of 225Ac-conjugate activity. Activities were measured

for 2 min using dial number 38.2 as recommended by Biodex. Activities

of 225Ac, and the 221Fr and 213Bi daughter products (18), were measured
by acquiring isomeric g-spectra (Supplemental Fig. 3) before adminis-

tration using a 4p well-type wipe-test g-counter (Atomlab 500). Activ-

ities (225Ac) were calculated using factors for g-ray abundance per
a-decay using calibration parameters and correction coefficients from

Appendices A and E of the instrument manual. A full energy window

FIGURE 2. MTD study for non–tumor-bearing mice: percentage weight gain (A), blood urea

nitrogen (B), and blood creatinine (C).

FIGURE 3. Plot of rat blood clearance: exponential decay nonlinear

regression line fit of 225Ac α-activity in rat blood over time, after intra-

venous administration of 225Ac-DOTA-MC1RL (n 5 4 rats).
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(0–800 keV) was used for spectra acquisition that included g-counts

from 225Ac (99.8-keV peak, 1% abundance) and 2 g-emitting daugh-

ters, 221Fr (218.1-keV peak, 11.4% abundance) and 213Bi (440.5-keV
peak, 25.9% abundance) (24). The a-activities were determined by fitting

each peak with a multigaussian fit and integrating to determine the net

number of counts while incorporating the ac-

quisition time. Spectra were acquired at least

24 h after radiosynthesis or tissue rendering,

ensuring that 225Ac and daughters were in sec-

ular equilibrium (25). Activity remaining in the

syringe and catheter after injection was calcu-

lated and subtracted to determine net adminis-

tered activity.

Blood Pharmacokinetics

Sprague–Dawley rats were weighed before
injection with radioactivity and injected with

148 kBq (610%) of 225Ac-DOTA-MC1RL in

the syringe. Serial blood draws (45 mL) were

taken from 5 min to 24 h after injection.
225Ac a-activity was calculated as described

above. Data were fitted using an exponential

decay nonlinear regression.

Biodistribution

Non–tumor-bearing BALB/c mice, or SCID

mice bearingMEL270 xenografts (160–650 mm3)

or A375 and A375/MC1R bilateral xenografts

(189–1,680 mm3), were intravenously adminis-

tered 148 kBq (610%) of 225Ac a-activity in

the syringe. Tissues were rendered and weighed

at multiple time-points between 24 h and 3

wk after injection. For each tissue, 225Ac,
221Fr, and 213Bi a-activities were calculated

as described above and reported as percentage

injected activity per gram (%IA/g).

Radiation Dosimetry

Biodistribution data for the different tis-
sues were fitted using an exponential decay

nonlinear regression, and dosimetry calculations were performed for
225Ac, 221Fr, 217At, 213Bi, and 213Po using the generalized internal dosim-

etry schema of the MIRD Committee for a-particle emitters (26,27). The

b2 decay branching ratio for 217At to 217Rn is only 0.01%; therefore, it

was assumed that all decays of 217At were by a-emission to 213Bi. The

branching ratios for decay of 213Bi to 213Po

(98%) or 209Tl (2%) were included in the cal-

culation. Because of the relatively low linear-

energy transfer and the small dimensions of

the target tissues, the b2 emissions from
217At, 213Bi, 209Tl, and 209Pb were assumed

negligible and were not included in the calcu-

lations (28). The following assumptions were

made: uniform distribution of activity in the

tissue volume; no a-particles escaping from

the source tissue due to the short range; and

electron and photon contributions that were

negligible compared with a-particle energy

deposition (28). It was also assumed that

a-particles from 221Fr (4.9-min half-life), 217At

(32.2-ms half-life), 213Bi (46-min half-life), and
213Po (4.2-ms half-life) were deposited in the

same location as 225Ac (10-d half-life) because

of the relatively shorter half-lives of these

daughter isotopes. Although 217At and 213Po

do not have detectable g-emissions, under the

assumption that the decay chain had reached

secular equilibrium, the accumulated activity

of these 2 daughters would equal that of 221Fr

FIGURE 4. Biodistribution of 225Ac-DOTA-MC1RL: 225Ac, 221Fr, and 213Bi activities in tissues

from non–tumor-bearing BALB/c mice (n 5 6 per time point) (A) and SCID mice bearing MEL270

human uveal melanoma tumors (n 5 5 per time point) (B).

FIGURE 5. Biodistribution of 225Ac-DOTA-MC1RL (A) and 225Ac-DOTA-SP (B) in bilateral A375

and A375/MC1R tumors (n 5 5 per time point).
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and 213Bi, respectively. The total absorbed a-particle dose was calcu-
lated from the summation of doses from 225Ac, 221Fr, 217At, 213Bi, and
213Po.

Antitumor Efficacy

Tumor-bearing mice (n5 11/group) were injected with activities of
225Ac-DOTA-MC1RL or 225Ac-DOTA-SP, cold lanthanum-DOTA-
MC1RL, or saline solution (0.9%, Cardinal Pharmaceuticals). Sur-

passing a 2,000 mm3 tumor volume was the experimental endpoint
unless clinical endpoints, such as 20% weight loss, tumor ulceration,

hunched back, lack of grooming, or lethargy, were observed. Metas-

tasis formation was identified by necropsy.

Statistical Analysis

The t test was used for the MTD study. The following analyses
were used for comparison of the efficacy study groups: Kaplan–

Meier for time to endpoint, a mixed-model analysis for tumor
growth change, a paired Wilcoxon signed-rank test for initial de-

crease in tumor volume, a Fisher exact test with corrections for
multiple testing using the Holm stepdown method for metastasis

burden, and a nonparametric Kruskal–Wallis test for immunohisto-
chemistry staining.

RESULTS

Synthesis and Characterization of Parent Compound and

Lanthanide Chelates

The unmetallated DOTA-MC1RL was synthesized and, since
there are no nonradioactive isotopes of actinium, the analogous
lanthanum-DOTA-MC1RL chelate was prepared for use as a non-
radioactive control (Supplemental Figs. 4–8) (23,29). Both DOTA-
MC1RL and lanthanum-DOTA-MC1RL had high binding affinity
for human MC1R, 0.24 6 0.20 and 0.23 6 0.18 nM inhibition
constants, respectively (Supplemental Fig. 9A). The binding affinity
of europium-DTPA-MC1RL to human MC1R was determined to
be a 4.4 6 2.3 nM dissociation constant (Supplemental Fig. 9B).
Lower, 1.3 mM, dissociation constant affinity was observed for
europium-DTPA-MC1RL binding to murine MC1R (Supplemental
Fig. 9C). The scrambled peptide controls, lanthanum-DOTA-SP and
europium-DOTA-SP, did not bind (Supplemental Figs. 9D and 9E).

TABLE 2
Radiation Dosimetry and Clearance Kinetics Parameters for 225Ac-DOTA-MC1RL in Non–Tumor-Bearing BALB/c Mice

Parameter Blood Brain Heart Intestine Kidney Liver Lung Muscle Skin Spleen

225Ac

Initial activity/organ (kBq) ND 0.0065 0.0161 1.9113 0.7647 7.6597 0.0512 0.0044 0.0483 0.0426

Effective decay rate constant (h−1) ND 0.0070 0.0030 0.0060 0.0060 0.0040 0.0030 0.0030 0.0050 0.0030

Effective decay half-life (d) ND 4.1259 9.6270 4.8135 4.8135 7.2203 9.6270 9.6270 5.7762 9.6270

Accumulated activity/organ (kBq · h) ND 0.7621 3.8089 260.3419 104.1599 1484.6038 12.1242 1.0529 7.7927 10.0784

Absorbed dose/injected activity (Gy/kBq) ND 0.0002 0.0023 0.0102 0.0300 0.1485 0.0042 0.0004 0.0024 0.0092

221Fr

Initial activity/organ (kBq) 0.0153 0.0222 0.0349 1.9927 1.3795 8.4464 0.0723 0.0211 0.0705 0.0647

Effective decay rate constant (h−1) 0.0010 0.0030 0.0050 0.0070 0.0080 0.0040 0.0020 0.0030 0.0040 0.0040

Effective decay half-life (d) 28.8811 9.6270 5.7762 4.1259 3.6101 7.2203 14.4406 9.6270 7.2203 7.2203

Accumulated activity/organ (kBq · h) 5.6907 5.2622 5.6292 232.2869 139.2517 1637.0734 21.2642 4.9899 13.6614 12.5317

Absorbed dose/injected activity (Gy/kBq) 0.0022 0.0013 0.0037 0.0098 0.0434 0.1770 0.0080 0.0018 0.0045 0.0124

217At

Initial activity/organ (kBq) 0.0153 0.0222 0.0349 1.9927 1.3795 8.4464 0.0723 0.0211 0.0705 0.0647

Effective decay rate constant (h−1) 0.0010 0.0030 0.0050 0.0070 0.0080 0.0040 0.0020 0.0030 0.0040 0.0040

Effective decay half-life (d) 28.8811 9.6270 5.7762 4.1259 3.6101 7.2203 14.4406 9.6270 7.2203 7.2203

Accumulated activity/organ (kBq · h) 5.6907 5.2622 5.6292 232.2869 139.2517 1637.0734 21.2642 4.9899 13.6614 12.5317

Absorbed dose/injected activity (Gy/kBq) 0.0025 0.0014 0.0042 0.0110 0.0486 0.1983 0.0090 0.0021 0.0050 0.0139

213Bi

Initial activity/organ (kBq) 0.0236 0.0195 0.0309 1.8886 1.0318 6.5122 0.0717 0.0152 0.0627 0.0511

Effective decay rate constant (h−1) 0.0010 0.0010 0.0020 0.0050 0.0040 0.0040 0.0020 0.0020 0.0030 0.0030

Effective decay half-life (d) 28.8811 28.881 14.4406 5.7762 7.2203 7.2203 14.4406 14.4406 9.6270 9.6270

Accumulated activity/organ (kBq · h) 8.7917 7.2573 9.0914 304.6111 199.9839 1262.1858 21.0948 4.4603 14.8376 12.1064

Absorbed dose/injected activity (Gy/kBq) 0.0001 0.0000 0.0001 0.0002 0.0012 0.0025 0.0001 0.0000 0.0001 0.0002

213Po

Initial activity/organ (kBq) 0.0236 0.0195 0.0309 1.8886 1.0318 6.5122 0.0717 0.0152 0.0627 0.0511

Effective decay rate constant (h−1) 0.0010 0.0010 0.0020 0.0050 0.0040 0.0040 0.0020 0.0020 0.0030 0.0030

Effective decay half-life (d) 28.8811 28.881 14.4406 5.7762 7.2203 7.2203 14.4406 14.4406 9.6270 9.6270

Accumulated activity/organ (kBq · h) 8.7917 7.2573 9.0914 304.6111 199.9839 1262.1858 21.0948 4.4603 14.8376 12.1064

Absorbed dose/injected activity (Gy/kBq) 0.0044 0.0023 0.0079 0.0168 0.0811 0.1778 0.0103 0.0021 0.0063 0.0156

Total absorbed dose/injected activity (Gy/kBq) 0.0092 0.0053 0.0183 0.0481 0.2042 0.7042 0.0317 0.0064 0.0182 0.0512

ND 5 not detected.
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Radiosynthesis and Characterization of
225Ac Radiopharmaceutical

Radiochemical purity of 99.8% and specific activity of 181.3 6
92.5 kBq/mg and 140.6 6 55.5 kBq/mg for 225Ac-DOTA-MC1RL
and 225Ac-DOTA-SP, respectively, were observed (Supplemental
Fig. 10). In vitro serum stability was high, with 90% intact after
10 d (Table 1).

MC1R Expression on Uveal Melanoma Cell Lines and

Xenograft Tumors

MC1R messenger RNA and protein expression were confirmed
in a set of uveal melanoma cell lines (Supplemental Fig. 11).

Only MEL270, OMM2.3, and OMM1 cells carry the GNAQ or

GNA11 mutations found in nearly all uveal melanomas (30). The

MEL270 and OMM1 cells formed tumors in immunocompromised

mice, and all xenografts had high and uniform MC1R protein

expression.

Receptor Number for Tumor Cell Lines

MEL270 cells were selected for the in vivo studies, and it was
determined that MEL270 cells have 410,000 receptors per cell

(Supplemental Fig. 12), which is a higher level of endogenous

expression than that of the engineered A375/MC1R cells, which have

75,000 receptors per cell (12). The parental A375 melanoma cell line

has extremely low expression, at 400 6 93 MC1Rs per cell (31).

In Vitro MC1R-Specific Cytotoxicity

Cytotoxicity assays were performed with the goal of demon-
strating target-specific cytotoxicity. Assay conditions were not

optimized to demonstrate maximal toxicity. Significantly reduced

proliferation (P, 0.0001) was observed in uveal melanoma cells

and the engineered A375/MC1R cells treated with 225Ac-DOTA-

MC1RL relative to the untargeted 225Ac-DOTA-SP or phosphate-

buffered saline controls (Supplemental Fig. 2). All cell lines also

had a significant (P , 0.001) response to incubation with 225Ac-

DOTA-SP relative to phosphate-buffered saline. However, there

was no significant difference in A375 cell proliferation (ex-

tremely low MC1R) when treated with either the targeted or

the untargeted radiopharmaceutical. These results demonstrate

MC1R-specific cytotoxicity. Assay replicates yielded compara-

ble results.

MTD

The MTD was evaluated in immune-competent non–tumor-
bearing BALB/c mice (n 5 5/cohort). Cohorts received a single
intravenous injection of 225Ac-DOTA-MC1RL over the range of
0–148 kBq in the syringe. At completion of the study (.11 225Ac
half-lives, 118 d after injection), serum and tissues (adipose, bone,
cecum, colon, duoden, esophageal, heart, ileum, kidney, liver, lung,
lymph nodes, muscle, pancreas, small intestine, spleen, and stomach)
were collected for histology and then examined in a masked manner
by a veterinary pathologist to assess radiation-induced tissue damage.
No remarkable damage was observed in any of the tissues (Supple-
mental Figs. 13–16). For example, the control kidneys had minimal
multifocal interstitial fibrosis and minimal medullary protein in
tubules, which were both considered to be incidental findings.
The incidental minimal medullary protein was also found in some
kidneys from the groups that received treatment activities, but each
treatment group also included kidneys that were within normal
limits for all types of damage. The cortex of one kidney from
the group with the highest administered activity had a focal
extracellular cortical hyaline substance that was healing and was
considered to be an incidental finding (Supplemental Fig. 14D).
Blood urea nitrogen and creatinine, which are important indicators
of renal function, were also determined and were not signifi-
cantly elevated among the groups (Figs. 2B and 2C). All animals
had gained weight by the end of the study, albeit less weight
was gained by animals at the highest dose level than in the lowest
(Fig. 2A).

Pharmacokinetics and Biodistribution

In rats, 225Ac-DOTA-MC1RL rapidly cleared (,15 min after injec-
tion) from blood circulation (Fig. 3). After administration to non–
tumor-bearing BALB/c mice, 225Ac activities were observed primarily
in clearance tissues. At 24 h after injection of 225Ac-DOTA-MC1RL,
the liver, kidneys, spleen, and intestine had 21.2 6 2.8, 6.9 6 0.9,

2.9 6 0.8, and 2.9 6 2.0 %IA/g, whereas negligible activity was
observed in the other tissues measured. Activity had largely cleared
from the tissues at 1–3 wk (Fig. 4A). For tumor-bearing animals,
activity was retained in MC1R-positive tumors, that is, MEL270

(Fig. 4B) and A375/MC1R tumors (Fig. 5A), which had 3.6 6 1.2
and 2.86 0.8 %IA/g, respectively, compared with the nominal 0.30
6 0.1 %IA/g in the MC1R-negative A375 tumors at 24 h after
injection. The clearance tissues in tumor-bearing animals had lower

activities than in non–tumor-bearing mice: for example, 14.4 6
1.7 %IA/g in the livers of MEL270 tumor-bearing mice at 24 h (Fig.
4B), compared with the 21.2 6 2.8 %IA/g in the non–tumor-
bearing mice (Fig. 4A). The 225Ac-DOTA-SP tumor distri-

bution in the bilateral A357 and A375/MC1R model was also
determined, and as expected, uptake was minimal and did not
differ between the positive and negative A375 tumors (Fig.
5B). The distribution of 221Fr and 213Bi was also determined (Figs.

4 and 5). However, since 225Ac and daughters are at secular equi-
librium by 24 h after injection and the 221Fr and 213Bi atoms

FIGURE 6. Efficacy study in mice bearing MEL270 tumors: represen-

tative images of tumors (outlined) (A); initial tumor growth volumes (B);

and Kaplan–Meier plots (C).
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present during injection will be mostly decayed, the 221Fr and
213Bi detected in the samples are from decay of the 225Ac taken

into the tissues.

Radiation Dosimetry

Biodistribution data were fitted (Supplemental Fig. 17), and
clearance kinetics, tissue biologic half-life, accumulated activity,

and absorbed dose/injected activity (Gy/kBq) were estimated for

each radionuclide in each tissue for non–tumor-bearing and

MEL270 tumor-bearing mice (Tables 2 and 3). The effective decay

half-lives calculated for 225Ac in tissues—for example, 7.2 d in

liver—were shorter than the radiodecay half-life of 225Ac (10 d),

indicating biologic clearance. The calculated total absorbed dose

per injected activity (Gy/kBq) for 225Ac-DOTA-MC1RL was min-

imal in all tissues except clearance organs and positive tumor. Since

the positive tumors shrank rapidly in response to the treatment

and the total absorbed doses were extrapolated from data col-

lected over a 2-wk period, the dose values for the tumors are likely

subdued relative to the clearance organs, which did not have apprecia-

ble cellular toxicity at the administered activities. The total

absorbed dose in the liver was generally lower in mice with tumors

than in nontumor mice: for example, 0.284 and 0.704 Gy/kBq,

respectively.

Antitumor Efficacy

SCID mice bearing MEL270 tumors (124
6 36 mm3 pretreatment tumor volumes)

were injected with a single administration

of 225Ac-DOTA-MC1RL (92.5 6 9.3 kBq),
225Ac-DOTA-SP (99.9 6 9.9 kBq), lanthanum-

DOTA-MC1RL (1 pmol/mouse), or saline.

Representative images show much smaller

tumors in treated mice than in controls

(Fig. 6A), and tumor volumes decreased im-

mediately after treatment relative to controls

(P 5 0.001) before eventual regrowth (Fig.

6B). Treated mice had a significantly delayed

time to experimental or clinical endpoint (P

, 0.001), with a median survival of 148 d,

compared with the median survival of control

groups (79–108 d), and differences among the

controls were not significant (Fig. 6C). In this

study, some animals were euthanized because

of reaching clinical endpoints instead of the

experimental endpoint (Supplemental Table

1). Some of the animals that reached clinical

endpoints had metastases in the liver or lungs,

and metastasis burden was significantly lower

in the 225Ac-DOTA-MC1RL treated group

than in the controls (P 5 0.024) (Figs. 7A

and 7B). Mice bearing A375/MC1R tumors

(240 6 110 mm3 pretreatment volume) were

also injected with either sterile saline, lan-

thanum-DOTA-MC1RL, 107.3 6 11.1 kBq

of 225Ac-DOTA-SP, or 59.2 6 5.9 kBq of
225Ac-DOTA-MC1RL, and significant de-

creases in tumor volume (P 5 0.005) and

tumor growth delay (P , 0.0001) were ob-

served. Some tumors that disappeared did

not recur, and those mice lived their natural

life span (Supplemental Figs. 18A–18C). After tumors reached an

endpoint, MC1R staining was quantified, and the level of MC1R

expression was not significantly different in treated tumors that

responded by shrinking before regrowth relative to control tu-

mors (P 5 0.60 for MEL270 and P 5 0.82 for A375/MC1R)

(Figs. 7C and 7D; Supplemental Fig. 18D).

DISCUSSION

We have developed and evaluated a novel MC1R-targeted
radiopharmaceutical, 225Ac-DOTA-MC1RL, for TAT of metastatic
uveal melanoma. The choice of using a peptide-targeting ligand is
reinforced by the recent preclinical and clinical successes of TAT
radiopeptides (14,15,32–34). Another group has also reported the
development of a peptide-based TAT, 212Pb-CCMSH, that is tar-
geted to melanocortin receptors for treatment of melanoma (35).
However, 212Pb-CCMSH was associated with renal toxicity. This
is likely due to the use of an a-MSH derivative–targeting ligand,
as a-MSH has specificity for multiple melanocortin receptor isoforms,
including MC5R, which is expressed in the human kidney and lungs
(6). The MC1RL-targeting moiety used in the current work has spec-
ificity for the MC1R isoform (13), greatly reducing the potential for
renal toxicity. Another advantage of 225Ac-DOTA-MC1RL over the
212Pb-TAT agent is that 225Ac has greater cell-killing potential through

FIGURE 7. Metastasis study in MEL270 uveal melanoma mouse model and MC1R expres-

sion in tumors reaching endpoints from each treatment group: representative hematoxylin and

eosin staining and corresponding threshold segmentations of sections containing liver and lung

metastases (cold 5 lanthanum-DOTA-MC1RL; scrambled 5 untargeted; treated 5 225Ac-DOTA-

MC1RL; blue 5 normal tissue; green5 metastasis) (A); quantified metastasis burden (B); graph (C)

and sections (D) for MC1R immunohistochemistry staining of MEL270 tumors after reaching

endpoints.
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generation of 4 a-particle emissions per radionuclide, compared with
the single a-emission of 212Pb, in their relative decay chains (35,36).

225Ac-DOTA-MC1RL has high affinity for MC1R, high radio-
chemistry yield and purity, high biostability, and MC1R-specific

cytotoxicity in vitro. In vivo studies demonstrated low toxicity,

rapid blood clearance, and uptake into MC1R-positive tumors

and clearance organs. Biodistribution studies demonstrated that
225Ac remains in the compartments where 225Ac-DOTA-MC1RL

was initially distributed, that is, tumors and clearance organs,

and the corresponding clearance kinetics parameters and radia-

tion dose delivered by all a-particle–emitting radioisotopes in

the decay chain were calculated. Considering the 10-d half-life

of 225Ac, most of the administered 225Ac-DOTA-MC1RL will

have either been taken into tumor cells (7) or cleared from the

blood before decay. Hence, 225Ac-DOTA-MC1RL likely functions

as an in vivo a-particle generator, concentrating a-emissions in the

target tumor tissues, with limited translocation of daughter isotopes

(32). This is consistent with the recent observations of efficacy with

low toxicity observed for an 225Ac-PSMA–targeting small-molecule

conjugate (37).
In vivo efficacy studies demonstrated significant tumor and

metastasis growth delay and prolonged survival in human uveal
and cutaneous melanoma xenograft models in mice after a single
treatment of 225Ac-DOTA-MC1RL, including some cures. Tumors
that shrank and regrew after treatment had the same MC1R expres-
sion levels as controls, suggesting that multiple treatment regimens
would increase efficacy.

CONCLUSION

We have developed and evaluated a novel MC1R-targeted
radiopharmaceutical for TAT of metastatic uveal melanoma. In
vivo studies demonstrated low toxicity, rapid blood clearance,
uptake into MC1R-positive tumors and clearance organs, signif-
icant tumor and metastasis growth delay, and prolonged survival in
human uveal melanoma xenograft models in mice after a single
treatment of 225Ac-DOTA-MC1RL. This novel radiopharmaceuti-
cal has strong potential to benefit patients with metastatic uveal
melanoma, which has had no significant improvement in treatment
in the last 20 y.
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