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ABSTRACT: Probes for radiotheranostics could be produced by
introducing radionuclides with similar chemical characteristics into
the same precursors. We recently developed an *!'At-labeled RGD
peptide and a corresponding radioiodine-labeled RGD peptide.
Both labeled peptides accumulated in large quantities in the tumor
with similar biodistribution, demonstrating their usefulness for
radiotheranostics. In this study, we hypothesized that probes for
radiotheranostics combined with multiradionuclides, such as *Ga
and *"'At, have useful clinical applications. New radiolabeled RGD
peptide probes were synthesized via a molecular design approach,
with two labeling sites for metal and halogen. These probes were
evaluated in biodistribution experiments using tumor-bearing mice.
[“’Ga]Ga-DOTA-c[RGDf(4-1)K] ([’Ga]4), Ga-DOTA-['*I]c-
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[RGDf(4-1)K] (['*1]4), and Ga-DOTA-[*"'At]c[RGDf(4-At)K] ([*''At]7) showed similar biodistribution, with high and
equivalent accumulation in tumors. These results indicate the usefulness of these probes in radiotheranostics with
multiradionuclides, such as a radiometal and a radiohalogen, and they could contribute to a personalized medicine regimen.
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Bl INTRODUCTION

The word “theranostics”, a portmanteau of the words
“therapeutics” and “diagnostics”, means agents or methods
that combine diagnostic imaging and targeted therapy.' It has
recently gathered much attention in oncology.” Theranostics
with radioisotopes is called “radiotheranostics”, and this
technique combines imaging in nuclear medicine with positron
emission tomography (PET) and single-photon emission
computed tomography (SPECT), as well as radionuclide
therapy.” If a diagnostic probe and a therapeutic probe show
the same biodistribution, absorbed doses for the therapeutic
probe in the tumor and each normal tissue can be calculated
from the quantitative imaging data of PET or SPECT. Namely,
therapeutic effects and side effects could become predictable
before therapy. Moreover, determining the therapeutic effects
at earlier time-points after therapy, before morphological
changes in the tumor, should be possible by PET or SPECT
imaging. Hence, radiotheranostics can contribute to personal-
ized medicine. Thus, developing diagnostic and therapeutic
probes with equivalent biodistribution characteristics is
important for a successful radiotheranostics design. In general,
the probes for radiotheranostics have been produced by the
introduction of elements with similar chemical characteristics
into the same precursors.4’5
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In radionuclide therapy, targeted alpha therapy (TAT) has
gained much attention due to the high therapeutic effects
derived from the high linear energy transfer (LET) of a-
particles.”” For example, a report of excellent therapeutic
effects for *>Ac-PSMA to castration-resistant prostate cancer
patients was sensational.” Thus, actinium-225 (***Ac) is an
attractive radionuclide for TAT. However, there has been a
shortage in the global supply of **’Ac. Among the a-emitting
radionuclides, astatine-211 (*''At) has gained considerable
attention.” The halflife (f,,, = 7.2 h) of 2"!At is not too short
for it to be considered in TAT. *''At decays to *"Bi (42%)
with the emission of a-particles (5.9 MeV) and then **’Bi (¢,
= 33.9 years) decays to a stable isotope, *’Pb, via electron
capture. *''At also decays to *''Po (58%) via electron capture,
with 2"'Po (t,,, = 516 ms) decaying to *”’Pb by emitting a-
particles (7.5 MeV).

We recently developed a novel *''At-labeling method using
the Arg-Gly-Asp (RGD) peptide as a model peptide.'’ The
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2 At-labeled RGD peptide, [*''At]c[RGDf(4-At)K], and the
corresponding radioiodine-labeled RGD peptide, ['*I]c-
[RGDf(4-1)K], showed high accumulation in the tumor and
similar biodistribution, demonstrating their usefulness in a
radiotheranostics approach of combining [*''At]c[RGDf(4-
At)K] with ['*’I]c[RGDf(4-1)K]. In general, the combination
of radionuclides for radiotheranostics has been restricted
because only elements with similar chemical characteristics are
used, such as halogens or metals, as they can be coordinated
with the same ligand. However, if more elements can be
combined for radiotheranostics, this would be convenient for
clinical applications. For example, we hypothesized that probes
with ®Ga, a generator-produced positron emitter for PET
imaging, combined with *''At for TAT would be very useful in
radiotheranostics.

In this study, we produced probes for multiradionuclide
radiotheranostics using a molecular design approach wherein
two radiolabeling sites for radiometal and radiohalogen were
included. Thus, [Ga]Ga-DOTA-c[RGDf(4-)K] ([“Gal4),
Ga-DOTA-["*T]c[RGDf(4-1)K] (['*1]4), and Ga-DOTA-
[*"'At]c[RGDf(4-At)K] ([*''At]7) (Figure 1) were designed,
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Figure 1. Structures of [*’GaJ4, ['*1]4, and [*''At]7.

synthesized, and evaluated. Although we were interested in
%Ga (), = 68 min) for PET imaging, “'Ga (t,/, = 3.3 days)
was used in this basic study as an alternative radionuclide
because of its longer half-life.

B MATERIALS AND METHODS

Materials. *''At was produced on CYPRIS MP-30
cyclotron (Sumitomo Heavy Industries, Ltd., Tokyo, Japan)
in the Advanced Clinical Research Center at Fukushima
Medical University via **Bi(a, 2n)*"'At nuclear reaction.''
[“Ga]GaCl, was supplied by Nihon Medi-Physics Co., Ltd.
(Tokyo, Japan). ['*I]Sodium iodide (644 GBq/mg) was
purchased from PerkinElmer (Waltham, MA). Electrospray
ionization mass spectra (ESI-MS) were obtained with a JEOL
JMS-T100TD (Jeol Ltd., Tokyo, Japan). Purification and
identification of peptides and labeled peptides were performed
using an HPLC system (LC-20AD pump, SPD-20A UV
detector at a wavelength of 220 nm, and CTO-20A column
oven maintained at 40 °C; Shimadzu, Kyoto, Japan). Fmoc-
Lys(Boc)-OH was purchased from Merck (Darmstadt,
Germany). 2-Chlorotrityl chloride resin, Fmoc-Arg(Pbf)-OH,
Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-d-Tyr(¢Bu)-OH,
Fmoc-d-Phe-OH, and Fmoc-Val-OH were purchased from
Watanabe Chemical Industries, Ltd. (Hiroshima, Japan).
1,4,7,10-Tetraazacyclododecane-1,4,7-tris(¢-butyl acetate)

(DOTA-tris) was purchased from Macrocyclics (Dallas, TX).
U-87 MG glioblastoma cells were purchased from DS Pharma
Biomedical (Osaka, Japan). Fmoc-4-iodo-p-phenylalanine
[Fmoc-D-Phe(4-1)] was synthesized according to a previous
report.'> N,N-Diisopropylethylamine (DIPEA) was purchased
from Nacalai Tesque (Kyoto, Japan). 1,3-Diisopropylcarbodii-
mide (DIPCDI) and 1-hydroxybenzotriazole hydrate (HOBt)
were purchased from Kokusan Chemical Co., Ltd. (Tokyo,
Japan). 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) was purchased from Chem Impex
International, Inc. (Wood Dale, IL). Other reagents were of
reagent grade and used as received.

Synthesis of Reference Compounds and Radio-
labeled Compounds. Ga-DOTA-c[RGDf(4-1)K] (4) and
[“Ga]Ga-DOTA-c[RGDf(4-1)K] ([“"Gal4) were synthesized
according to the procedure outlined in Scheme 1. DOTA-
["BI]c[RGDf(4-1)K] ([**1]3), Ga-DOTA-['*I]c[RGDf(4-
DK] (['*1]4), and Ga-DOTA-[*''At]c[RGDf(4-At)K]
([*"'At]7) were synthesized according to the procedure
outlined in Scheme 2.

Preparation of c[R(Pbf)GD(OtBu)f(4-)K] (1). Cyclic[Arg-
(Pbf)-Gly-Asp(OtBu)-p-Phe(4-I)-Lys] (1) was synthesized
manually using a standard Fmoc-based solid-phase method-
ology according to a previous report with slight modifica-
tions.'”"? The crude peptide was purified by reversed-phase
(RP)-HPLC on Cosmosil SC;3-AR-II column (20 X 250 mm;
Nacalai Tesque) at a flow rate of 12 mL/min with an isocratic
mobile phase of 65% methanol in water with 0.1% trifluoro-
acetic acid (TFA). The fraction containing 1 was determined
by mass spectrometry and was collected. The solvent was
removed by lyophilization to yield 1 (26.5 mg, 25%) as a white
powder.

c[R(Pbf)GD(OtBu)f(4-1)K] (1): MS (ESI*) caled for
CyHgIN,O,0S [M + H]*: m/z = 1038.36 found 1038.54.

Preparation of DOTA(OtBu);-c[R(Pbf)GD(OtBu)f(4-1)K] (2).
DOTA-tris (36.4 mg, 53.0 umol) was dissolved in 1 mL of
dimethylformamide (DMF) and then TBTU (18.5 mg, 48.2
umol) and DIPEA (19.8 uL, 116 umol) were added to the
solution. After 1 h stirring at room temperature, 1 (10.0 mg,
9.63 umol) was added to the reaction mixture. After another 1
h stirring, purification was performed by RP-HPLC performed
with a Cosmosil SC;g-AR-II column (10 X 250 mm; Nacalai
Tesque) at a flow rate of 4 mL/min with a gradient mobile
phase of 70% methanol in water with 0.1% TFA to 90%
methanol in water with 0.1% TFA for 20 min. The solvent was
removed by lyophilization to yield 2 (9.9 mg, 65%) as a white
powder.

DOTA(OtBu);-c[R(Pbf)GD(OtBu)f(4-1)K] (2): MS
(ESI*) caled for C,,H,;4N;;0,,S [M + H]": m/z =
1592.73, found 1593.49.

Preparation of DOTA-c[RGDf(4-)K] (3). Compound 2
(10.0 mg, 6.28 pmol) was treated with a mixture of 95%
TFA, 2.5% water, and 2.5% triisopropylsilane (TIS) for 2 h at
room temperature. The crude peptide was purified by RP-
HPLC on Cosmosil SC;4-AR-II column (10 X 250 mm) at a
flow rate of 4 mL/min with a gradient mobile phase of 30%
methanol in water with 0.1% TFA to 50% methanol in water
with 0.1% TFA for 20 min. The solvent was removed by
lyophilization to yield 3 (5.9 mg, 84%) as a white powder.

DOTA-c[RGDf(4-1)K] (3): MS (ESI*) calcd for
CysHegIN,,0,, [M + H]*: m/z = 1116.40, found 1116.01.

Preparation of Ga-DOTA-c[RGDf(4-1)K] (4). Ga complex-
ation was performed according to a previous report with slight
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Scheme 1. Synthetic Scheme of 4 and [’ Ga]4”
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“Reagents: (a) DOTA-tris, TBTU, DIPEA, DMF; (b) TFA, water, TIS; (c) Ga(NO;); or [¥Ga]GaCl;, ammonium acetate buffer.

Scheme 2. Synthetic Scheme of ['*°I]4 and [*''At]7“
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“Reagents: (d) Bis(tributyltin), tris(dibenzylideneacetone)dipalladium(0), DIPEA, methanol; (e) ["I]Nal or [*'At]At”, NCS, acetic acid,
acetonitrile; (f) (i) TFA, water, TIS and (ii) Ga(NO;);, ammonium acetate buffer.

modifications.* Compound 3 (1.0 mg, 896 nmol) was purified by RP-HPLC performed with Cosmosil 5C;g-AR-II

dissolved in 500 yL of 1 M ammonium acetate buffer (pH (10 X 250 mm) at a flow rate of 4 mL/min with a gradient
5.0), and Ga(NO;); (2.29 mg, 8.96 umol) was added to the mobile phase of 30% methanol in water with 0.1% TFA to 50%
solution. The mixture was stirred at 40 °C for 5 min and methanol in water with 0.1% TFA for 20 min. The solvent was
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removed by lyophilization to yield 4 (332 pug, 29%) as a white
powder.

Ga-DOTA-c[RGDf(4-1)K] (4): MS (ESI*) caled for
C43Hg,GalN 30y, [M + 2H]*: m/z = 5§92.16, found 591.43.

Preparation of [¥Ga]Ga-DOTA-c[RGDf(4-)K] ([¥’Gal4).
Compound 3 (50 ug) was dissolved in 30 pL of 1 M
ammonium acetate buffer, pH 5.0, and 30 uL of [*’Ga]GaCl,
(1.6 MBq) was added to the solution. The mixture was reacted
at 80 °C for S min. [¥Gal]4 was purified by RP-HPLC
performed with Cosmosil SC;g-AR-II (4.6 X 150 mm) at a
flow rate of 1 mL/min with an isocratic mobile phase of 30%
methanol in water with 0.1% TFA. The radiochemical yield of
[Gal4 was 97%. The radiochemical purity of [’Gal4 was
>99%.

DOTA(OtBu);-c[R(Pbf)GD(OtBu)f[4-Sn(nBu);]K] (5). Com-
pound 2 (500 ug, 628 nmol) was dissolved in S00 uL of
methanol. Bis(tributyltin) (1.27 uL, 2.51 umol), tris-
(dibenzylideneacetone)dipalladium(0) (86.2 pg, 94.1 nmol),
and DIPEA (0.26 uL, 1.57 umol) were added to the solution
of 2. After stirring at 60 °C for 1 h, the reaction mixture was
purified by RP-HPLC with a Cosmosil SC,3-AR-II column (10
X 150 mm) at a flow rate of 4 mL/min with a gradient mobile
phase of 80% methanol in water with 0.1% TFA to 100%
methanol with 0.1% TFA for 20 min. The solvent was removed
by lyophilization to yield S.

DOTA(OtBu);-c[R(Pbf) GD(OtBu)f[4-Sn(nBu),;]K] (5)
MS (ESI*) caled for CgyH,4;N;30,,8Sn [M + 2H]**: m/z =
878.97, found 878.71.

Preparation of DOTA-["**IJc[RGDf(4-DK] (['*1]3). A small
amount of § was dissolved in S pL of acetonitrile in the
reaction vial. Ten microliters of 1% acetic acid in acetonitrile, 3
uL of ["I]Nal (3.7 MBq) solution, and 15 uL of N-
chlorosuccinimide (NCS) in acetonitrile (1 mg/mL) were
added to the vial. After heating at 80 °C for 15 min, the
reaction mixture was quenched with 15 pL of NaHSO,
solution (1 mg/mL). After evaporating the solvent using N,
gas, the residue was treated in 100 yL of a mixture of 95%
TFA, 2.5% water, and 2.5% TIS for 90 min at room
temperature and then purified by RP-HPLC with a Cosmosil
5C,5-AR-1I column (4.6 X 150 mm) at a flow rate of 1 mL/
min with a gradient mobile phase of 30% methanol in water
with 0.1% TFA to 50% methanol in water with 0.1% TFA for
20 min. The radiochemical yield of ['*I]3 was 29%. The
radiochemical purity of ['*I]3 was >97%.

Preparation of Ga-DOTA-["?IIc[RGDf(4-1)K] (['*1]4). Ten
microliters of ['**I]3 was mixed with 90 uL of Ga(NO,), (1
mg/mL) in 1 M ammonium acetate buffer (pH 5.0). After
standing at 40 °C for S min, ['**I]4 was purified by RP-HPLC
performed with Cosmosil SC;g-AR-II (4.6 X 150 mm) at a
flow rate of 1 mL/min with an isocratic mobile phase of 30%
methanol in water with 0.1% TFA. The radiochemical yield of
['*1]4 was 84%. The radiochemical purity of ['*1]4 was
>96%.

Preparation of Ga-DOTA-[?"'At]c[RGDf(4-At)K] ([*''At]7).
A small amount of § was dissolved in 5 uL of acetonitrile in the
reaction vial. Ten microliters of 1% acetic acid in acetonitrile, 3
uL of the [*"'At]At™ solution, and 15 uL of N-chlorosucci-
nimide (NCS) in acetonitrile (1 mg/mL) were added to the
vial. After heating for 15 min at 80 °C, the reaction mixture
was quenched with 15 yL of NaHSOj; solution (1 mg/mL).
After evaporating the solvent using N, gas, the residue was
treated in 100 uL of a mixture of 95% TFA, 2.5% water, and
2.5% TIS for 60 min at room temperature, and then purified by

RP-HPLC with a Cosmosil SC;g-AR-II column (4.6 X 150
mm) at a flow rate of 1 mL/min with a gradient mobile phase
of 30% methanol in water with 0.1% TFA to 50% methanol in
water with 0.1% TFA for 20 min. The radiochemical yield of
DOTA-[*"'At]c[RGDf(4-At)K] ([*"'At]6) was 16%. The
radiochemical purity of [*''At]6 was >97%.

Ten microliters of [*''At]6 was mixed with 90 uL of
Ga(NO;); (1 mg/mL) in 1 M ammonium acetate buffer, pH
5.0. After standing at 40 °C for S min, [*''At]7 was purified by
RP-HPLC performed with Cosmosil SC;g-AR-II (4.6 X 150
mm) at a flow rate of 1 mL/min with an isocratic mobile phase
of 30% methanol in water with 0.1% TFA. The radiochemical
yield of [*!*At]7 was 36%. The radiochemical purity of [*!!At]
7 was >96%.

a,f; Integrin-Binding Assay. Binding affinities of
synthesized peptides, c(RGDfK), c[RGDf(4-I)K], 3, and 4,
for a,f; integrin were evaluated by competitive inhibition
between the peptides and ['**I]c[RGDy(3-1)V], which was
prepared by Fmoc solid-phase synthesis and following the
chloramine-T method,"® according to a previously reported
procedure.'® The half-maximal inhibitory concentration (ICs)
values of the peptides were calculated by curve fitting with
nonlinear regression using GraphPad Prism 5.04 (GraphPad
Software Inc., San Diego, CA). Each data point is the average
of four determinations, and ICs, values were expressed as mean
+ standard deviation (SD) from three independent experi-
ments.

In Vitro Stability. To evaluate the stability of [’Gal4,
['*51]4, and [*"'At]7 in PBS(—), 10 uL of each tracer (37 kBq)
was added to 80 uL of PBS(—) (pH 7.4) and the solutions
were incubated at 37 °C for 1 for [2!!At]7 or 24 h for [¥’Ga]4
and ['®1]4. After 1 and 24 h incubation, the samples were
drawn, and the radioactivity was analyzed by RP-HPLC.

In Vitro Cellular Uptake. Cellular uptake experiments
were performed according to a previous report with a slight
modification.'” U-87 MG was cultured in Eagle’s minimum
essential medium (EMEM) containing 10% fetal bovine serum
(FBS) on six-well culture plates (containing 1 X 10° cells/well)
for 24 h using a humidified atmosphere (5% CO,) incubator at
37 °C. After the removal of the medium, a mixed solution of
[“Gal4 and ['*1]3, [ Ga]4, and ['*I]4 or ['*I]4 and [*''At]
7 (3.7 kBg/each tracer/well) in the medium without FBS was
added. After incubation for 1, 3, and 6 h, the medium from
each well was removed and the cells were washed twice with an
ice-cold EMEM. The surface of the cells was washed twice with
an ice-cold 0.2 M glycine buffer, pH 3.0. The cells were lysed
using a 1 M NaOH aqueous solution. The radioactivity in
glycine buffer and 1 M NaOH was determined using an auto-
well y-counter. The radioactivity in glycine buffer and 1 M
NaOH was defined as membrane-bound radioligand fraction
(MRF) and internalized radioligand fraction (IRF), respec-
tively. Internalized rate was defined by the following formula.

internalized rate(%) = IRF/(MRF + IRF)

The protein amount of cells was quantified using a BCA
protein assay kit (Nacalai Tesque) according to the
manufacturer’s protocol. All data were expressed as percent
dose per milligram protein (%dose/mg protein).

In blocking experiments, c(RGDfK) (final concentration of
10 uM) was added to each well with tracers. After incubation
for 6 h, radioactivity and protein concentration were
determined using the same method mentioned above.
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Biodistribution of [®’Ga]Ga-DOTA-c[RGDf(4-At)K]
(’Gal4), DOTA-['*’lIc[RGDf(4-)K] (['*°113), Ga-DOTA-
['**11c[RGDf(4-)K] (['**14), and Ga-DOTA-[*''At]c[RGDf-
(4-At)K] ([*"'At]7) in Tumor-Bearing Mice. Experiments
with animals were conducted in strict accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Kanazawa University. The experimental protocols were
approved by the Committee on Animal Experimentation of
Kanazawa University. The animals were housed with free
access to food and water at 23 °C with a 12 h alternating light/
dark schedule. U-87 MG cells were grown and injected
subcutaneously into 4-week-old female BALB/c nude mice
(15—-19 g, Japan SLC, Inc., Hamamatsu, Japan) as previously
reported.’” Biodistribution experiments were performed
approximately 14 days postinoculation. A mixed solution of
[¥Gal4 (37 kBq) and ['*1]3 (37 kBq), [*’Ga]4 (37 kBq) and
['»1]4 (37 kBq), or ['*1]4 (37 kBq) and [*"'At]7 (37 kBq)
was intravenously administered to groups of four mice. The
mice were sacrificed 1, 4, and 24 h postinjection in the case of
the mixture of [’Ga]4 and [**1]4 and 1 h postinjection in the
cases of the mixture of [*’Ga]4 and ['**I]3 and the mixture of
['*1]4 and [*"!'At]7. To determine the amount and routes of
the radioactivity excreted from the body for 24 h after injection
of [“Ga]4 and ['*°I]4, the mice were housed in metabolic
cages (Metabolica, Sugiyama-Gen Co., Ltd., Tokyo, Japan).

Tissues of interest were removed and weighed. A neck
containing thyroid was resected. The thyroid weight to body
weight ratio of mice was assumed to be 0.093 mg/g.'*
Radioactivity in the thyroid was calculated assuming that the
neck other than the thyroid gland is muscle. The radioactivity
counts of “Ga,'*’], and 2''At were determined with an auto-
well y-counter (ARC-7010 or ARC-8001, Hitachi, Ltd., Tokyo,
Japan) and corrected for background radiation and physical
decay during counting. A window from 70 to 400 keV was
used for counting ’Ga, a window from 16 to 69 keV was used
for counting 1251 and a window from 70 to 120 keV was used
for counting *''At. Correlation factors to eliminate any
crossover of '*I activity in the “Ga or *"At counts were
determined by measuring the '*I standard in each window.
More than one month or one week after the experiments, the
radioactivity counts of '>’T were measured after attenuation of
Ga or *At, respectively.

To investigate the effect of an excess amount of RGD
peptide on biodistribution, the U-87 MG tumor-bearing mice
were intravenously administered 100 L of a mixed solution of
[Gal4 (37 kBq), ['**1]4 (37 kBq), and c(RGDfK) peptide
(0.2 mg/mouse). Mice (n = 4) were sacrificed at 1 h
postinjection, and biodistribution experiments were conducted
as described above.

SPECT/CT Imaging and Data Reconstruction. SPECT/
CT imaging of [“’Gal4 in the above-mentioned tumor-bearing
mice was performed using a small animal SPECT system
(VECTor/CT, Mllabs, Houten, The Netherlands). SPECT
scanning was performed for 2 h from 4 h postinjection of
[’Gal4 (10 MBq). The mice were sacrificed at 4 h
postinjection because of the long acquisition time of SPECT
scanning.

Data were acquired in list mode and photopeak windows
were set after the acquisition. The energy windows of 80—110,
165—200, 265—320, and 350—410 keV were employed. Data
were reconstructed using pixel-based order subset expectation
maximization, with correction for attenuation on computed
tomography, in 16 subsets and 6 iterations. The voxel size was

0.8 X 0.8 X 0.8 mm. The obtained SPECT/CT images were
analyzed using an image-processing application (AMIDE
Imaging software, version 1.0.4).

Statistical Evaluation. Double-tracer experiments were
compared using paired Student’s ¢ test. Blocking studies were
compared using unpaired Student’s ¢ test. Differences of ICy,
values in a,f3; integrin-binding assay were analyzed by one-way
analysis of variance (ANOVA). The level of statistical
significance was set to p < 0.05.

Bl RESULTS AND DISCUSSION

Preparation of [’Gal4, ['?°1]4, and [*''At]7. Scheme 1
depicts that after 1 was synthesized by the Fmoc solid-phase
synthesis, 2 was synthesized by conjugation of DOTA-tris with
1. To prepare [“Ga)4, after deprotection of protection groups
of 2, “’Ga-labeling was performed with a high radiochemical
yield (97%) and purity (99%). The iodine molecule in 2 was
replaced by a tributylstannyl group via a Pd-catalyzed
stannylation reaction to synthesize ['>’1]4 and [*!'At]7
(Scheme 2). Then, we performed '“I- and *''At-labeling,
deprotection of the protecting groups, and Ga complexation.
The radiochemical yields of ['**I]4 and [*''At]7 were 25 and
6%, respectively. After HPLC purification, ['*I]4 and [*''At]7
had radiochemical purities of over 96%. Although [¥Ga]4 was
prepared in high radiochemical yields in a short labeling time,
the radiochemical yields of ['*I]4 and [*''At]7 were low and
the radiolabeling procedure was of three steps and
complicated. The deprotection of protecting groups of
DOTA after the '*I- and *!At-labeling reactions was
performed because the Pd-catalyzed stannylation reaction
failed after deprotection. A modification of the labeling method
might be necessary to improve the radiochemical yields of
['*1]4 and [*"'At]7.

Determination of Radiolabeled Compounds Using
HPLC Analyses. The identities of ["Ga]4 and ['*°1]4 were
verified by comparing their retention times with that of 4
(Figure 2). However, there are no stable isotopes for astatine.
The corresponding nonradioactive compounds cannot be
produced to determine the structures for *''At-labeled
compounds. Therefore, a nonradioactive iodine element is
generally used instead of astatine to determine the structures of

(a) (c)

Radioactivity
Radioactivity

0 5 10 15 20 0 5 10 15 20
Retention time (min) Retention time (min)

Radioactivity

UV Absorbance (254 nm)

0 5 10 15 20 0 5 10 15 20
Retention time (min) Retention time (min)

Figure 2. RP-HPLC chromatograms of (a) [“’Gal4, (b) [**1]4, (c)
[*!!At]7, and (d) 4. Conditions: flow rate was 1 mL/min with an
isocratic mobile phase of 30% methanol in water with 0.1% TFA.
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2HAt-labeled compounds,'” similar to a relationship between
technetium and rhenium.”* Thus, the identity of [*''At]7 was
verified by comparing its retention time with that of 4 (Figure
2).

a,f; Integrin-Binding Assay. The affinity of c(RGDfK),
c[RGDf(4-1)K], 3, and 4 for a,f; integrin was determined via
a competitive binding assay using U-87 MG cells. Representa-
tive results of the assay are shown in Figure 3. Binding of

o ¢(RGDfK)
u c[RGDf(4-1)K]

A DOTA-C[RGDf(4-)K] (3)

@ Ga-DOTA-c[RGDf(4-1)K] (4)

1004

[3.}
o
1

Bound [251]c[RGDy(3-1)V] (%)

o

10 8 6 4
Concentration of peptides (Log [M])
Figure 3. Integrin-binding assay. Representative displacement curves
of the competitive binding to a,f3; integrin expressed U-87 MG cells
of ["®1]c[RGDy(3-1)V] with ¢(RGDfK), c[RGDf(4-1)K], 3, and 4.
Error bars represent SD.

['I]c[RGDy(3-1)V] to af; suffered competition by c-
(RGDfK), c[RGDf(4-1)K], 3, and 4 in a concentration-
dependent manner. The ICs, values (nM) for c(RGDfK),
c[RGDf(4-1)K], 3, and 4 were 10.9 + 4.2,23.2 + 17.2,30.3 +
3.4, and 29.9 =+ 5.2, respectively. These values were not
significantly different. Therefore, the introduction of an iodine
molecule into the phenylalanine residue and additionally a
DOTA chelator or a Ga-DOTA complex into the e-amino
group of the lysine residue did not significantly impede the
affinity of c(RGDfK) for a.f; integrin. These results are
consistent with previous reports showing that the affinities of
c¢(RGDfK) and DOTA-c(RGDfK) for a,f; integrin were
equivalent.”'

In Vitro Stability. In vitro stability experiments of ['Ga]4,
['*1]4, and [*"At]7 were performed in PBS(—) (pH 7.4).
After incubation of [*'At]7 for 1 h and [¥’Ga]4 and ['*°1]4 for
24 h at 37 °C, the radiochemical purities of [*’Gal4, ['*1]4,
and [*"'At]7 were 952 =+ 1.2, 95.6 + 0.4, and 95.2 + 0.2%
(mean + SD for three samples), respectively. The results
indicate that [“Ga]4, ['*°1]4, and [*!'At]7 were stable in
PBS(-).

In Vitro Cellular Uptake. Figure 4 shows the cellular
uptake results of [“’Gal4 and ['*1]3, [*Ga]4 and ['*1]4, or
['*1]4 and [*"'At]7 toward U-87 MG cells at 1, 3, and 6 h.
The uptake of [“Gal4 and ['*I]4 in U-87 MG cells showed
almost no difference. The uptake of ['*°1]4 and [*''At]7 was
also similar. These results indicate that the substitution of
astatine for iodine does not alter the tracer’s cellular uptake. In
contrast, the uptake of ['2°I]3, wherein Ga is not coordinated
with DOTA, was lower than that of [*’Ga]4. Compounds 3
and 4 showed the same degree of affinity for @, f; integrin.
Therefore, the results of the cellular uptake study are
inconsistent with the results of the a,f; integrin-binding
assay, although the cause is unclear. Figure 5 shows the
internalized rates of [’Gal4, ['°1]3, [*°I]4, and [*!!At]7 into
U-87 MG cells in the cellular uptake study. The internalized
rates were similar among tracers and tended to increase in a
time-dependent manner.

(a) =
%7 mrcas
204 @[ ’2‘

%dose/mg protein

1h 3h 6h

G ]

H [Gaj4

['251)4

%dose/mg protein
S

e
(c) ——
125

8 125114 [ —
£ O prag7
S 6
Q *
o
E 4
2 o

"

% 2 ’_‘_‘ ,—|
2

0 L -

1h 3h 6h  Blocking (6 h)

Figure 4. Cellular uptake study. Time-dependent accumulation of (a)
[Gal4 and [**1]3, (b) [“Ga]4 and ['*1]4, and (c) [**I]4 and
[2!'At]7 in U-87 MG cells. In vitro blocking studies for 6 h incubation
of (c) ['*I]4 and [*"'At]7 in U-87 MG cells. Data were presented as
mean =+ SD for three samples. *p < 0.05, **p < 0.01, ***p < 0.001.

Uptakes of ['*1]4 and [*''At]7 in U-87 MG cells were
significantly reduced by adding excess amounts of the
c(RGDfK) peptide in in vitro blocking studies, suggesting
that the uptake of ['*I]4 and [*''At]7 is caused by specific
binding to a,f3; integrin (Figure 4).

Animal Experiments. In this study, [“’Ga]4 and ['*I]3,
[“Gal4 and ['*1]4, or ['*1]4 and [*'At]7 were co-injected
into tumor-bearing mice. The double-tracer experiments can
minimize the number of mice and experimental errors. Results
of the biodistribution experiments of [Ga]4 and ['*I]3,
[“Gal4 and ['*1]4, and ['*I]4 and [*!!At]7 in U-87 MG
tumor-bearing mice are shown in Figures 6—8 (Tables S1—
S3), respectively. Their biodistribution patterns were very
similar, such as high tumor uptake and low uptake in other
nontarget tissues, except the kidneys and liver as well as the
intestine for excretion. Radioactivity in urine and feces at 24 h
postinjection of [“’Gal]4 and ['*I]4 showed that the main
excretion route of them is urinary excretion; meanwhile, some
radioactivity was excreted from the intestine into feces (Table
S2). There is no extremely high radioactivity in any tissues in
biodistribution data at 1 h postinjection. Therefore, we
suppose that much radioactivity had been transferred to the
urinary bladder via kidneys before 1 h.

However, regarding the comparison of [/Gal4 and ['*I]3,
tumor accumulation of ['**I]3 was significantly lower than that
of [’Ga]4; this is in accordance with the result of the in vitro
cellular uptake study. These results indicate that coordination
of gallium with DOTA is required for a higher accumulation of
this tracer in the tumor. Although lipophilicities of 3 and 4
should be similar, due to their similar retention times in
HPLC, their charges must be different depending on the
coordination of gallium. Therefore, it is possible that the
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Figure S. Rates of internalization. Time-dependent rates of internal-
ization in cellular uptake study. Internalized rates of (a) [*’Ga]4 and
['%1]3, (b) [“Gal4 and ['*1]4, and (c) ['**I]4 and [*''At]7 were
expressed as the percentage of the internalized radioactivity in the
internalized and membrane-bound radioactivity. Data were presented
as mean # SD for three samples.

negative charges of DOTA may affect tumor accumulation for
the RGD peptide. Moreover, the difference in the charges
might affect the whole biodistribution because the biodis-
tribution patterns of [’Ga]4 and ['*°I]3 were a little different
compared with those of [’Ga]4 and ['*1]4.

Regarding [*’Ga]4 and ['*I]4, the biodistributions of both
labeled compounds were almost the same, especially at 1 h. In

the concept of radiotheranostics, forming stable radiolabeled
compounds is very important for them to have equivalent
biodistribution. The equivalent biodistribution of [*’Ga]4 and
['*51]4 indicates that both tracers were hardly decomposed and
metabolized in vivo, especially until 1 h postinjection. As it is
known that free iodine accumulates in the stomach and
thyroid, and that free gallium shows delayed blood clearance
and high bone accumulation,” the low accumulation of [*Ga]
4 and ['®I]4 in those tissues means that deiodination and
decomposition of the gallium complex barely occurred. At 24 h
postinjection, the biodistribution of [“’Ga]4 and ['*I]4 was
slightly different. It may be caused by different radioactive
metabolites derived from [’Ga]4 and ['*I]4.

In general, in vivo stability of the *''At-labeled compound is
lower than that of radioiodine-labeled compounds.”***
Deastatination in *''At-labeled compounds derived from
their in vivo lower stability is sometimes a problem for TAT
with 2At.'"*° Nevertheless, the similar biodistribution of
['*1]4 and [*'At]7 in this study indicates that [*'At]7 was
stable not only in vitro but also in vivo. As it is known that free
astatine accumulates in the stomach like iodine,*® the low
accumulation of [*'At]7 in the stomach means that
deastatination was negligible.

A in vivo blocking study was performed to evaluate whether
tumor accumulation occurred specifically via «,f; integrin.
Tumor accumulation of [¥Gal]4 and ['*°1]4 at 1 h after
injection decreased dramatically by co-injection with an excess
of ¢(RGDfK) (0.2 mg/mouse) (Figure 9, Table S2). These
results are consistent with the tumor accumulation of [ Ga]4
and ['*I]4 being caused by their specific binding via a,f3;
integrin. In contrast, accumulation of [*Ga]4 and ['*I]4 in
other normal tissues, such as liver and spleen, significantly
decreased. Similar results, namely, decreased accumulation in
normal tissues in the blocking study, have been reported in
previous studies.””® It is known that a,f3; integrin is expressed
in microvessels of normal tissues, such as liver and lung.29
Thus, the results of the blocking study confirm that [Gal4
and ['*I]4 are reasonable as @, f3; integrin-directed peptides.

SPECT/CT Imaging. SPECT/CT images are displayed in
Figure 10. The time point of SPECT imaging was set at 4 h
postinjection of [“Ga]4. As the application as a **Ga-PET
tracer is expected, delayed scanning later than 4 h should be
meaningless due to the short half-life of *Ga. The SPECT
images showed a high accumulation of radioactivity in the
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Figure 6. Biodistribution experiments. Biodistribution of radioactivity at 1 h after concomitant intravenous injection of [“Ga)4 and [**1]3 in U-87
MG tumor-bearing mice. *Expressed as % injected dose. *p < 0.05, *¥p < 0.01, ***p < 0.001 vs [¥Gal4.
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Figure 8. Biodistribution experiments. Biodistribution of radioactivity at 1 h after concomitant intravenous injection of ['*1]4 and [*"'At]7 in U-87
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Figure 9. Blocking study. Comparison of tumor uptake of (a) [Gal4
and (b) ['*I]4 at 1 h postinjection under no-carrier-added conditions
and with co-injection of an excess of c(RGDfK). **¥p < 0.001 vs
control.

tumor at 4 h postinjection of [’Gal4. Although the
accumulation of radioactivity in the abdominal organs,
probably intestine, liver, and kidneys, was a little high, that

in the other tissues was lower. These are consistent with the
results of the biodistribution experiments.

Bl CONCLUSIONS

In this study, we developed probes for radiotheranostics with
%Ga, which is a generator-produced positron emitter, and
1At for TAT. A similar biodistribution pattern among [“’Ga]
4, ['®1]4, and [*"'At]7 indicates that radiotheranostics in
which %Ga is combined with *''At should be applied using a
molecular design with two labeling sites for metal and halogen.
By applying this concept, radiotheranostics using multi-
radionuclides might be feasible, opening up possibilities to
combine other radiohalogens, such as '*F and "®Br as positron
emitters for PET, with other radiometals, such as *°Y, "Lu,
222138 and 2*Ac as therapeutic radionuclides, which can
form a stable complex with some ligand. For radiotheranostics,
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Figure 10. Representative SPECT/CT images. (a) Axial CT image,
(b) axial SPECT image, (c) axial SPECT/CT fusion image, (d)
coronal maximal intensity projection (MIP) CT image, (e) coronal
MIP SPECT image, and (f) coronal MIP SPECT/CT fusion image of
a U-87 MG tumor-bearing mouse at 4 h postinjection of [“’Ga]4.
Arrows indicate the site where U-87 MG cells were inoculated.

increasing the types of applicable radionuclides would be useful
in the clinical because cancer diagnoses and therapy tailored to
patients or/and hospitals can be performed. Radiotheranostics
with multiradionuclides could contribute to developing
personalized medicine and thus provide significant benefits
to patients in the future.
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