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1 | INTRODUCTION

In recent years, the survival rate of cancer patients has increased
due to the development of various treatments. However, some
cancers, such as pancreatic cancer, are very resistant to treat-
ment.! One approach is to use antibodies or chemicals conjugated
to radionuclides, which provide specific radiotherapy. However,
targeted B-therapy may not be suitable for micro-metastasis.
Targeted a-therapy (TAT) is the selective delivery of a-emitters to
tumors using high linear energy transfer (LET) a-particles, while
minimizing damage to surrounding tissues.? Radium-223 (?2°Ra)
dichloride has been used as a treatment for bone metastasis (ie,
Xofigo®), as well as for pain management.®* Actinium-225 (?2°Ac)-
PSMA-617 has been shown to have significant benefits for pa-
tients with advanced-stage or chemo-naive prostate cancer.’°
Radiopharmaceuticals are practical and effective treatment, albeit
with their restrictions.

Astatine-211 (**'At) is one of the most promising radionuclides
for TAT. 2" At is a radioisotope of a halogen element that decays via
a-emission to 2%7Bi (42%), subsequent electron capture to 2*Po (58%),
and subsequent a-emission to 2°7Pb, resulting in 100% a-particle
emission. 2! At is generally produced in the 2°?Bi («, 2n)?'*At reac-
tion with a cyclotron capable of 28-29 MeV a-beam irradiation. 2**At
compounds can be synthesized using general halogenation methods.
Adding 211t to a substrate with the ability to accumulate within tu-
mors is a good strategy for developing novel TAT treatments. The
most applicable method for labeling astatine to a substrate could
involve the use of tin precursors.***

-Type amino acid transporter 1 (LAT1) is an isoform of system
L, a Na*-independent neutral amino acid transport agency. LAT1 is
expressed in primary human cancers that have originated in vari-
ous organs such as brain, lung, thymus, and skin,'® and it is a well
known specific cancer marker.'” Amino acid tracers containing ra-
dioactive halogen have attracted attention for use as probes for
single photon emission computed tomography (SPECT) and positron
emission tomography (PET). For example, iodine-123 labeled 39
iodo-a-methyl-L-tyrosine (*%31-1AMT) was developed as a probe for
SPECT.'®'? In particular, 1-3-[*8F]-a-methyl-tyrosine (*8F-FAMT) has
higher potential for tumor specificity compared with 2-deoxy-2-[*¢F]
fluoro-glucose (*®F-FDG), which is widely employed as a PET probe
for cancer staging. FDG has the potential for false-positive accu-
mulation within inflammation related to high glucose metabolism
in macrophages or neutrophils, whereas BE_FAMT accumulates in
tumors via LAT1, which is expressed only in cancer cells.?° In con-
trast, 8F-FAMT is not transported by other isoforms of the system L
(eg, LAT2, LAT3, and LAT4), which are expressed in normal tis-
sues.?Y?? Therefore, our 1-3-[?*'At]-a-methyl-tyrosine (***At-AAMT)
reagent is also expected to have LAT1 specificity and potential as a
TAT treatment (Figure S1).

In an earlier study, 2! At-AAMT was studied as a treatment for
melanoma because a-methyl-i-tyrosine (AMT) exhibited positive re-
sults for melanoma cells in in vitro uptake.?® However, this study did

not use animal models. Furthermore, understanding the amino acid
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uptake mechanism through LAT1 had not yet been advanced, and
the 21'At-AAMT applicability was underestimated.

This study aimed to evaluate the specificity of 2!At-AAMT for
LAT1 and to confirm the anti-tumor effect of 2!At-AAMT in vitro
and in vivo. We also evaluated the induction of DNA double-stranded
breaks (DSB) to understand the cytotoxic effect of alpha radiation in

tumors.

2 | MATERIALS AND METHODS
2.1 | Astatine-211 (*'*At) production

A 297Bj(a,2n)?* At reaction using the AVF Cyclotron at the Research
Center for Nuclear Physics, Osaka University (Ibaraki, Japan) was
used to produce 2*'At.}* 211 At was also produced with the same
nuclear reaction at the Nishina Center for Accelerator-Based

Science, RIKEN, and was then transported to the Osaka University.

2.2 | Synthesis of 21! At-AAMT

2UAL-AAMT was synthesized via mercuration of AMT, as previ-
ously reported.23’24 AMT was purchased from Watanabe Chemical
Industries, Ltd., and other chemicals were purchased from the
FUJIFILM Wako Pure Chemical Corporation. In total, 22 pmol of
a-methyl-tyrosine and 20 pmol of HgSO, were dissolved in 0.5 mL
of H,50, (0.2 mol/L). The reaction mixture was stirred at 25°C for
2 hours. Then, 45 pmol of NaCl was added, followed by stirring for
5 min. Next, 100 pL of 2'At water solution (10 MBg) and 3 pL of KI,
(1 mol/L) were added, with subsequent stirring for 30 min at room
temperature. After that, 0.2 mL Kl (1 mol/L) was added until the so-
lution became clear. The crude solution was passed into a column
filled with cation exchange resin (Dowex™ 50W x 8, H * form). The
reaction vessel was washed with 0.5 mL of H,SO, (0.2 mol/L) and
then a rinse solution was passed through the column. Anions (eg,
S0O,%, I') were removed in this step. Next, **At-AAMT was eluted
from the cation exchange column. We added 1 mol/L NH,OH to the
column and collected 10 fractions of 0.5 mL each, all measured with
a curie-meter (IGC-7, HITACHI, Ltd.). The first 4 fractions of 1 mol/L
NH,OH eluted nearly all (about. 90%) 2UAt-AAMT. We then passed
the 3 fractions through a column filled with anion exchange resin
(Dowex™ 1 x 8, OH™ form). Cations (eg, Hg?*, K*) were removed in
this step. Prior to elution of 2! At-AAMT, 6 mL of 0.02% AcOH was
passed through the column to elute the remaining AMT and 0.2%
AcOH was passed through the column to elute 2!*At-AAMT. The
2UAt-AAMT solution at a final concentration of 5 MBg/mL was mixed
with ascorbic acid as a reducing agentl‘"25 to a final concentration of
1.0 w/v% at pH 6.0. Dowex™ 50W x 8 and Dowex™ 1 x 8 were
purchased from the FUJIFILM Wako Pure Chemical Corporation. An
S-size Muromac™ mini-column (@8 x 50 mm) (Muromachi Chemical
Inc) was used to prepare the ion-exchange column. 2! At-AAMT was

analyzed by thin-layer chromatography (TLC) (silica gel G60, Merck
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Millipore; solvent: n-butanol/acetic acid/water (4/1/1)), and the ra-
dioactivity on the plate was measured using a Typhoon FLA7000
biomolecular imager (GE Healthcare).® To confirm the stability
of 2"'At-AAMT, we compared it with or without ascorbic acid by
TLC. We also investigated the effect of ascorbic acid on stabilized
ZIA-AAMT.

2.3 | Cells and in vitro cytotoxicity

The human pancreatic cancer cell line PANC-1 was purchased from
the American Type Culture Collection (ATCC). The mouse melanoma
cell line B16F10 was purchased from the RIKEN cell bank. These
cells were maintained in D-MEM (Sigma-Aldrich, Merck KGaA) sup-
plemented with 10% heat-inactivated FBS (GIBCO, Thermo Fisher
Scientific, Inc) and 1% penicillin-streptomycin (FUJIFILM Wako Pure
Chemical Corporation). Mock-HEK293 (HEK293 cells transfected
with Mock vector), hLAT1-HEK293 (HEK293 cells overexpressing
hLAT1), and hLAT2-HEK293 (HEK293 cells overexpressing hLAT2)
were established and provided by Dr. Kanai.?® These cells were
maintained in E-MEM (FUJIFILM Wako Pure Chemical Corporation)
as previously detailed.?

For the cytotoxicity assay, PANC-1 cells were seeded at 1 x 10°
cells/mL in 96-well plates. After 2 d of incubation, cells were treated
with 2PAt-AAMT. 2 At-AAMT was added at 10 kBq to each well.
After 10 min of 21IAt-AAMT treatment, cells were washed twice
with phosphate-buffered saline without calcium and magnesium
(PBS(-)), and fresh medium was added. After 18 h of incubation,
cell viability was measured using a cell counting kit-8 (DOJINDO
LABORATORIES, Kumamoto, Japan). Absorbance was measured
using the microplate reader MultiSkan MC (Thermo Fisher Scientific,
Inc).

2.4 | Invitro cellular uptake assay

To confirm the uptake ability of 2!*At-AAMT by PANC-1 cells via
LAT1, cells were seeded into 24-well plates (1 x 10° cells/mL) and
cultured for 2 d. Following incubation in Hanks’ balanced salt solu-
tion for 30 min, cells were treated with 2*'!At-AAMT and other rea-
gents. 2! At-AAMT was added 1 kBq to each well. After treatment,
cells were washed twice with PBS(-), lysed with 0.1 N NaOH and
radioactivity was measured with a gamma counter 2480 Wizard?
(PerkinElmer, Inc). Protein levels were measured on a plate reader
using a BCA protein assay kit (FUJIFILM Wako Pure Chemical
Corporation). We used 2-amino-2-norbornanecarboxylic acid (BCH,
Sigma-Aldrich) as the LAT inhibitor. Uptake was measured after 0.5,
1, 2, 5, 10, and 30 min. The uptake assay was also performed using 3
cell lines: Mock-HEK293, hLAT1-HEK293, and hLAT2-HEK293. The
procedure implemented was the same as that used for the cancer cell
lines. The incubation time was 10 min. BCH was used at 200 mmol/L
and AMT at 1 mmol/L. Mock treatment was represented by cells ex-

pressing an empty vector. We evaluated LATs affinity by the uptake

inhibitory effects of 2! At-AAMT for LAT1 and LAT2 in the presence
or absence of BCH, and non-labeled AMT.*>%¢

2.5 | Observation of double-stranded breaks in
cell lines

We used the HCS DNA Damage Kit (Thermo Fisher Scientific, Inc)
for detection of DNA DSB. We seeded PANC-1 or B16F10 cells and,
after 2 d, cells were treated with 2'*At-AAMT for 5 min. Following
incubation with 2'*At-AAMT medium, the cells were incubated for
18 h. The cells were stained with the HCS DNA Damage Kit and fluo-
rescence was measured with the fluorescence microscope BZ-X810
(Keyence Corporation).

Imaging of 2!At-AAMT genotoxicity and cytotoxicity in PANC1
or B16F10 cells was carried out as follows. Cells were treated with
0.3-10 kBq of 2 At-AAMT for 5 min. After washing with PBS(-), cells
were incubated for 18 h and toxicity was assayed. Red fluorescence
indicated DSB, green fluorescence was a signal of cell death, and
blue fluorescence represented the cell number. Imaging and anal-

yses were performed using a 10x objective and Image-J software.

2.6 | Distribution, imaging, and therapy of *''At-
AAMT in mice

The experimental protocol was approved by the Animal Care and Use
Committee of the Osaka University Graduate School of Science. All
animals were housed under a 12 h: 12 h, dark : light cycle (light from
08:00 to 20:00) at 25 + 1°C with ad libitum food (CRF-1: Oriental
Yeas Co., Ltd.) and water in Multi-chamber Animal Housing System
(Nippon Medical & Chemical Instruments. Co., Ltd.). BALB/c nu/nu
mice, C57BL/6 mice, and ICR mice were purchased from Japan SLC
Inc.

Normal ICR mice (n = 3; 6 wk old; male body weight=25.5+1.7 g,
female body weight = 24.9 + 1.8 g) were used for evaluation of dis-
tribution at 1 h following administration of the 21At -AAMT solu-
tion (4.0 + 0.4 MBqg/mL). PANC-1 xenograft mice (n = 3) were also
sacrificed after 1 h following 2!At-AAMT administration. Details of
tumor-bearing mice was described later. All organs were packed into
a zippered polyethylene bag and measured with a gamma counter.

We also generated PANC-1 xenograft mice for imaging sepa-
rately from distribution and therapeutic experiments. For imaging,
2UAt-AAMT was injected at 1 MBq; groups included 2 At-AAMT
only and 2*At-AAMT with BCH. Each group consisted of 2 mice
(n = 2). Planar images were acquired using a gamma camera system
(E-cam, Siemens, Munich, Germany) with a low-energy all-purpose
collimator.* The energy window was set with X-rays emitted from
the daughter nuclide of 2!*Po. The acquisition time of scintigram was
10 min. Tumorous uptake was estimated from the planar images at
10 min post-injection.

PANC-1 cells were cultured at 37°C in D-MEM containing 10%
fetal bovine serum and 1% antibiotics in a humidified incubator
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with 5% CO,. Cultured cells were washed in PBS(-) and harvested
with trypsin. Tumor xenograft models were established by subcu-
taneous injection of 1 x 107 cells in 0.2 mL of serum-free medium
and Matrigel (1:1; BD Bioscience) into female BALB/c nu/nu mice.
PANC-1 xenograft mice (10 wk old; body weight = 19.3 + 1.4 g)
were used when tumor size reached approximately 50 mm?® on
average. Mice were divided into 2 groups based on the injected
dose (0.4 MBq [n =4, 4.0 + 0.2 MBg/mL]; control [n = 4]). The con-
trol group only received solvents. Tumor sizes and body weights
were measured 3 times per week. Mice were sacrificed when the
tumor size reached more than 10% of the total weight. Mice were
followed for 40 d. Uptakes were normalized by the injected dose
(MBq) and body weight (g).

B16F10 cells were cultured, washed, and harvested as described
above. Tumor metastasis models were established by intravenous
injection, via the tail vein, of 2 x 10° cells in 0.1 mL of serum-free
medium into C57BL/6 mice. Mice were divided into 3 groups based
on the injected dose (1 MBq [n = 3, 10.0 + 1.50 MBg/mL], 0.1 MBqg
[n =3, 1.0 = 0.1 MBg/mL]). The control group only received sol-
vents. 212 At-AAMT was administered by intravenous injection via
tail vein. At 2 wk after 2! At-AAMT injection, all experimental mice
were euthanized and dissected. Nodules in the lungs were counted
in each mouse. A pulmonary metastatic model of murine melanoma
was selected to verify the cytotoxic properties reported in a previ-
ous study.®

2.7 | Statistical analysis

Comparisons between 2 groups were performed using Student's t
test using Statcel3 for Excel software (OMS Publishing). P-values of
less than .05 were considered statistically significant.

3 | RESULTS
3.1 | 2!At-AAMT preparation

a-Methyl-L-tyrosine was successfully radiolabeled with 2**At by the
replacement reaction of Hg?* for 2*At* with a radiochemical yield
of 60%-80%. 2'*At-AAMT was obtained with a high radiochemical
purity of 98%, after purification by consecutive cation and anion ex-
change columns. Rf ratio of 2*!At-AAMT was kept at 0.7 to 0.8 at
least for 7 h in the presence of 1% ascorbic acid, although the prod-

uct was decomposed (Rf ratio = 0) without ascorbic acid (Figure S2).

3.2 | LAT1 specificity of 2! At-AAMT in vitro

We first compared uptake via LAT1 or LAT2 using HEK293 cells and
showed that LAT1 contributed to the specificity of 2*!At-AAMT.
In hLAT2-HEK293 cells, no significant uptake of 2!*At-AAMT was
observed compared to that in Mock-HEK293 cells (Figure 1).
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Second, we evaluated cellular uptake (Figure 2) and viabil-
ity (Figure 3) in the PANC-1 cell line by comparing it with LAT1 in-
hibitor groups. AMT was used for competitive inhibition at high
concentrations. 2" At-AAMT was incorporated into the cells in a
time-dependent manner (Figure 2). Inhibitors reduced the amount
of incorporated 2'*At-AAMT, with BCH inhibiting >**At-AAMT more
efficiently compared with AMT. Figure 3 shows the LAT1 specificity
of 2" At-AAMT, as well as its cytotoxicity. After 10 min of treatment
with 211 At-AAMT, 94.1% of PANC-1 cells were killed. LAT1 inhibitors
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prevented the incorporation of 2UAEAAMT as well as intracellular
alpha-ray exposure; thus, viability was the same as that of the control
group (Figure 3). In summary, 2! At-AAMT exhibited LAT1 specificity
and BCH and AMT inhibited its incorporation into PANC-1 cells.

2UAL-AAMT also induced both DNA and membrane damage in
PANC-1 and B16F10 cell lines. Figure 4A shows a fluorescence pho-
tograph of PANC-1 (a) and B16F10 (b) cells treated with 0, 0.3, and
10 kBq 2*At-AAMT for 5 min. Figure 4B shows the quantitative rep-
resentation of 2!*At-AAMT-treated cells. The cell death signal and
DSB were observed after treatment with 0.3 kBq 2'!At-AAMT. At
10 kBq 2!*At-AAMT, cells showed genotoxic and cytotoxic effects, as
demonstrated by the positive pH2AX and Image-iT® DEAD Green™
viability stain fluorescence. In addition, the number of viable cells
was obviously reduced by treatment with 10 kBq 2 At-AAMT.

3.3 | Administration of 21! At-AAMT,
distribution, and imaging in mice

At 10 min after the injection, 2*!At-AAMT was highly accumulated in
the tumors and accumulated in the thyroid gland, kidney, and pan-
creas. BCH intake clearly inhibited the uptake of 2!At-AAMT into
the tumors (Figure 5).

At 1 h after injection, 2!At-AAMT accumulated in the kidneys of
both normal (Table 1) and tumor-bearing mice (Table 2). The organ
with the highest rate of accumulation in both sexes was the thyroid
gland, followed by the kidneys highly related with urinary excretion.
2UAEAAMT was excreted in the urine (Table S1). The Rf ratio of
urine was the same as that of 2! At-AAMT injected into mice (Figure
S3). These results confirmed the in vivo stability of 2! At-AAMT.

3.4 | Tumor growth

In the PANC-1 model, control mice were injected only with sol-
vents (0.2 w/v% AcOH and 1 w/v% ascorbic acid solution) and the
2UAL-AAMT treatment group received intravenous injections of the
0.4 MBg/mouse At-AAMT solution. No inflammation or abnor-
malities were observed around the injection site. In the 2'*At-AAMT
treatment group, tumor growth was clearly inhibited and body
weight was not significantly decreased compared to the control
group (Figure 6).

After B16F10 cell transplantation, mice were treated with either
solvent only or 0.1 or 1 MBg/mouse of 2'*At-AAMT. At 2 wk after
cell transplantation, all mice were sacrificed and lung nodules were
counted. Significant differences were observed between the groups
(Figure 7A,B). During the experimental period, the body weight of
mice was not significantly different between the groups (Figure 7C).
2UAt-AAMT resulted in inhibition of nodule formation in the lung.

4 | DISCUSSION

Uptake of 2*At-AAMT was shown in hLAT2-HEK293, but as it was
not different from that of Mock-HEK293, it was considered the re-
sult of facilitated diffusion by a mechanism other than LAT1. In ad-
dition, as uptake was suppressed by specific inhibitors (BCH) and
competitive inhibition (AMT), it was considered that the affinity of
21 At-AAMT for LAT1 was high (Figure 1). The uptake of 21*At-AAMT
was also measured using PANC-1 cells (Figure 2). BCH was used for
specific inhibition and AMT was used for competitive inhibition.
Uptake was assumed to be saturated at 10 min. Inhibitors reduced
the amount of incorporated 2**At-AAMT, with BCH inhibiting ?*'At-
AAMT more efficiently compared with AMT. This may be because
BCH blocked LAT1 and markedly decreased the incorporation of
21A+-AAMT, whereas under excessive AMT conditions, amino acid
exchange still occurred and a small amount of 2*!At-AAMT was in-
corporated. Specific uptake of 2UAE-AAMT induced cell death and
uptake for 10 min was sufficient for almost all cells to be killed
(Figure 3).

2UA-AAMT had high cellular toxicity and induced DNA DSB
after short exposure (Figure 4). In total, 5 min of 2UA-AAMT treat-
ment may have been sufficient to induce DSB and enough DNA
damage to induce cell death. This strong cytotoxicity was useful to
establish the clear anti-tumor effects of 21!At-AAMT.

We also confirmed the specificity of 2**At-AAMT in vivo (Figure 5)
and we observed the accumulation of 21*At-AAMT in the tumor tis-
sues as early as 10 min after injection (Figure 5A). Pretreatment with
BCH clearly inhibited the accumulation of 2!*At-AAMT in the tumor
but it did appear to accumulate in the kidney and bladder (Figure 5B).
It was thought that 2'*At-AAMT also had high specificity to LAT1 like
18F-FAMT in vivo.

We confirmed the LAT1 specificity and anti-tumor effect of
2UA-AAMT in vitro and in vivo. To inhibit the oxidative decomposi-
tion of 2*At-AAMT, we also added ascorbic acid to 21*At-AAMT as
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B, Mice were treated with 200 mg/kg BCH prior to 2UA-AAMT injection. Tumor locations were indicated by the yellow dotted line. BCH,
2-aminobicyclo [2.2.1] heptane-2-carboxylic acid; inhibitor of L-type amino acid transporter LAT

21At 14 ascorbic ascorbic acid in the animal experiments. Using the urine collected

a reducing agent. As previously observed with Na
acid also excelled as a reducing agent, stabilizing 2**At-AAMT in a from 2" At-AAMT-injected mice, we performed the TLC analysis

safe manner (Figure S2). As such, we used 2UA-AAMT treated with and did not detect the free 21'At spot (Rf ratio = 1). 2UAE-AAMT in
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TABLE 1 Biodistribution of 2X*At-AAMT in normal mice

% 1D/g Male Female

Thyroid 13.67 +2.32 8.30+2.72
Salivary gland 2.62 +0.66 3.02 + 1.07
Liver 0.43 +0.12 1.65+0.75
Stomach 7.01 +1.87 2.60 +0.53
Kidney 7.19 +2.88 11.09 + 4.40
Pancreas 1.16 + 0.40 6.50 + 3.19
Spleen 2.32+0.27 422 +0.93
Blood 0.68 +0.28 2.37 +1.10

Note: Each value represents the mean percentage of injected dose per
gram (% ID) of organ + SE (n = 3).

TABLE 2 Distribution of 2*!At-AAMT in tumor-bearing mice

%ID/g Mean + SE
Thyroid 11.33 + 4.47
Salivary gland 6.02 + 1.26
Liver 3.40 £ 0.50
Stomach 5.50 + 1.40
Kidney 22.32 +7.68
Pancreas 21.02 + 3.60
Spleen 8.40 +2.51
Blood 5.28 + 0.39
Tumor 24.07 £ 11.95

Note: Whole-body distribution following intravenous administration

of 2'At-AAMT solution in the mouse PANC-1 xenograft model (n = 3).
Mice were dissected 1 h after injection. Each value represents the mean
of % ID of organ + SE (n = 3).

urine was stable (Figure $3). There was also accumulation of 2**At-
AAMT in the kidney. For evaluating the side effects of 21'At-AAMT,
induction of renal tubular disorder by 2**At-AAMT should be con-
firmed in future. Accumulation in the thyroid and stomach was not
of 2 At-AAMT itself, it is thought to be 2'*At from dehalogenation
of 2'At-AAMT. Even if 2!*At is released in the body, if thyroid glands
are protected with iodine block, side effects have not been reported
with these doses.?”?8 The difference in accumulation of PANC-1
model was recognized in comparison with the normal mice (Tables
1 and 2). It is known that liver metastasis in PANC-1 model was in-
frequently, however there were some mice with nodules in a part
of the liver. In pancreas, metastatic tissues were not so clear, but
weights of pancreas were heavier compared with that of no tumor
animal. Thus, the reason for strong accumulation of 2UAEAAMT in
xenograft models was thought to be metastasized to pancreas and
liver. Pathological analysis might be necessary to verify the relation-
ship between accumulation and metastases. The accumulation of
2AL-AAMT in the kidney was also different between normal and
tumor-bearing mice. This is because there were no LAT1-expressing
tissues in normal mice, therefore injected 2**At-AAMT might be re-
leased faster in the urine of normal mice (Table S1). Fast accumula-

tion is a suitable feature for short-lived nuclides, such as 2!*At.
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FIGURE 6 Tumor growth inhibition by 2*!At-AAMT. Using the
PANC-1 xenograft model, we evaluated the efficacy of ?*!At-
AAMT. At 2 wk following tumor inoculation 2!*At-AAMT (0.4 MBgq/
mouse) was injected. Tumor size (A) and weight (B) were measured
3 times a week

Amount of accumulation of 2*!At-AAMT was higher in females
compared with males. It was considered that the speed of excretion
was slow in female. This might be because the amount of urine from
females was smaller compared with that of males (examples of urine
volume, 6-wk-old ICR mice; male: 2.39 + 0.30 g/mouse for 24 h; fe-
male: 1.73 + 0.29 g/mouse for 24 h). In males, only the stomach had
more accumulation. Food consumption of male mice is more com-
pared with that of female mice. It was thought that NIS (SLC5A5,
sodium (Na)-iodide symporter), which transports R\ expressed
in the stomach wall, plays a role in accumulation of 2*'At released
from AMT rather than 2!At-AAMT. We already confirmed that the
administered 2!*At is transferred to the contents of the stomach,
but the mechanism is not clear. As shown in this study, there were
certainly differences between distribution of males and females 1 h
after 2 A-AAMT injection. However, although no data are shown,
most of them were excreted when the amount accumulated in the
body was measured 1 d later. From these facts, it is considered that
the difference in the accumulation of males and females at 1 h after
administration does not have a significant effect. We also confirmed
the anti-tumor effect of 2At-AAMT in tumor-bearing models
(Figures 6 and 7). A AAMT could also inhibit tumor metastasis
with a single treatment (Figure 7). The lungs in the control group

were larger compared with in the experimental group. It was because
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FIGURE 7 Tumor metastasis inhibition via 2! At-AAMT. Using

a B16F10 model, we evaluated the efficacy of 2UAL-AAMT. At 1d
after tumor inoculation, a single dose of 2UAL-AAMT was injected.
After 2 wk, mice were sacrificed and lung nodules were counted.
A, Number of nodules in the lungs. B, Photographs of experimental
mice lung. Scale bar is 10 mm. C, Weight of mice during the 2 wk
period. ***P < .001

the proliferation of melanoma cells in the lung inhibited by 2L
AAMT. In future research, we should calculate the absorbed dose of
tumor tissues to estimate the accurate effectiveness of 21*At-AAMT.

Compared with the distribution results of ¥F-FAMT and 7’Br-
BAMT,?’ although the accumulation in the kidney was similar, it was
found that 2! At-AAMT efficiently accumulated in the tumor. As the
results of excretion into urine were similar (Table S1), it could be in-
ferred that the high anti-tumor effect of 2!*At-AAMT was due to the
high amount of accumulation in the tumor. Approximately 70% of
the administered 21! At-AAMT was excreted within 1 h without dis-
assembly (Figure $3). 2! At-AAMT was hardly excreted from exhaled

Cancer Science NI aa=

breath (Table S1). The excretion of 2*!At-AAMT in feces was thought
to be due to accumulation in the stomach. Excretion levels of 211At-
AAMT might be the same as other radiolabeled chemicals. The clear-
ance of AMT derivatives was very fast. Fast excretion from normal
organs is needed for lower side effects. The effects of 2**At in nor-
mal organs for 2 mo after administration were already reported.?® A
high dose of 2'*At-AAMT might also induce unexpected side effects.
As we did not observe a rapid decrease in body weight or changes in
the animals’ condition, the toxicity of 2*!At-AAMT may be low in our
experiments. However, side effects and dose-response induced by
21At-AAMT should be assessed in future studies.

We established an alpha therapy targeting LAT1 using 2''At-
AAMT. The 2"*At-AAMT has 2 additional benefits compared with
other TAT candidates. First, 21*At-AAMT could have the ability to
accumulate within various cancer types. Other ?'*At-labeled candi-
dates that have advanced into clinical research target specific types
of cancer. 2*At-AAMT would have similar accumulation ability as
18E-FAMT, 7°Br-BAMT, and 7’Br-BAMT, which accumulate within
various tumors where LAT1 is highly expressed. Second, 2''At-
AAMT has strong cytotoxic effects. Its rapid effects might reduce
the burden on patients, and its rapid elimination might reduce the
side effects. High affinity to LAT1 and high cytotoxicity of alpha rays
worked synergistically for anti-tumor effects.

2UA-AAMT may be a novel anti-cancer drug. Although
2UAt-AAMT could inhibit tumor growth with a single treatment
(Figure 6), the tumor was not completely abolished, so a single
injection was not enough to continuously decrease tumor size.
Multiple dose administration might be necessary to take full ad-
vantage of the high anti-tumor effect of 2*!At-AAMT. In conclu-
sion, 2At-AAMT might be an effective anti-cancer drug when
administered multiple times or in combination with existing an-

ti-cancer drugs.
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