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ABSTRACT

Phenylalanine derivatives, which target tumors especially through L-type amino
acid transporter-1 (LAT1), have elicited considerable attention. In this study, we
evaluated the treatment effect of phenylalanine labeled with the alpha emitter
astatine (?'!At-PA) in tumor bearing mice. The C6 glioma, U-87MG, and GL261
cell lines were subjected to a cellular ?'*At-PA uptake analysis that included an
evaluation of the uptake inhibition by the system L amino acid transporter inhibitor
2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH). BCH significantly inhibited
para-2''At-PA uptake in C6 glioma (12.2 + 0.8%), U-87MG (27.6 + 1.1%), and GL261
(12.6 + 2.0%) cells compared to baseline, suggesting an uptake contribution by
system L amino acid transporters. Subsequently, xenograft and allograft models were
prepared by subcutaneously injecting C6 glioma (n = 12) or GL-261 cells (n = 12),
respectively. C6 glioma mice received three ?!'!At-PA doses (0.1, 0.5, or 1 MBq, n =
3/dose), while GL261 mice received one high dose (1 MBq, n = 7). ?2'*At-PA exhibited
a tumor growth suppression effect in C6 glioma models in a dose-dependent manner
as well as in GL-261 models. This phenylalanine derivative labeled with astatine
may be applicable as an alpha therapy that specifically targets system L amino acid

transporters.

INTRODUCTION aggressiveness of the tumor [1, 2]. In a previous report,
however, patients with glioblastoma, a type of glioma,
Targeted alpha therapy has received attention as had a 5-year overall survival rate of only 9.8% after
an effective form of radionuclide treatment, particularly temozolomide therapy [2]. These observations emphasize
for refractory and/or recurrent malignant tumors such as the need for more effective treatments, including targeted
malignant glioma. Glioma, a form of brain malignancy, is alpha therapy, which would improve the prognosis of

highly refractory and associated with a high relapse rate affected patients.
and poor prognosis [1]. Currently, the standard treatment Many malignant tumors, including glioma, exhibit
for glioma is surgery, followed by chemotherapy and upregulated amino acid transport and glucose transport
radiation therapy according to the histological type or [3]. Accordingly, amino acid probes for diagnostic positron
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emission tomography (PET), such as !'"C-methionine
(""'C-MET), "#¥F-fluorodihydroxyphenylalanine ("*F-DOPA),
and "8F-fluoroethyltyrosine ("*F-FET), are used mainly to
evaluate the extent of tumor invasion and differentiate
recurrence from radiation necrosis [3, 4]. Additionally,
phenylalanine (PA) derivatives such as "*F-fluoro-borono-
PA ("®F-FBPA) and 4-borono-L-PA (BPA) specifically
target tumors and are used mainly in the context of boron
neutron capture therapy [5]. They were both reported to be
substrates of the L-type amino acid transporter 1 (LAT1)
and were found to be taken up selectively by tumors, with
minimal physiological accumulation in normal organs
[5, 6]. The derivative labelled with the gamma emitting
isotope, para-'’I-iodo-L-phenylalanine ('*’I-IPA), has been
used with some success as a diagnostic imaging agent in
glioblastoma patients [7]. The corresponding "*'I derivative
(P'T-IPA) has been studied as a therapeutic agent, and is
currently being advanced as a combination therapy with
external beam radiation in a Phasel/Il clinical trial [8,
9]. These PA-based compounds exhibit characteristics of
high tumor to normal brain ratio that would be ideal for a
targeted alpha therapeutic strategy.

Longer half-life alpha emitters, such as actinium
(*»Ac, half-life: 10 day) could potentially induce long-
term renal toxicity due to recoiled daughter radionuclides,
such as ?"*Bi [10]. In contrast, the alpha emitter astatine
(®"'At) is a halogen element with a relatively short half-life
(7.2 hr) and simple decay chain. "' At can be produced in a
commercially available medium-energy cyclotron by alpha
beam irradiation of a bismuth target [11]. In addition,
2At can be combined with small molecule compounds
to enable rapid distribution to the target. In this study, we
evaluated the selectivity of 2! At-para-astato-L-PA (*!'At-
PA) for amino acid transporters focusing on LAT1, as well
as the treatment effect of this derivative in mouse glioma
xenograft and allograft models.

RESULTS

A nucleophilic substitution reaction between
the boronic groups and astatine was used to radiolabel
para- and meta-BPA with ?''At, yielding para- and meta-
2MAt-PA, respectively (Figure 1A). The corresponding
radiochemical yields and the radiochemical purities
were > 80% and > 94%, respectively. Figure 1B depicts
a radiochromatogram of para-*''At-Phe. Both products
remained stable in vials for 24 hr. No other side products
were observed.

In the cellular uptake analysis, the addition of BCH
significantly inhibited uptake by C6 glioma (12.2 + 0.8%),
U-87MG (27.6 + 1.1%), and GL261 cells (12.6 + 2.0%),
suggesting that 2!' At-PA uptake is predominantly mediated
by system L amino acid transporters (Figure 2). As no
major differences were observed in a comparison between
meta->""At-PA and para-*''At-PA, we used the latter in
evaluations of treatment effects. Figure 3 demonstrates

the transport of para->''At-PA into oocytes by LAT1 and
LAT2. Significantly greater transport of para->''At-PA
was observed with LAT1 than with LAT2, indicating a
larger contribution of the former to the uptake of this PA
derivative.

The whole-body distributions of meta->''At-PA
and para-*!' At-PA were evaluated in normal ICR (Figure
4A and 4B). Although no significant difference in the
distributions of meta-*''At-PA and para->'"'At-PA was
observed at 1 hr post-injection, significant differences
were observed in the stomach and blood at 3 hr and in
the lung, large intestine (LI), contents of the LI, pancreas,
spleen, and testes at 24 hr. However, residence time
showed comparable results between meta->''At-PA and
para-*'"At-PA in all the major organs examined in this
study (Figure 4C), reflecting the similar early distribution.
Iodine blocking led to a significant decrease (81%) in the
accumulation of para-*"'At-PA in the thyroid and increased
accumulation in the heart and spleen (Figure 4D).

Planar imaging of C6 glioma-bearing mice revealed
the early distribution and gradual washout of para-*'' At-PA
in the tumors (3.7 + 0.8%ID at 30 min and 1.5 + 0.2%ID
at 3 hr), with an estimated absorbed dose of 1.7 = 0.6 Gy/
MBq (Figure 5). We could not detect the tumor uptake by
planar imaging in the GL261 tumor model, since the GL261
allograft tumors were smaller (0.15 + 0.06 cm®) compared
to the C6 glioma xenograft tumors (0.39 + 0.05 cm?). In an
evaluation of the treatment effect, para->"' At-PA suppressed
the growth of C6 glioma xenograft tumors in a dose-
dependent manner, with tumor size ratios (relative to the
control) of 0.60, 0.40, and 0.25 at 3 weeks post-injection with
0.1, 0.5, or 1 MBq of para->"'At-PA, respectively (Figure 6A).
Similar tumor growth suppression was also observed in
GL261 allograft mice (relative tumor size: 0.24 at day
32) (Figure 6B). No significant differences were observed
with respect to the changes in body weights between para-
21 At-PA-injected and control mice in either the C6 glioma
xenograft or GL261 allograft model (Figure 6C, 6D).

DISCUSSION

We have demonstrated the potential efficacy
of 2""At-PA as a targeted alpha therapeutic agent for
glioma. We further confirmed the transport of this PA
derivative into cells via system L amino acid transporters,
particularly LAT1. In vivo, we observed para-*''At-PA
dose-dependent tumor growth suppression in a mouse
xenograft model of C6 glioma and relatively slower tumor
regrowth in a GL261 tumor-bearing mice. In addition, we
used a borono-precursor to achieve the 2!'At labeling of
PA. This preparation method proceeded efficiently under
mild conditions in aqueous media and did not require any
toxic reagents, in contrast to previous work [12—14].

In our previous studies, we demonstrated high
levels of accumulation of various amino acid PET
probes, such as 'F-FBPA, F-FAMT and '"C-MET, in
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C6 glioma. Moreover, we demonstrated the functional
expression of LAT1 in these tumors using histology and
western blot analyses [5, 15]. A western blot analysis of
GL261 cells also revealed strong expression of LAT1
[16]. In our current in vitro cellular uptake analysis, we
demonstrated the transport of *!' At-PA via system L amino
acid transporters. In a previous study of a radioiodine-
labelled PA with similar kinetics as ?''At-PA, transport
was mediated predominantly by the L and ASC amino-
acid transport systems [12, 17]. Other studies of glioma,
including recurrent cases, have also reported the high
uptake of ¥F-FBPA, 'sF-FAMT, and "C-MET [3, 18, 19].
Moreover, Youland and colleagues reported that LAT1
expression (evaluated via immunofluorescence) correlated
with '8F-DOPA uptake in newly diagnosed human
astrocytoma [20]. Taken together, these observations
suggest that the use of alpha emitters to target system L
amino acid transporters represents a promising treatment
strategy for glioma patients. As LAT1 expression has been
observed in many other types of cancer [21], 2''At-PA
could potentially be used in a universal cancer treatment
strategy.

Borrmann et al. reported that intravenous
treatment with 2! At-PA improved the health conditions
and enhanced the survival durations of rats with
intracranial glioblastomas [13]. In this study, we studied

A

subcutaneously implanted tumors to overcome the short
observation period and challenges associated with tumor
size monitoring in an intracranial implantation model. To
further enable our study, we selected the C6 glioma and
GL261 cell lines, which are well-established and have
similar ""C-Met transport ability (data not shown).

In the cellular uptake analysis, GL261 cells
exhibited approximately 10 times higher uptake than that
in other cell lines. Since GL261 cells are usually cultured
in a medium with a high amino acid concentration, it is
presumed they have a high capacity for amino acid uptake
compared to other cell lines. Although there was no
significant difference in the in vitro cellular uptake and
the residence time of meta-?''At-PA and para-*''At-PA
in normal organs, BCH treatment showed a small trend
towards greater inhibition (% inhibition compared to the
control) of para-?'' At-PA uptake compared to meta->'"At-
PA in all cell-lines (Figure 2). Therefore, we thought that
para-*'"'At-PA uptake could be more specific to system
L amino acid transporters. In addition, para-iodo-L-
phenylalanine labelled with °I/'*'T has been reported to
show high uptake in glioma patients [7-9], suggesting the
best coupling to be para-iodo/astato-L-phenylalanine.

One major challenge to the use of ?"'At-PA is the
distribution of free *'' At-astatide in the body. *'' At-astatide
is thought to be deastatinated during metabolic processes.
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Figure 1: (A) Reaction scheme for the labeling of para-borono-L-phenylalanine (BPA) with 2''At (represented by para-''At-PA). (B)
Radiochromatogram obtained by eluting a solid-phase extraction-purified para->''At-PA solution on a reverse-phase high-performance

liquid chromatography column under a gradient.
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We have previously reported the specific uptake of astatide
in the thyroid gland through the sodium iodide symporter
(NIS), in a manner similar to iodide, and identified the
thyroid gland as an organ at risk [11]. We subsequently
demonstrated that the thyroid uptake of 2!!'At-astatide,
which was deastatinated from 2! At-PA, could be reduced
by 80% following the pre-administration of iodine [22].
Furthermore, no significant changes in body weight
were observed in the tumor bearing mice in this study.
Although a more detailed investigation of side effects is
needed, the effect of free *!'At-astatide does not appear
to be significant, especially in the context of refractory
glioma with a poor prognosis.

We further observed the rapid uptake of para->''At-
PA by the tumor, which reflects the advantage of a small

A

o
(-]
L

(=]
o
1

*

CPM/ug protein
=] o
N »

molecule compound. However, a planar imaging analysis
revealed a slow washout from the C6 glioma xenograft
between 30 min and 3 hr post-injection. This washout
is attributable to an efflux component in the transport of
2 At-PA due to the bidirectional nature of the amino acid
transporters reflecting the decreased concentration in the
blood, and was consistent with our previous studies of
amino acid PET probe kinetics in C6 glioma xenografts
[4, 12]. Despite this washout, we observed an anti-tumor
effect in the xenograft models. The estimated absorbed
dose in the C6 glioma xenograft was 1.7 = 0.6 Gy/MBq.
In our previous study using *''At-NaAt, the estimated
dose was 9.7 = 7.0 Gy/MBq in the K1-NIS xenograft,
which showed better tumor retention [11]. Regarding
the treatment effect, 2" At-NaAt treatment showed tumor
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Figure 2: Meta- and para- "' At-PA transport in an in vitro cellular uptake and inhibition assay conducted in the absence
or presence of 1 mM non-radiolabeled phenylalanine (PA) or 20 mM 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid
(BCH; system L amino acid transporter inhibitor). (A) C6 glioma, (B) U-87MG, and (C) GL261 cell lines ["p < 0.05 and “p <0.01
compared with control (CTL)]. Uptake data are expressed as mean values + standard errors of the means (four replicates per condition).
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regression followed by the delayed regrowth, whereas
2 At-AtPA treatment showed tumor growth suppression
in a dose dependent manner. Although the treatment effect
of 2'"At-AtPA in glioma is smaller compared to that of
21At-NaAt in K1-NIS due to its faster clearance, we could
deliver a certain dose in the glioma xenograft.

Therefore, these ?''At-labelled compounds, which
have short durations of action, should be considered
effective treatment options if distribution to the target
occurs rapidly during the period of high radioactivity
before decay. The repeated administration of 2''At-PA
at appropriate intervals may also enable the effective
treatment of glioma. These possible clinical applications
should be evaluated in future studies, along with a
detailed examination of the associated toxicities and an
evaluation of long-term survival. Regarding the clinical
translation and patient impact, >'' At-PA will be beneficial
to patients with refractory glioma, especially those with
highly invasive and spreading tumors. It is expected that
2At-PA treatment will have a substantial impact on the
management of glioma patients and improve the prognosis.

In conclusion, we have demonstrated the cellular
uptake of ?""At-PA and the tumor growth suppression
effects of this PA derivative in mouse xenograft and
allograft models of malignant glioma. Our findings
suggest that >'' At-PA could be useful as an alpha therapy
specific for system L amino acid transporters expressed on
malignant tumors.
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MATERIALS AND METHODS

Production of 2''At and synthesis of 2! At-PA

21At was procured from the Research Center for
Nuclear Physics at Osaka University and RIKEN via
Supply Platform of Short-lived Radioisotopes [11]. 2''At
was produced in the 2*Bi (a,2n)*''At reaction using the
AVF Cyclotron. The metallic Bi target was prepared by
a vacuum evaporation method. The produced *"'At was
separated and purified via dry distillation from the bismuth
target. The irradiated Bi target was put in a quartz column
and heated up to 850°C using an electric tubular furnace
under mixed helium and oxygen gas flow. The evaporated
2TAt was then swept out from the quartz column with
the mixed gas flow and was passed through a Teflon
tube which was cooled by ice water to trap evaporated
2TAt. After collection of *''At on the Teflon trap tube
for approximately 20 of minutes, the trapped *''At was
dissolved in approximately 100 pL of distilled water.
The radioactivity of >'' At dissolved in distilled water was
determined by measurement of X-ray from a daughter
nuclide, *''Po, with a high-purity germanium (HPGe)
detector.

Ascorbic acid, para-borono-L-phenylalanine (para-
BPA), meta-borono-D, L-phenylalanine (meta-BPA),
N-bromosuccinimide (NBS), and an injectable solution
of 7% sodium hydrogen carbonate (7% NaHCO,) were

*¥k
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Figure 3: Analysis of para-?"'At-phenylalanine (PA) transport by L-type amino acid transporter-1 (LAT1) and LAT2.
Para-*'" At-PA uptake by control oocytes (black square) and oocytes expressing LAT1 (black circle) or LAT2 (white circle) in choline buffer
was measured for 5, 15, and 45 min. The uptake rates are expressed as mean values + standard errors of the means (n =9-11; “p <0.01 in

a comparison between LAT1 and LAT?2).
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purchased from Nacalai Tesque (Kyoto, Japan). For
the experiments, 1 mg of para-BPA (or meta-BPA) was
dissolved in 0.1 mL of 7% NaHCO,. Next, 0.1 mL of
the 1% (w/v) para-BPA (or meta-BPA) solution and an
aliquot of ?''"At aqueous solution (1020 MBq) were
poured into a glass vial, stirred, and mixed with 30 pL
of an aqueous solution of 0.4% (w/v) NBS for 30 min at
room temperature. Finally, 30 puL of an aqueous solution
of 3% (w/v) ascorbic acid was added to the mixture to
stop the oxidation reaction, and the mixture was purified
using solid-phase extraction. The purified para-*''At-
PA or meta-?'"At-PA was then analyzed using a high-
performance liquid chromatography system (Shimazdu,
Kyoto) equipped with a reverse-phase Cosmosil column
(5C18 MS2, 150 mm x 4.6 mm; Nacalai Tesque). The
products were eluted using a gradient solvent system (0—
100% acetonitrile in water) for 20 min and then measured
using a gamma-ray detector (GABI star, Elysia-raytest,
Germany) and a UV detector at 254 nm.

The same method was used to synthesize para-iodo-
L-phenylalanine separately, using equivalent amounts of
BPA and sodium iodide. The chemical formula of this
product was determined via a liquid chromatography-mass
spectrometry analysis to be para-iodo-L-phenylalanine
(extracted mass of [-Phe+1: 291.983 Da).

In vitro cellular uptake and inhibition assay

The C6 rat glioma cell line was provided by RIKEN
BRC (Tsukuba, Japan) and cultured in F-12K medium
(Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum (FBS; Sigma-Aldrich). The U-87 MG human
glioblastoma cell line was purchased from American Type
Culture Collection (Manassas, VA, USA) and cultured
in Modified Eagle’s medium (MEM; Sigma-Aldrich, St.
Louis, MO, USA) containing 1% Non Essential Amino
Acids (NEAA) + 1 mM Sodium Pyruvate (NaP) and 10%
FBS. The GL261 murine glioma cell line was provided
by the In Vivo Cellular and Molecular Imaging Lab at
Vrije Universiteit, Brussels and cultured in high-glucose
Dulbecco’s MEM (DMEM; Wako Pure Chemical, Osaka,
Japan) containing 10% FBS. All cells were maintained at
37°C in a humidified incubator containing 5% CO, and
were washed with phosphate-buffered saline (PBS) and
harvested with trypsin as necessary. LAT1 expression of
these cells were confirmed in previous studies [16, 23].

Initially, the cells were seeded onto a 24-well
plate (density: 1 x 105/well) and cultured for 2 days. The
uptake of 2" At-PA was inhibited by adding either 1 mM
unlabeled PA as competitor or 20 mM 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH), an inhibitor of
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Figure 4: Whole-body distribution of meta->"'At-phenylalanine (PA) and para-*"'At-PA in normal ICR mice after
intravenous administration. (A, B) Percent injected doses (%; note the difference in vertical scales between A and B) (n = 3 for each
time point of each group) and (C) residence time (hr) in major organs. (D) Effect of iodine blocking after the intravenous administration of
para-2'"At-PA (n = 3 for each group). Data are expressed as mean values with standard deviations ("p < 0.05).
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system L amino acid transporters 5 min before adding
2IAt-PA. The amount of BCH was more than 100 times
of 2!'At-PA, and the dose of 2" At-PA was approximately
10 kBg/well. After incubation with para- or meta-*"'At-PA,
the cells were washed twice with PBS for removing the
component which did not internalize to the cells, and the
retained radioactivity was measured using a 2480 Wizard?
gamma counter (Perkin Elmer, Waltham, MA, USA).
Counts per minute (CPM) of the samples were measured
by gamma counter. The protein concentrations were
measured using the BCA protein assay kit (FUJIFILM
Wako Pure Chemical) and a plate reader (Multiskan FC,
ThermoFisher Scientific, USA). CPM was corrected by
the amount of protein.

Evaluation of LAT1 transport in oocytes

Supplementary Figure 1 lists the cDNAs of human
transporters used in this study. First, cRNAs were

synthesized in vitro from linearized plasmids using the
mMessage mMachine Kit, polyadenylated with a Poly (A)
Tailing Kit, and purified with a MEGAclear Kit (all kits:
ThermoFisher Scientific, Waltham, MA, USA) according
to the manufacturer’s protocols. Next, defolliculated
Xenopus oocytes were injected with polyadenylated cRNA
(25 ng/oocyte) to induce expression [24]. An equimolar
amount of 4F2hc cRNA was co-injected to ensure the
functional expression of LAT1 and LAT2 [24-26].
Amino acid transport was measured in the oocytes
2—4 days after cRNA injection, as previously described
[24, 26-28]. Briefly, the oocytes were incubated at
room temperature with 500 pL of uptake buffer (choline
uptake solution: 100 mM (CH,),N (Cl) CH,CH,OH,
2 mM KCI, 1.8 mM CaCl,.2H,0, 1 mM MgCl,, 5 mM
HEPES, pH 7.5) containing 2''At-PA (approximately
10kBg/oocyte). Radioactivity was determined using a
gamma counter. Nine to 11 oocytes were used for each
transport measurement. Two separate experiments were
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Figure 5: (A) Planar images of a C6 glioma xenograft model mouse at 30 min and 3 hr after the injection of para-?'' At-phenylalanine (PA).
Arrows indicate the C6 glioma xenograft. (B) Uptake in the tumor and other regions as determined from an analysis of regions of interest

on planar images.
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performed using different batches of oocytes to confirm
the reproducibility of the results.

Preparation of animals

All animal experiments were performed in
compliance with the guidelines of the Institute of
Experimental Animal Sciences. The protocol was
approved by the Animal Care and Use Committee of the
Osaka University Graduate School of Medicine. Normal
ICR, normal C57BL/6, and nude mice (male) were
purchased from Japan SLC Inc. (Hamamatsu, Japan). All
animals were housed under a 12-h light/12-hr dark cycle,
and given free access to food and water. C6 glioma cells
(5.0 x 10° cells) or GL-261 cells (1.0 x 107 cells) were
suspended in 100 pL of culture medium and Matrigel (1:1
ratio; BD Biosciences, Franklin Lakes, NJ, USA). Tumor
xenograft and allograft models were prepared via the
subcutaneous injection of this C6 glioma cell suspension
into each immunodeficient nude mouse (n = 12) and the
GL-261 cell suspension into each immunocompetent
C57BL/6 mouse (n = 12), respectively [4].

Biodistribution and evaluation of the iodine
blocking effect

For the biodistribution study, para- or meta->"' At-PA
(0.53 = 0.04 MBq) was injected into normal male ICR
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mice (n = 18, 9 weeks old, body weight =37.7 £ 1.3 g).
The mice were sacrificed by euthanasia at 1, 3, and 24 hr
post-injection. For the iodine blocking study, normal male
ICR mice (n = 6, 9 weeks old, body weight=37.9£0.9 g)
were fed with 2-week iodine-restricted diet. Subsequently,
the mice were divided into a blocking group (n = 3),
which received Nal (10 mg/kg) intravenously at 24 and
3 hr before the injection of para-*''At-PA, and a control
group (n = 3), which did not receive Nal. The mice were
euthanized 3 hr post-administration of para->'"'At-PA (0.5
MBq) and dissected.

The major organs (brain, thyroid gland, salivary
gland, heart, lung, esophagus, liver, stomach, small
intestine, large intestine, kidney, adrenal gland, pancreas,
spleen, and testes) and the blood were collected from each
mouse, and the radioactivity and weight of each sample
were measured using an AccuFlex Y7000 device (Hitachi,
Aloka, Japan). Radioactivity counts were normalized by
calibration with a standard solution of 2''At. The residence
time (hr) was calculated using the trapezoidal method
without decay correction [29].

Evaluation of treatment effect and imaging
analysis

Para-?""At-PA was injected into mice bearing C6
glioma xenografts (n = 9; 15 weeks old; body weight =
23.8 + 1.2 g) and GL261 allografts (n = 7; 8 weeks old;
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Figure 6: (A, B) Tumor growth suppression effect represented by tumor size and (C, D) changes in body weight in C6 glioma and GL261
allograft mice after the injection of para-*'' At-phenylalanine (PA) ("p < 0.05 compared to the control).
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body weight = 23.6 £ 1.2 g) at 23 and 20-21 days after
implantation, respectively. C6 glioma xenograft mice were
divided into four groups according to the injected dose:
1 MBq (n =3, 1.19 £ 0.05 MBq), 0.5 MBq (n = 3, 0.55
+ 0.02 MBq), 0.1 MBq (n = 3, 0.09 = 0.03 MBq), and
control mice without para-*''At-PA administration (n =
3). GL261 allograft mice were divided into two groups: 1
MBq (n=7, 1.07 £ 0.07 MBq) and control (n = 5). Planar
imaging was performed using a gamma camera system
(E-cam, Siemens) at 30 min and 3 hr after para->''At-PA
administration. This system targeted the X-rays emitted
from the daughter nuclide, *''Po (energy window: 79 keV
+20%) (6). Image analysis was performed using AMIDE
software (ver. 1.0.4). The tumor uptake was calculated
as the percent injected dose (%ID). The absorbed dose
(Gy) in the tumor was estimated according to a previous
report with the normalization to the tumor volume in the
calculation process [30]. The tumor sizes (mm?) were
monitored using a caliper, calculated using the following
elliptical sphere model equation, and compared between
the injected and control groups of mice.

V = 4/3*m*a"2*b (V: volume of the tumor (mm?), a:
shorter radius (mm) and b: longer radius (mm))

Euthanasia was applied when the following criteria
were met: 1) intolerable suffering of the animal, 2) a
significant decrease in activity or a marked decrease in
food and water intake, and 3) the end of the observation
period (up to 32 days). Euthanasia was performed via deep
anesthesia induced by isoflurane inhalation.

Statistical analysis

Comparisons of values between two groups were
performed using an unpaired #-test. All statistical analyses
were conducted using Excel 2016 (Microsoft Corp.,
Redmond, WA, USA). Probability values of < 0.05 were
considered to indicate statistical significance. Values were
reported as mean and standard deviation unless otherwise
noted.
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