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ABSTRACT: Astatine-211 (211At) is an alpha emitter applicable
to radioimmunotherapy (RIT), a cancer treatment that utilizes
radioactive antibodies to target tumors. In the preparation of 211At-
labeled monoclonal antibodies (211At-mAbs), the possibility of
radionuclide-induced antibody denaturation (radiolysis) is of
concern. Our previous study showed that this 211At-induced
radiochemical reaction disrupts the cellular binding activity of an
astatinated mAb, resulting in attenuation of in vivo antitumor
effects, whereas sodium ascorbate (SA), a free radical scavenger,
prevents antibody denaturation, contributing to the maintenance
of binding and antitumor activity. However, the influence of
antibody denaturation on the pharmacokinetics of 211At-mAbs
relating to tumor accumulation, blood circulation time, and
distribution to normal organs remains unclear. In this study, we use a radioactive anti-human epidermal growth factor receptor 2
(anti-HER2) mAb to demonstrate that an 211At-induced radiochemical reaction disrupts active targeting via an antigen−antibody
interaction, whereas SA helps to maintain targeting. In contrast, there was no difference in blood circulation time as well as
distribution to normal organs between the stabilized and denatured immunoconjugates, indicating that antibody denaturation may
not affect tumor accumulation via passive targeting based on the enhanced permeability and retention effect. In a high-HER2-
expressing xenograft model treated with 1 MBq of 211At-anti-HER2 mAbs, SA-dependent maintenance of active targeting
contributed to a significantly better response. In treatment with 0.5 or 0.2 MBq, the stabilized radioactive mAb significantly reduced
tumor growth compared to the denatured immunoconjugate. Additionally, through a comparison between a stabilized 211At-anti-
HER2 mAb and radioactive nontargeted control mAb, we demonstrate that active targeting significantly enhances tumor
accumulation of radioactivity and in vivo antitumor effect. In RIT with 211At, active targeting contributes to efficient tumor
accumulation of radioactivity, resulting in a potent antitumor effect. SA-dependent protection that successfully maintains tumor
targeting will facilitate the clinical application of alpha-RIT.
KEYWORDS: astatine-211, radiolysis, sodium ascorbate, radioactive antibody, tumor targeting, active targeting

1. INTRODUCTION
Alpha radiation is characterized by a high linear energy transfer
at a limited range of 50−100 μm in tissue (equivalent to the
thickness of 5−10 cells), compared to other types of ionizing
radiation.1 Therefore, selective accumulation of alpha emitters
in tumor tissue results in efficient cancer cell death via
deoxyribonucleic acid (DNA) double-strand breaks, without
harmful effects on normal cells adjacent to the tumor.
Monoclonal antibodies (mAbs) selectively accumulate in
tumors via antigen−antibody interaction as well as the
enhanced permeability and retention (EPR) effect.2,3 Tumor
targeting via antigen−antibody interaction and the EPR effect
is called active targeting and passive targeting, respectively.
Therapeutic antibodies such as trastuzumab,4−8 an anti-human
epidermal growth factor receptor 2 (anti-HER2) mAb for

breast and gastric cancer, and rituximab,9−12 an anti-CD20
mAb for non-Hodgkin’s lymphoma (NHL) and chronic
lymphocytic leukemia (CLL), are clinically available. In
addition to naked antibodies, armed antibodies such as
antibody−drug conjugates (ADCs) have been clinically
approved.13−15 Antibodies labeled with a therapeutic radio-
nuclide are also considered to be armed antibodies, and cancer
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treatment that utilizes such radioactive antibodies is called
radioimmunotherapy (RIT). Yttrium-90 (90Y) ibritumomab
tiuxetan, an anti-CD20 mAb labeled with 90Y, a beta emitter, is
indicated for patients with relapsed or refractory low-grade or
follicular B-cell NHL and is available for consolidation therapy
in patients with follicular NHL who achieve a partial or
complete response to first-line chemotherapy.16−18

Astatine-211 (211At) is an alpha emitter that has applications
in cancer treatment. The radionuclide has the following four
favorable properties in this regard. First, its half-life of 7.2 h is
long enough to label drug carriers such as antibodies and
evaluate antitumor effects and pharmacokinetics.19 Second,
using particle accelerators such as a cyclotron, it is possible to
produce a high yield of 211At sufficient to prepare 211At-labeled
pharmaceuticals with clinically effective doses of radio-
activity.19 Third, 100% of its decay leads to the production
of alpha particles.19 Fourth, since a daughter nuclide of 211At
emits characteristic X-rays, we can image and quantify the
biodistribution of 211At-labeled pharmaceuticals by planar
scintigraphy and single-photon emission computed tomog-
raphy (SPECT).20,21

Challenges in the preparation process for radionuclide-
labeled antibodies include low labeling yield,22,23 radionuclide
release from the antibody,24−26 and disrupted binding
activity24−28 due to the radionuclide-induced chemical
reaction. We previously demonstrated that the 211At-induced
radiochemical reaction denatures astatinated mAbs, resulting
in disruption of cellular binding and in vivo antitumor
activity.29 In addition, we also reported that reactive oxygen
species (ROS) generated from the radiolysis of water are able
to denature 211At-labeled mAbs (211At-mAbs) and that sodium
ascorbate (SA), a free radical scavenger, can successfully
quench ROS and protect the immunoconjugate from antibody
denaturation in a concentration-dependent manner.30 These
studies revealed that the binding activity of 211At-mAbs
stabilized with SA is comparable to that of naked mAb,29,30

and astatinated mAbs under SA protection exert a significantly
greater in vivo antitumor effect than the denatured
immunoconjugate.29 However, several questions remain
regarding 211At-induced antibody denaturation and SA
protection. First, it is not clear whether 211At-induced antibody
denaturation has any influence on the blood circulation time of
radioactive mAbs. Since longer residence time in the blood
results in higher tumor accumulation via passive targeting, this
pharmacokinetic parameter is important. Second, whether
binding activity disrupted by 211At-induced antibody denatura-
tion affects active targeting of immunoconjugates is unknown.
Third, the protective effects of SA on tumor accumulation of
211At-mAbs via passive targeting and active targeting have not
been clarified.

In this study, we compared tumor accumulation, residence
time in the blood, and distribution to normal organs after
administration of 211At-labeled anti-HER2 mAb (211At-anti-
HER2 mAb) stabilized with SA and administration of the
denatured immunoconjugate in a xenograft model with high
HER2 expression. Along with the pharmacokinetic study, we
investigated the in vivo antitumor effects of denatured and
stabilized radioactive mAbs in detail, and gained a deeper
understanding of the protective effect of SA on antitumor
activity of 211At-mAbs. Additionally, in order to confirm the
antitumor mechanism via active targeting, we compared the
antitumor effect and tumor accumulation of 211At-anti-HER2
mAb under SA protection with those of a radioactive

nontargeted control mAb in a high-HER2-expressing xenograft
model.

2. MATERIALS AND METHODS
2.1. Antibodies. Trastuzumab (anti-HER2 mAb) and

rituximab (anti-CD20 mAb) were purchased from Chugai
Pharmaceutical (Tokyo, Japan) and Nippon Zenyaku Kogyo
(Tokyo, Japan), respectively.

2.2. Gastric Cancer Cell Lines and Animal Models.
Human gastroesophageal junction cancer cell line OE19 and
human gastric cancer cell line NUGC-3 were purchased from
the European Collection of Authenticated Cell Cultures
(ECACC; London, UK) and the Japanese Collection of
Research Bioresources (JCRB; Osaka, Japan), respectively.
Human gastric cancer cell line SH-10-TC was purchased from
the RIKEN Bioresource Research Center (RIKEN BRC;
Tsukuba, Japan). The cells were cultured in RPMI-1640
medium (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific, Waltham, MA, USA), 100 units/mL
penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL
amphotericin B (FUJIFILM Wako Pure Chemical Corpo-
ration) at 37 °C in a humidified 5% CO2 atmosphere.

In order to prepare mice bearing subcutaneous tumors, a
total of 3 × 106 OE19 cells suspended in 100 μL of phosphate-
buffered saline (PBS) were inoculated into the flank regions of
five- to six-week-old female BALB/c nu/nu mice (Charles
River Japan, Yokohama, Japan). Tumor volume was calculated
using the following formula: tumor volume = (length ×
width2) × 1/2. Animal experiments were approved by the
Committee for Animal Experimentation of the National
Cancer Center, Japan. All animal procedures were performed
in compliance with the Guidelines for the Care and Use of
Experimental Animals established by the Committee. These
guidelines meet the ethical standards required by law and
comply with the guidelines for the use of experimental animals
in Japan.

2.3. HER2 and CD20 Expression. According to a flow
cytometry protocol described previously, we evaluated both
the expression and number of molecules of HER2 and CD20
in gastric cancer cell lines.31

HER2 expression in OE19 subcutaneous tumors was
immunohistochemically evaluated as described previously.31

2.4. 211At production. 211At was produced with the
209Bi(α,2n)211At reaction using the RIKEN AVF cyclotron
(RIKEN, Wako, Japan), and solid 211At was obtained as
described previously.29

2.5. Preparation of 211At-mAbs. N-[2-(maleimido)-
ethyl]-3-(trimethylstannyl)benzamide was prepared in two
steps using a PdCl2(PPh3)2-catalyzed reaction.32

Trimethylstannyl-conjugated mAbs (Sn-mAbs) were pre-
pared according to the previously described procedure with
minor modifications.29 In brief, to cleave the disulfide bonds,
anti-HER2 mAb and anti-CD20 mAb were reduced at 37 °C
for 30 min using 17 and 20 mM cysteamine hydrochloride
(Sigma-Aldrich, St. Louis, MO, USA), respectively, and
incubated in a 5-fold molar excess of N-[2-(maleimido)-
ethyl]-3-(trimethylstannyl)benzamide over reactive sulfhydryl
groups of each reduced mAb at 4 °C overnight. Then,
unconjugated N-[2-(maleimido)ethyl]-3-(trimethylstannyl)-
benzamides were removed and the buffer solutions were
exchanged for PBS through a Vivaspin Turbo Ultrafiltration
Unit with a molecular weight cutoff of 30 K (Sartorius,
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Göttingen, Germany). Following the previously described
procedure, the number of trimethylstannyls per antibody was
determined.29

We labeled Sn-mAbs with 211At, as previously described.29

In this study, 93−100 MBq of 211At was added to a Sn-mAb
solution. The radioactive mAbs were purified from unlabeled
radionuclides and eluted in PBS with or without 0.6% SA
(FUJIFILM Wako Pure Chemical Corporation) by size-
exclusion chromatography on a PD-10 column (GE Health-
care, Chicago, IL, USA). Radioactivity was measured using a
germanium semiconductor detector (GEM P-type or GMX N-
type; ORTEC, Zoetermeer, Netherlands) at RIKEN or a curie-
meter (IGC-8; HITACHI, Tokyo, Japan) at the National
Cancer Center.

2.6. Radiochemical Yield and Radiochemical Purity.
Radiochemical yield was calculated by dividing the radio-
activity of 211At-mAb fractions collected in a purification
process by the initially applied radioactivity. The radiochemical
purity of 211At-mAbs was determined by ultrafiltration
analysis29 and validated by protein precipitation with methanol
as previously described.33 Serially, radionuclide release from
astatinated mAbs was evaluated at 6, 11, 25, and 50 h after
211At-labeling.

2.7. Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE). Using a previously established
protocol, we performed SDS-PAGE analysis the day after
211At-labeling, and radioactivity and antibodies in the gel were
detected.29

2.8. Binding Activity. According to a previously described
flow cytometry protocol, cellular binding activity of Sn-mAbs
and 211At-mAbs was evaluated 6 days after 211At-labeling.29

Using a previously described in vitro binding assay with
minor modifications,3 we evaluated the binding activity of
211At-mAbs the day after labeling. In brief, serially diluted
OE19 or NUGC-3 cells in PBS containing 0.1% bovine serum
albumin (BSA) and 2 mM ethylenediaminetetraacetic acid
(EDTA) (BE-PBS) were incubated for 30 min on ice with 5
kBq of 211At-mAbs. Then, samples were washed three times
with BE-PBS. The radioactivity bound to the cells was counted
using a gamma counter (2480 Wizard2; PerkinElmer, Waltham,
MA, USA), and the percentage of cellular binding was
calculated by dividing the radioactivity bound to the cells by
the initially added radioactivity. The immunoreactivity of
211At-mAbs was determined according to the method of
Lindmo et al.34

2.9. Cytocidal Effect. As previously described, the in vitro
cytotoxicity of free 211At diluted in PBS, radionuclide in PBS
containing 0.6% SA, 211At-mAbs eluted in PBS, or
immunoconjugates in PBS containing 0.6% SA, against
OE19, NUGC-3, and SH-10-TC cells was determined using
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).29

2.10. SPECT/CT. Model mice bearing OE19 subcutaneous
tumors were intravenously administered 1 MBq of 211At-anti-
HER2 mAb eluted in PBS, 211At-anti-HER2 mAb eluted in
PBS containing 0.6% SA, or 211At-labeled anti-CD20 mAb
(211At-anti-CD20 mAb) eluted in PBS containing 0.6% SA. At
1 h after administration, the mice were anesthetized with
isoflurane and imaged using a small animal SPECT/CT
scanner (NanoSPECT/CT; Mediso, Budapest, Hungary). In
order to measure 77−92 keV characteristic X-rays emitted
during 211At disintegration,20 the energy window was set at 83
keV ± 10%. Additionally, SPECT and CT data were

sequentially acquired 7 and 19 h after administration of
211At-anti-HER2 mAb eluted in 0.6% SA.

2.11. Ex Vivo Biodistribution. OE19 xenograft model
mice were randomly divided into three groups and intra-
venously administered 1 MBq of 211At-anti-HER2 mAb eluted
in PBS, 211At-anti-HER2 mAb eluted in PBS containing 0.6%
SA, or 211At-anti-CD20 mAb eluted in PBS containing 0.6%
SA. At 1, 3.5, 7, and 18 h after administration, blood was
collected from the mice under anesthesia with isoflurane.
Subsequently, the mice were euthanized and subcutaneous
tumors and normal organs were excised. The thyroid gland was
collected along with the surrounding subcutaneous tissue, and
gastrointestinal contents were washed away with saline. The
weight and radioactivity of the biospecimens were measured,
and the percentage of injected dose per gram of tissue (%ID/
g) was calculated. Radioactivity measurements were conducted
using a gamma counter (PerkinElmer).

2.12. In Vivo Antitumor Effect. 2.12.1. Experiment 1.
When the tumor volume of OE19 subcutaneous tumors
reached approximately 230 mm3, model mice were randomly
divided into four groups and intravenously administered PBS,
PBS containing 0.6% SA, 1 MBq of 211At-anti-HER2 mAb
eluted in PBS, or 1 MBq of 211At-anti-HER2 mAb eluted in
PBS containing 0.6% SA. Tumor volume and body weight
were measured once every 2 days. The best response was
calculated using the following formula: best response =
(TVminimum − TVinitial)/TVinitial × 100, where TVminimum is the
minimum tumor volume 7 or more days after administration
and TVinitial is initial tumor volume.

2.12.2. Experiment 2. When the tumor volume of OE19
subcutaneous tumors reached approximately 180 mm3, model
mice were randomly divided into six groups and intravenously
administered PBS, PBS containing 0.6% SA, 0.2 MBq of 211At-
anti-HER2 mAb eluted in PBS, 0.2 MBq of 211At-anti-HER2
mAb eluted in PBS containing 0.6% SA, 0.5 MBq of 211At-anti-
HER2 mAb in PBS, or 0.5 MBq of 211At-anti-HER2 mAb in
0.6% SA. Tumor volume and body weight were measured once
every 2 days.

2.12.3. Experiment 3. When the tumor volume of OE19
subcutaneous tumors reached approximately 230 mm3, model
mice were randomly divided into three groups and intra-
venously administered PBS containing 0.6% SA, 1 MBq of
211At-anti-HER2 mAb eluted in 0.6% SA, or 1 MBq of 211At-
anti-CD20 mAb eluted in 0.6% SA. Tumor volume and body
weight were measured once every 2 days.

2.13. Statistical Analysis. Ex vivo biodistribution data that
did not follow normal distribution (obtained from the lungs 1
h after administration, the small intestine 3.5 h after
administration, the stomach and thyroid 7 h after admin-
istration, and the heart 18 h after administration) were
analyzed using the Kruskal−Wallis test. For ex vivo
biodistribution data from other biospecimens that did follow
normal distribution, one-way ANOVA followed by the Tukey
posthoc test was used for analysis. Repeated-measures ANOVA
followed by the Tukey posthoc test was used to analyze tumor
volume and body weight after treatment. Student’s t test was
used to analyze the differences in the best response between
the groups treated with 1 MBq of 211At-anti-HER2 mAb eluted
in PBS and 1 MBq of 211At-anti-HER2 mAb eluted in PBS
containing 0.6% SA. Statistical analyzes were carried out with
SPSS Statistics Version 18 (SPSS, Chicago, IL, USA), and P <
0.05 was considered statistically significant.
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3. RESULTS

3.1. HER2 and CD20 Expression. The numbers of HER2
molecules determined by flow cytometry on OE19, NUGC-3,
and SH-10-TC cells were 1,245,416, 86,369, and 65,975
molecules per cell, respectively (Figures 1A and S1A). In this
study, we defined OE19 as a cell line with high HER2

expression, and NUGC-3 and SH-10-TC as cell lines with low
HER2 expression. These cell lines had negligible CD20
expression (Figures 1A and S1A). In OE19 subcutaneous
tumors, the cancer cells homogeneously expressed HER2
(Figure 1B).

3.2. 211At-mAbs. The numbers of trimethylstannyl per
anti-HER2 mAb and anti-CD20 mAb were 2.44 and 2.52,

Figure 1. HER2 and CD20 expression on gastric cancer cell lines. (A) Flow cytometry analysis. The numbers of HER2 molecules on OE19 and
NUGC-3 cells were 1,245,416 and 86,369 molecules per cell, respectively. CD20 expression on all of these cell lines was negligible. (B)
Hematoxylin and eosin (HE) staining and HER2 immunohistochemical analysis. In OE19 subcutaneous tumors, the cancer cells homogeneously
expressed HER2. Scale bars, 200 μm.

Table 1. Activity Yields, Radiochemical Yields, and Radiochemical Purities of Astatine-211-Labeled Monoclonal Antibodies
(211At-mAbs)a

radiochemical purity (%)

antibody sodium ascorbate activity yield (MBq) radiochemical yield (%) ultrafiltration protein precipitation

trastuzumab − 33.5 ± 6.1 37.5 ± 7.2 96 96
trastuzumab + 34.3 ± 4.2 38.0 ± 4.0 98 100
rituximab − 29.9 ± 11.0 33.2 ± 12.4 95 95
rituximab + 32.7 ± 9.0 35.9 ± 10.7 95 93

aNumber of experiments: 211At-anti-HER2 mAb eluted in PBS, n = 7; 211At-anti-HER2 mAb in PBS containing 0.6% sodium ascorbate (SA), n = 8;
211At-anti-CD20 mAb in PBS, n = 5; 211At-anti-CD20 mAb in 0.6% SA, n = 8. Activity yield and radiochemical yield are shown as means ± standard
deviation.

Figure 2. Protective effect of sodium ascorbate (SA) against astatine-211 (211At)-induced antibody denaturation and 211At release from astatinated
mAbs. (A) SDS-PAGE analysis. 211At-mAbs eluted in PBS produced smears, whereas 211At-mAbs in PBS containing 0.6% SA yielded band patterns
representing trimethylstannyl-conjugated mAbs (Sn-mAbs) and naked mAbs. (B) 211At release from the astatinated mAbs. 211At liberation in PBS
was comparable to that in PBS containing 0.6% SA.
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respectively. Activity yields, defined as the amount of 211At-
mAbs expressed in Bq,35 of 211At-anti-HER2 mAb eluted in
PBS, 211At-anti-HER2 mAb in PBS containing 0.6% SA, 211At-
anti-CD20 mAb in PBS, and 211At-anti-CD20 mAb in 0.6% SA
were 33.5 ± 6.1 MBq, 34.3 ± 4.2 MBq, 29.9 ± 11.0 MBq, and
32.7 ± 9.0 MBq, respectively (Table 1). Radiochemical yields
of 211At-anti-HER2 mAb eluted in PBS, 211At-anti-HER2 mAb
in PBS containing 0.6% SA, 211At-anti-CD20 mAb in PBS, and
211At-anti-CD20 mAb in 0.6% SA were 37.5 ± 7.2%, 38.0 ±
4.0%, 33.2 ± 12.4%, and 35.9 ± 10.7%, respectively (Table 1).
The numbers of labeling experiments for 211At-anti-HER2
mAb eluted in PBS, 211At-anti-HER2 mAb in 0.6% SA, 211At-
anti-CD20 mAb in PBS, and 211At-anti-CD20 mAb in 0.6% SA
were 7, 8, 5, and 8, respectively. Radiochemical purities of
211At-anti-HER2 mAb eluted in PBS, 211At-anti-HER2 mAb in
0.6% SA, 211At-anti-CD20 mAb in PBS, and 211At-anti-CD20
mAb in 0.6% SA were 96%, 98%, 95%, and 95%, respectively,
as determined by ultrafiltration analysis (Table 1). Protein
precipitation analysis-based radiochemical purities of 211At-
anti-HER2 mAb in PBS, 211At-anti-HER2 mAb in 0.6% SA,
211At-anti-CD20 mAb in PBS, and 211At-anti-CD20 mAb in
0.6% SA were 96%, 100%, 95%, and 93%, respectively (Table
1).

3.3. 211At-Induced Antibody Denaturation, and
Radioprotection by SA. In SDS-PAGE analysis, 211At-

mAbs eluted in PBS were smeared (Figure 2A), whereas
astatinated mAbs eluted in PBS containing 0.6% SA as well as
Sn-mAbs were detected as a band pattern, similar to naked
mAbs (Figure 2A). These findings suggest that 211At caused
denaturation of radioactive mAbs, and that SA protects the
immunoconjugates from denaturation.

3.4. 211At Release from Radioactive mAbs. Gradual
release of 211At from the immunoconjugates was observed.
There was no obvious difference in radionuclide release
between 211At-anti-HER2 mAb in PBS, 211At-anti-HER2 mAb
in PBS containing 0.6% SA, 211At-anti-CD20 mAb in PBS, and
211At-anti-CD20 mAb in PBS containing 0.6% SA (Figure 2B).

3.5. Cellular Binding Activity. The cellular binding
activity of 211At-anti-HER2 mAb eluted in PBS was disrupted
compared to naked mAb and Sn-anti-HER2 mAb (Figures 3A
and S1B). In contrast, binding of 211At-anti-HER2 mAb
stabilized by 0.6% SA was comparable to naked mAb and Sn-
anti-HER2 mAb (Figures 3A and S1B). The immunoreactive
fraction of 211At-anti-HER2 mAb eluted in PBS and 211At-anti-
HER2 mAb eluted in PBS containing 0.6% SA to OE19 cells
was 17% and 75%, respectively (Figure 3B). Almost no binding
of anti-CD20 mAb, Sn-anti-CD20 mAb, 211At-anti-CD20 mAb
eluted in PBS, and 211At-anti-CD20 mAb eluted in 0.6% SA
was seen on OE19, NUGC-3, and SH-10-TC gastric cancer
cells (Figures 3A,B and S1B).

Figure 3. SA protection on binding and cytocidal activity of 211At-mAbs. (A) Flow cytometry analysis. The 211At-induced radiochemical reaction
disrupted binding activity of radioactive anti-HER2 mAb eluted in PBS. In contrast, binding activity of 211At-anti-HER2 mAb in PBS containing
0.6% SA was maintained. (B) Immunoreactivity of 211At-mAbs. The immunoreactive fractions of 211At-anti-HER2 mAb eluted in PBS and 211At-
anti-HER2 mAb eluted in PBS containing 0.6% SA to OE19 cells were 17% and 75%, respectively. (C) Cytocidal effect. The cytocidal effect of
211At-anti-HER2 mAb eluted in PBS containing 0.6% SA against high-HER2-expressing OE19 cells was greater than astatinated anti-HER2 mAb in
PBS. 211At-anti-HER2 mAb in 0.6% SA more efficiently killed OE19 cells expressing high HER2 than free 211At, whereas the cytotoxic effect of
211At-anti-HER2 mAb in 0.6% SA against NUGC-3 cells expressing low HER2 was comparable to free 211At. n = 4. Points, mean; bars, standard
deviation.
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Figure 4. SPECT/CT. (A) OE19 tumor with high HER2 and negligible CD20 expression was more clearly visualized 1 h after administration of
211At-anti-HER2 mAb eluted in PBS containing 0.6% SA compared to 211At-anti-HER2 mAb in PBS or 211At-anti-CD20 mAb in 0.6% SA. In
addition to radioactivity uptake in tumors, uptake in the thyroid and stomach was also observed. (B) Sequential images after administration of
211At-anti-HER2 mAb eluted in 0.6% SA.

Figure 5. Ex vivo biodistribution study. In the OE19 xenograft model with high HER2 and negligible CD20 expression, 211At-anti-HER2 mAb
eluted in PBS containing 0.6% SA showed significantly higher tumor accumulation than 211At-anti-HER2 mAb in PBS and 211At-anti-CD20 mAb in
0.6% SA. n = 3. Points, mean; bars, standard deviation. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.
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3.6. Cytocidal Effect. The cytocidal effect of 211At-anti-
HER2 mAb eluted in PBS containing 0.6% SA on high-HER2-
expressing OE19 cells was greater than astatinated anti-HER2
mAb in PBS (Figure 3C). 211At-anti-HER2 mAb in 0.6% SA
more efficiently killed OE19 cells with high expression of
HER2 than free 211At, whereas the cytotoxic effect of 211At-
anti-HER2 mAb in 0.6% SA on NUGC-3 and SH-10-TC cells
with low expression of HER2 was comparable to free 211At
(Figures 3C and S1C). The cytotoxicity of 211At-anti-CD20
mAb in 0.6% SA against cancer cells with negligible expression
of CD20 was comparable to free 211At (Figures 3C and S1C).

3.7. In Vivo SPECT/CT Images. In the high-HER2- and
negligible-CD20-expressing OE19 xenograft model, the
SPECT/CT signal in the tumor 1 h after administration of
211At-anti-HER2 mAb eluted in PBS containing 0.6% SA was
more clearly visualized than after administration of 211At-anti-
HER2 mAb eluted in PBS or 211At-anti-CD20 mAb eluted in
PBS containing 0.6% SA (Figure 4A). In addition to the tumor,
signal accumulation was observed in the thyroid and stomach
as well (Figure 4A).

Signal in the tumor, thyroid, and stomach was retained 7 h
after administration of 211At-anti-HER2 mAb eluted in 0.6%
SA, whereas signal intensity in the blood decreased (Figure
4B).

3.8. Ex Vivo Biodistribution. Ex vivo biodistribution
analysis of the OE19 xenograft model revealed that tumor
accumulation of 211At-anti-HER2 mAb eluted in PBS
containing 0.6% SA was significantly higher than that of

211At-anti-HER2 mAb eluted in PBS at 1 h (P = 0.043), 3.5 h
(P = 0.035), and 7 h (P < 0.001) after administration (Figure
5). On the other hand, there was no difference in %ID/g for
the blood and normal organs between the groups administered
211At-anti-HER2 mAb in PBS and 211At-anti-HER2 mAb in
0.6% SA (Figure 5).

211At-anti-HER2 mAb eluted in 0.6% SA showed signifi-
cantly higher tumor accumulation than 211At-anti-CD20 mAb
in 0.6% SA 1 h (P = 0.013), 3.5 h (P = 0.029), and 7 h (P <
0.001) after administration (Figure 5). On the other hand, %
ID/g for the heart (P = 0.020) and liver (P = 0.018) 3.5 h after
administration of 211At-anti-CD20 mAb in 0.6% SA was
significantly higher than that after administration of 211At-anti-
HER2 mAb in 0.6% SA (Figure 5). In addition, 211At-anti-
CD20 mAb in 0.6% SA was retained in the blood (P = 0.002),
liver (P = 0.011), kidney (P = 0.019), and small intestine (P =
0.030) at 7 h postinjection compared to 211At-anti-HER2 mAb
in 0.6% SA (Figure 5).

At 7 h after administration of 211At-anti-HER2 mAb eluted
in PBS containing 0.6% SA, %ID/g values for the tumor and
blood were 29.11 ± 5.18% and 15.03 ± 0.89%, respectively
(Figure 5), which was consistent with the SPECT/CT image
showing a high contrast signal in the tumor (Figure 4B). In
contrast to the SPECT/CT study (Figure 4A), %ID/g values
for the stomach and thyroid were lower than that for the blood
at 1 h after administration of 211At-anti-HER2 mAb in PBS,
211At-anti-HER2 mAb in 0.6% SA, or 211At-anti-CD20 mAb in
0.6% SA (Figure 5).

Figure 6. In vivo antitumor effect and toxicity. (A) Antitumor effect, best response, and body weight loss in the high-HER2-expressing OE19
xenograft model administered 1 MBq of 211At-anti-HER2 mAb eluted in PBS or 1 MBq of 211At-anti-HER2 mAb in PBS containing 0.6% SA.
Arrows, injection; points, mean; bars, standard deviation; number of animals per group, n = 10. (B) Antitumor effect and body weight loss in the
high-HER2-expressing OE19 xenograft model administered 0.5 MBq of 211At-anti-HER2 mAb in PBS, 0.5 MBq of 211At-anti-HER2 mAb in 0.6%
SA, 0.2 MBq of 211At-anti-HER2 mAb in PBS, or 0.2 MBq of 211At-anti-HER2 mAb in 0.6% SA. Arrows, injection; points, mean; bars, standard
deviation; number of animals per group, n = 5. (C) Antitumor effect and body weight loss in the high-HER2- and negligible-CD20-expressing
OE19 xenograft model administered 1 MBq of 211At-anti-HER2 mAb in 0.6% SA or 1 MBq of 211At-anti-CD20 mAb in 0.6% SA. Arrows, injection;
points, mean; bars, standard deviation; number of animals per group, n = 5.
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3.9. In Vivo Antitumor Effect and Toxicity. Although
there was no significant difference in OE19 tumor growth
between the groups administered 1 MBq of 211At-anti-HER2
mAb eluted in PBS and 1 MBq of 211At-anti-HER2 mAb eluted
in PBS containing 0.6% SA, the best response after
administration of 211At-anti-HER2 mAb in PBS containing
0.6% SA was significantly better than that of 211At-anti-HER2
mAb in PBS (P = 0.018) (Figure 6A). The best response for
treatment with 211At-anti-HER2 mAb in 0.6% SA was −28.58
± 21.08%, indicating tumor regression from baseline, whereas
211At-anti-HER2 mAb in PBS did not result in tumor
regression (the best response was 8.19 ± 39.61% (Figure
6A)). Body weight loss in the group administered 1 MBq of
211At-anti-HER2 mAb in 0.6% SA was transient and
comparable to 1 MBq of 211At-anti-HER2 mAb in PBS (Figure
6A).

In the OE19 xenograft model, 0.5 MBq of 211At-anti-HER2
mAb in 0.6% SA induced significantly reduced tumor growth
than 0.5 MBq of 211At-anti-HER2 mAb in PBS (P = 0.001)
(Figure 6B). When 0.2 MBq of 211At-mAbs was administered,
there was no difference in tumor growth between the groups
administered PBS, PBS containing 0.6% SA, and 211At-anti-
HER2 mAb in PBS. In contrast, 211At-anti-HER2 mAb in 0.6%
SA induced significantly greater antitumor effects relative to
PBS, PBS containing 0.6% SA, and 211At-anti-HER2 mAb in
PBS (PBS vs 0.2 MBq of 211At-anti-HER2 mAb [0.6% SA], P =
0.001; 0.6% SA in PBS vs 0.2 MBq of 211At-anti-HER2 mAb
[0.6% SA], P < 0.001; 0.2 MBq of 211At-anti-HER2 mAb [SA
− ] vs 0.2 MBq of 211At-anti-HER2 mAb [0.6% SA], P <
0.001) (Figure 6B). When 0.2 MBq or 0.5 MBq of 211At-mAbs
was administered, significant body weight loss relative to PBS
or PBS containing 0.6% SA was not observed (Figure 6B).

In the OE19 xenograft model with high HER2 and negligible
CD20 expression, 1 MBq of 211At-anti-HER2 mAb in 0.6% SA
exerted significantly greater antitumor effects than 1 MBq of
211At-anti-CD20 mAb in 0.6% SA (P < 0.001) (Figure 6C).
Body weight loss after administration of these radioactive
immunoconjugates was transient (Figure 6C).

4. DISCUSSION
Larsen et al. reported that adding free 211At into an antibody
solution results in disruption of the antigen−antibody
interaction in a radioactivity- and dose-dependent manner.28

From the SDS-PAGE analysis in this study, 211At-anti-HER2
and 211At-anti-CD20 mAbs eluted in PBS containing 0.6% SA
yielded band patterns that were similar to Sn-mAbs and naked
mAbs, whereas 211At-mAbs eluted in PBS yielded smears rather
than discernible bands, suggesting radionuclide-induced anti-
body denaturation (Figure 2A). Consistently, cellular binding
activity of 211At-anti-HER2 mAb in PBS was disrupted, and
that of the astatinated anti-HER2 mAb in 0.6% SA was
comparable to naked mAb as well as Sn-mAb (Figure 3A).
Similarly, using a mAb recognizing tissue factor, we
demonstrated that astatinated mAbs eluted in PBS are
denatured and that SA successfully protects the immunocon-
jugate from antibody denaturation.29 It appears that the 211At-
induced radiochemical reaction universally denatures astati-
nated mAbs regardless of the antibody clone. Focusing on the
mechanism of 211At-induced antibody denaturation as well as
the mode of action of SA-mediated prevention of denaturation,
we revealed that ROS generated via 211At-induced water
radiolysis cause denaturation of antibodies, while reducing

agents such as SA protect 211At-labeled antibodies by
quenching ROS in a concentration-dependent manner.30 A
study conducted to determine the concentration at which SA
exerts protective activity found that 0.6% SA completely
quenches ROS after radiolabeling with 100 MBq of 211At.30

Thus, in this study, we used 0.6% SA in order to protect mAbs
labeled with 211At. For 211At labeling, we added 93−100 MBq
of 211At to Sn-mAb solutions. As a result, the activity yields of
211At-anti-HER2 mAb eluted in PBS, 211At-anti-HER2 mAb in
PBS containing 0.6% SA, 211At-anti-CD20 mAb in PBS, and
211At-anti-CD20 mAb in 0.6% SA were 33.5 ± 6.1 MBq, 34.3
± 4.2 MBq, 29.9 ± 11.0 MBq, and 32.7 ± 9.0 MBq,
respectively (Table 1). In clinical studies, 211At-mAbs with
higher radioactivity were prepared and administered to
patients. In a clinical study of 211At-labeled anti-tenascin
mAb, the two-step procedure for 211At labeling yielded 104−
518 MBq of radioactive mAbs,36 and patients with recurrent
glioma were treated by injecting 70.7−347.1 MBq of 211At-
labeled anti-tenascin mAbs into a surgically created resection
cavity.37 No dose-limiting toxicity was observed, and the
maximum tolerated dose was not determined in the study.
Recently, a revised two-step procedure was designed, which
yields 70.7−1024 MBq of 211At-labeled anti-tenascin mAbs and
makes further dose escalation feasible.38 In a clinical study of
211At-labeled anti-NaPi2b F(ab′)2 fragments, patients with
relapsed ovarian cancer received 34−355 MBq of the
radioactive F(ab′)2 fragments through intraperitoneal injec-
tion.39 Li et al. reported cGMP production of 211At-labeled
anti-CD45 mAb, which yields 800−1280 MBq of the
radioactive immunoconjugates.40 Since higher radioactivity
and radiation dose promote 211At-induced antibody denatura-
tion,28 appropriate caution must be exercised in radiolabeling
with highly radioactive 211At for clinical use. In addition to
radioactivity, concentration of radiopharmaceuticals41 and
volume of solution containing radioactive mAbs42 seem to
have an effect on radiolysis. Considering these factors, it is
important to optimize storage conditions such as concentration
of SA.30 With regard to 211At liberation, 211At was gradually
released from both 211At-anti-HER2 mAb and 211At-anti-CD20
mAb (Figure 2B). Carbon−astatine bond strength is relatively
weaker than other carbon−halogen bonds.42,43 That may be
one of the reasons why the gradual release was observed in
PBS. Additionally, Dekempeneer et al. compared the stability
in PBS between the astatinated nanobody site specifically
conjugated with N-[2-(maleimido)ethyl]-3-(trimethylstannyl)-
benzamide via the C-terminal cysteine and the radioactive
n a n o b o d y c o n j u g a t e d w i t h N - s u c c i n i m i d y l - 3 -
(trimethylstannyl)benzoate via the lysine residues. They
demonstrated that 211At is gradually released from the
astatinated nanobody conjugated with N-[2-(maleimido)-
ethyl]-3-(trimethylstannyl)benzamide, but not the radioactive
n a n o b o d y c o n j u g a t e d w i t h N - s u c c i n i m i d y l - 3 -
(trimethylstannyl)benzoate.44 Although our 211At-mAbs differ
in terms of the full-length antibody conjugated with N-[2-
(maleimido)ethyl]-3-(trimethylstannyl)benzamide via the cys-
teine residues in the hinge region, a thioether bond between
the sulfhydryl and maleimide groups may cause 211At release in
PBS. On the other hand, Teze et al. reported that hydroxyl
radicals promote oxidative dehalogenation of astatobenzoate
conjugates.45 However, 211At-induced antibody denaturation as
well as ROS does not appear to cause radionuclide release
from both 211At-anti-HER2 mAb and 211At-anti-CD20 mAb
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under these experimental conditions, since 211At liberation in
PBS containing 0.6% SA was comparable to that in PBS alone
(Figure 2B).

211At-anti-HER2 mAb eluted in PBS containing 0.6% SA
exerted a greater cytocidal effect against OE19 cells with high
expression of HER2 than the immunoconjugate eluted in PBS
(Figure 3C). Astatinated mAbs stabilized with SA showed
cytotoxicity against gastric cancer cells that was dependent on
the level of the target molecule on the cell membrane. 211At-
anti-HER2 mAb eluted in 0.6% SA more efficiently killed
OE19 cells expressing high HER2 than free 211At, whereas
cytotoxicity against NUGC-3 and SH-10-TC cells expressing
low HER2 was comparable to free 211At (Figure 3C and S1C).
On the other hand, the cytocidal effects of 211At-anti-CD20
mAb in 0.6% SA against OE19, NUGC-3, and SH-10-TC cells
with negligible CD20 expression were comparable to those of
free 211At (Figure 3C and S1C). This indicates that higher
target molecular expression on cancer cells than the threshold
is necessary for 211At-anti-mAbs under SA protection to exert
greater cytocidal activity relative to free 211At.

The SPECT/CT study demonstrated that OE19 tumors
were more clearly visualized after administration of 211At-anti-
HER2 mAb eluted in PBS containing 0.6% SA compared to
211At-anti-HER2 mAb in PBS or 211At-anti-CD20 mAb in PBS
containing 0.6% SA (Figure 4A). Consistently, the ex vivo
biodistribution study revealed that tumor accumulation of
211At-anti-HER2 mAb in 0.6% SA was significantly higher than
that of 211At-anti-HER2 mAb in PBS and 211At-anti-CD20
mAb in 0.6% SA (Figure 5). As a result of this disrupted
binding activity (Figures 3A,B), active targeting of 211At-anti-
HER2 mAb eluted in PBS was attenuated, resulting in
significantly lower tumor accumulation than astatinated anti-
HER2 mAb stabilized with 0.6% SA (Figures 4A and 5). The
211At-induced radiochemical reaction disrupts active targeting
of radioactive mAbs, whereas SA successfully maintains tumor
targeting. In contrast, 211At-induced antibody denaturation
does not seem to affect tumor accumulation via passive
targeting based on the EPR effect,2 since there was no
difference in blood circulation time as well as distribution to
normal organs between the groups administered 211At-anti-
HER2 mAb in PBS and 211At-anti-HER2 mAb in 0.6% SA
(Figure 5). Although it was speculated that 211At-induced
antibody denaturation might cause a structural change that
increases distribution of astatinated anti-HER2 mAb to various
organs, %ID/g for normal organs after administration of
denatured radioactive mAb was comparable to that after
administration of the immunoconjugate stabilized with SA
(Figure 5). On the other hand, although %ID for tumor was
higher than that for blood at 3.5, 7, and 18 h after
administration of 211At-anti-HER2 mAb in 0.6% SA, successful
tumor accumulation was not observed after administration of
211At-anti-HER2 mAb in PBS or 211At-anti-CD20 mAb in 0.6%
SA (Figure 5). These three immunoconjugates were macro-
proteins with molecular weights of 150 kDa and met the
requirement for tumor accumulation via passive targeting.2

However, 211At-anti-HER2 mAb in PBS and 211At-anti-CD20
mAb in 0.6% SA failed to show higher accumulation of
radioactivity in tumors relative to blood (Figure 5). With
regard to active targeting, the binding activity of 211At-anti-
HER2 mAb in 0.6% SA with HER2 was intact, whereas that of
211At-anti-HER2 mAb in PBS and 211At-anti-CD20 mAb in
0.6% SA was disrupted and negligible, respectively (Figure

3A,B). 211At-anti-HER2 mAb in 0.6% SA showed higher
accumulation in tumors than blood, but 211At-anti-HER2 mAb
in PBS as well as 211At-anti-CD20 mAb in 0.6% SA did not
(Figure 5). Accordingly, in 211At-RIT, active targeting mainly
seems to contribute to selective tumor accumulation of
radioactivity.

In addition to radioactivity uptake in tumors, SPECT/CT
demonstrated uptake in the stomach and thyroid after
administration of 211At-mAbs (Figure 4A,B). Free 211At
accumulates in the thyroid and stomach,21,46−48 which is
different from the biodistribution of mAbs labeled with
indium-111 (111In) or zirconium-89 (89Zr).49−51 Therefore,
211At released from these astatinated mAbs appears to cause
signal accumulation in the thyroid and stomach. Although the
SPECT/CT study revealed that signals in the stomach and
thyroid were higher than those in the blood pool at 1 h after
administration of 211At-mAbs (Figure 4A), the ex vivo
biodistribution study demonstrated that %ID/g values for the
stomach and thyroid were lower than that for the blood
(Figure 5). In this study, we collected thyroid glands along
with the surrounding subcutaneous tissue, which resulted in a
heavier tissue weight and lower %ID/g. On the other hand,
gastrointestinal contents were washed away with saline prior to
measuring radioactivity in the stomach. Iodine-131 (131I) is
secreted into gastric juice.52,53 Since astatine, like iodine,
belongs to the halogen family, 211At also appears to be secreted
into gastric juice. In fact, Liu et al. demonstrated that mice
intravenously administered 211At show distribution to the
stomach contents as well as the stomach, and both %ID and %
ID/g for the stomach contents are higher than those for the
stomach.47 SPECT scanning detected signals not only in the
stomach but also in the stomach contents, whereas in the ex
vivo biodistribution study, free 211At in the stomach contents
was washed away prior to measuring radioactivity in the
stomach. This may explain the discrepancy with regard to
radioactivity uptake in the blood, thyroid, and stomach
between the SPECT/CT and ex vivo biodistribution studies
(Figures 4A and 5). Since SPECT/CT successfully detected
thyroid and stomach uptake derived from free 211At, the in vivo
imaging is useful for evaluating 211At release from the
immunoconjugate.

The ex vivo biodistribution study demonstrated that %ID/g
for the blood collected from mice administered 211At-anti-
CD20 mAb eluted in PBS containing 0.6% SA was significantly
higher than that collected from mice administered 211At-anti-
HER2 mAb in 0.6% SA 7 h postinjection (Figure 5). This
finding suggests that 211At-anti-CD20 mAb in 0.6% SA had a
longer residence time than 211At-anti-HER2 mAb in 0.6% SA,
which might result in a significantly higher %ID/g for normal
organs after administration of astatinated anti-CD20 mAb such
as in the heart and liver at 3.5 h postinjection, and liver, kidney,
and small intestine at 7 h postinjection. In contrast, 211At-anti-
HER2 mAb eluted in PBS containing 0.6% SA showed
significantly higher tumor accumulation in the OE19 xenograft
model compared to 211At-anti-CD20 mAb eluted in 0.6% SA
(Figure 5), which suggests that active targeting via antigen−
antibody interaction significantly increases tumor accumulation
of 211At-mAbs.

There was no significant difference in OE19 tumor growth
between the groups administered 1 MBq of 211At-anti-HER2
mAb eluted in PBS and 1 MBq of 211At-anti-HER2 mAb eluted
in PBS containing 0.6% SA, whereas the best response after
administration of 211At-anti-HER2 mAb in 0.6% SA was
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significantly better than 211At-anti-HER2 mAb in PBS (Figure
6A). In summary, in treatments with 1 MBq of 211At-mAbs,
stabilization of immunoconjugates with SA contributed to the
best response after administration, but did not reduce tumor
growth. On the other hand, when lower radioactive doses such
as 0.5 or 0.2 MBq were administered, SA stabilization had a
more obvious impact on antitumor activity, and 211At-anti-
HER2 mAb in 0.6% SA more efficiently reduced OE19 tumor
growth than 211At-anti-HER2 mAb in PBS (Figure 6B).
Treatment with 0.2 MBq resulted in tumor growth after
administration of 211At-anti-HER2 mAb eluted in PBS, which
was comparable to that after administration of PBS or PBS
containing 0.6% SA. In other words, 0.2 MBq of the denatured
immunoconjugate showed no antitumor activity. Contrary to
the denatured radioactive mAb, 0.2 MBq of 211At-anti-HER2
mAb stabilized with 0.6% SA exerted significantly greater
antitumor effects relative to PBS and PBS containing 0.6% SA
(Figure 6B). The tumor-absorbed dose did not reach
therapeutic range after administration of 0.2 MBq of 211At-
anti-HER2 mAb eluted in PBS due to the disrupted tumor
targeting, whereas SA protection maintained tumor targeting
(Figures 4A and 5), resulting in a therapeutic absorbed dose in
tumors even after administration of low radioactivity. Addi-
tionally, the difference in cytocidal effect between the
denatured and stabilized 211At-mAbs contributed to in vivo
antitumor activity (Figures 3C and 6A,B).

In the high-HER2- and negligible-CD20-expressing OE19
xenograft model, 211At-anti-HER2 mAb eluted in PBS
containing 0.6% SA exerted a significantly greater antitumor
effect than 211At-anti-CD20 mAb eluted in 0.6% SA (Figure
6C). In the ex vivo biodistribution study, radioactivity
accumulation in OE19 tumors at 1, 3.5, and 7 h after
administration of 211At-anti-HER2 mAb in 0.6% SA was
significantly higher than that after administration of the
radioactive nontargeted control mAb (Figure 5). These results
indicate that active targeting contributes to efficient tumor
accumulation of radioactivity, resulting in significantly greater
antitumor activity.

5. CONCLUSIONS
In 211At-RIT, active targeting significantly enhances tumor
accumulation of radioactivity and contributes to a potent
antitumor effect. SA-dependent protection that successfully
maintains both tumor targeting and cytocidal activity of 211At-
mAbs will facilitate the clinical application of the alpha-RIT.
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