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Abstract

Tissue factor (TF), the trigger protein of the extrinsic blood coagulation cascade, is
abundantly expressed in various cancers including gastric cancer. Anti-TF monoclo-
nal antibodies (mAbs) capable of targeting cancers have been successfully applied to
armed antibodies such as antibody-drug conjugates (ADCs) and molecular imaging
probes. We prepared an anti-TF mAb, clone 1084, labeled with astatine-211 (**!At),
as a promising alpha emitter for cancer treatment. Alpha particles are characterized
by high linear energy transfer and a range of 50-100 um in tissue. Therefore, selective
and efficient tumor accumulation of alpha emitters results in potent antitumor ac-
tivities against cancer cells with minor effects on normal cells adjacent to the tumor.
Although the 211At-conjugated clone 1084 (**!At-anti-TF mAb) was disrupted by an
211 At-induced radiochemical reaction, we demonstrated that astatinated anti-TF mAbs
eluted in 0.6% or 1.2% sodium ascorbate (SA) solution were protected from antibody
denaturation, which contributed to the maintenance of cellular binding activities and
cytocidal effects of this immunoconjugate. Although body weight loss was observed
in mice administered a 1.2% SA solution, the loss was transient and the radioprotect-
ant seemed to be tolerable in vivo. In a high TF-expressing gastric cancer xenograft
model, 2*At-anti-TF mAb in 1.2% SA exerted a significantly greater antitumor effect
than nonprotected 2!*At-anti-TF mAb. Moreover, the antitumor activities of the pro-

tected immunoconjugate in gastric cancer xenograft models were dependent on the
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1 | INTRODUCTION

Gastric cancer remains one of the most common and deadliest can-
cers worldwide.! Although patients with metastatic gastric cancer
have been managed by combination chemotherapeutic regimens,
the efficacy of these regimens is not satisfactory.? In addition to
cytotoxic agents, molecular targeted therapies for patients with
cancer have been introduced to clinical practice. Trastuzumab, an
anti-human epidermal growth factor receptor 2 (HER2) monoclonal
antibody (mAb), is clinically available for patients with advanced gas-
tric cancer.2® In addition to the naked mAb, increasing attention has
been paid to the HER2-targeted antibody-drug conjugate (ADC), a
mAb conjugated with cytotoxic agents.*® Although HER2-targeted
therapies are beneficial and promising, their contributions are ham-
pered by limited expression (up to 20%) of HER2 in gastric adenocar-
cinomas?® and resistance to HER2-targeted therapy.7 Therefore, itis
assumed that the development of novel treatments targeting other
molecules will provide benefits to patients with HER2-negative gas-
tric cancer and in recurrence after HER2-targeted therapies.
Patients with malignancies including gastric cancer have a higher
risk of venous thromboembolism compared with those with nonma-
lignant diseases.? Tissue factor (TF), a 47-kDa transmembrane glyco-
protein,9 triggers the extrinsic blood coagulation cascade and plays a
physiological role in hemostasis. In pathological settings, TF is over-

1011 and seems

expressed in various cancers including gastric cancer
to cause abnormal blood coagulation in patients with cancer.*?>*® TF
is one of the attractive target molecules for cancer treatment with an
armed antibody because various anti-TF mAbs have been successfully
applied to ADC*?! and its antibody-photosensitizer conjugate.??
Thus, we produced anti-TF mAbs for cancer targeting.1¢1%222?

Alpha particles are characterized by high linear energy trans-
fer (LET) resulting in efficient cell death via deoxyribonucleic acid
(DNA) double-strand breaks. Moreover, alpha particles have a range
of 50-100 um in tissue, which is equivalent to 5-10 cells.>® Therefore,
selective and efficient tumor accumulation of alpha emitters results
in potent antitumor activities with minor effects on normal cells ad-
jacent to the tumor. Astatine-211 (*Y1At) is an alpha emitter with a
half-life of 7.2 hours, which is long enough to permit the preparation
and evaluation of 2!!At-labeled radiopharmaceuticals.’* Due to the
following favorable properties, the radionuclide is a promising alpha
emitter for cancer treatment.®* First, high yields of 2!*At produced
by the cyclotron are sufficient to administer 2*!At-labeled radio-
pharmaceuticals at clinically effective doses. Second, 100% of 2*'At
decays result in alpha emission. Lastly, in addition to alpha decay,

21At emits characteristic X-rays that can be used for visualization

level of TF in cancer cells. These findings suggest the clinical availability of the radio-

protectant and applicability of clone 1084 to 211At—radioimmunotherapy.

antibody denaturation, astatine-211, radioimmunotherapy, sodium ascorbate, tissue factor

and quantification of its biodistribution by planar and single-photon
emission computed tomography (SPECT).

In this study, we produced and prepared an astatinated mAb
using an anti-TF mAb, clone 1084, and evaluated the immunocon-
jugate. First, as 21t disturbs the binding activity of antibodies in a

32.33 e confirmed 2*!At-induced

radiation dose-dependent manner,
antibody denaturation and investigated the radioprotective effects
and in vivo tolerability of sodium ascorbate (SA), one of the free rad-
ical scavengers. Second, we evaluated the in vivo antitumor effects
of 211At-conjuga\ted anti-TF mAb protected by SA in gastric cancer

xenograft models.

2 | MATERIALS AND METHODS
2.1 | Ananti-human TF mAb, clone 1084

Clone 1084 is a rat anti-human TF mAb established in our labora-
tory.)? In this study, we made a humanized anti-TF mAb by graft-
ing the complementarity-determining region of clone 1084 into the

human antibody scaffold.

2.2 | Gastric cancer cell lines

Human gastric cancer cell lines MKN-1, MKN-45, and NUGC-3 were
purchased from the Japanese Collection of Research Bioresources
(JCRB). The human gastric cancer cell line SH-10-TC and gastro-
esophageal junction cancer cell line OE19 were purchased from the
RIKEN Bioresource Research Center (RIKEN BRC) and the European
Collection of Authenticated Cell Cultures (ECACC), respectively. The
human signet ring cell gastric cancer cell line 44As3 was provided
by Dr K. Yanagihara (National Cancer Center).3*%¢ The cells were
cultured in RPMI-1640 medium (FUJIFILM Wako Pure Chemical
Corporation) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific), 100 units/mL penicillin, 100 ug/mL streptomycin,
and 0.25 pg/mL amphotericin B (FUJIFILM Wako Pure Chemical
Corporation) at 37°C in a humidified 5% CO, atmosphere.

2.3 | TF expression

According to a protocol described previously, we determined TF ex-
pression on gastric cancer cell lines using clone 1084 as a primary
antibody.?’
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24 | 211 At production

1At was produced in the 299Bi(a,2n)* At reaction by irradiating a
metallic bismuth target with a 29.0-MeV alpha beam delivered from
the RIKEN AVF cyclotron (RIKEN). Subsequently, 2**At was subli-
mated from the bismuth target and dissolved in chloroform. Then,
the solvent was dried by N, gas at room temperature (RT) to obtain
a solid 21At.

2.5 | Preparation of ?!At-conjugated anti-TF mAb

N-[2-(maleimido)ethyl]-3-(trimethylstannyl)benzamide was prepared
in two steps using a PdCl,(PPh,),-catalyzed reaction.*” Then, the
maleimide portion was attached via the typical amide bond forma-
tion reaction using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimi
de hydrochloride as a coupling reagent. N-[2-(maleimido)ethyl]-3-
(trimethylstannyl)benzamide was dissolved in dimethyl sulfoxide and
stored at -80°C until use.

N-[2-(maleimido)ethyl]-3-(trimethylstannyl)benzamide was
attached to humanized clone 1084, as previously described
(Figure 1).¥ In this study, we adopted 15 mmol/L cysteamine
hydrochloride (Sigma-Aldrich) to cleave the disulfide bonds in the
antibody. The number of trimethylstannyl per antibody (Sn-antibody
ratio) was determined as previously described.3® Trimethylstannyl-
conjugated clone 1084 (Sn-anti-TF mAb) was stored in phosphate-
buffered saline (PBS) at -80°C until use.

We labeled Sn-anti-TF mAb with 2*'At as previously described

with minor modifications (Figure 1).39’40 In brief, by ultrafiltration, the

Cysteamine hydrochloride

H (o]
0 N\/\N
Y
O

= 1977
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storage solution (PBS) was changed to PBS (pH 5.5), the pH of which
was adjusted by adding 0.1 mol/L citric acid. For activating 2!*At, a
dry residue was dissolved in 0.04 mg/mL N-chlorosuccinimide (NCS;
TCl) in methanol/1% acetic acid. Then, !At (100 MBq/60 plL) was
added to Sn-anti-TF mAb solution (100 pg/600 pL), and the mixture
was agitated for 1 minute at RT. To exchange any remaining stan-
nyl groups on the astatinated antibody to chloride, 2 mg/mL NCS
in methanol/1% acetic acid (3 pL) was added to the mixture and
agitated for 1 minute at RT. The reaction was quenched by adding
5 pL of 0.1 mol/L L-ascorbic acid (TCI) in water. After agitation for
5 minutes at RT, the astatinated anti-TF mAb was purified in PBS
with or without SA (FUJIFILM Wako Pure Chemical Corporation) by
size-exclusion chromatography on a PD-10 column (GE Healthcare)
(Figure 1).

In this study, we labeled anti-TF mAbs with 211t at RIKEN, and
transferred the astatinated mAbs to the National Cancer Center
(NCC) and evaluated the immunoconjugates. Radioactivity was mea-
sured using a germanium semiconductor detector (GEM P-type or
GMX N-type; ORTEC) at RIKEN and a curie-meter (IGC-8; HITACHI)
at NCC.

2.6 | Radiochemical yield and purity

Radiochemical yield was calculated by dividing the radioactivity
of 2 At-conjugated anti-TF monoclonal antibody (**At-anti-TF
mAb) fractions by the initially applied radioactivity (100 MBq).
Ultrafiltration analysis was performed to determine the ra-
diochemical purity of 2!'At-anti-TF mAbs. A total of 5 ulL of the

SnMejs

Y-

Purification

PD-10 column

A

2 Elution buffer
1. PBS

2.0.6% SAin PBS
3.1.2% SA in PBS

A\ 4

!
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FIGURE 1 Preparation of astatine-211-conjugated anti-tissue factor monoclonal antibody (" At-anti-TF mAb). This diagram shows
the preparation of trimethylstannyl-conjugated anti-TF mAb and 2t labeling. 211At-conjugated anti-TF mAb was purified in phosphate-
buffered saline (PBS) with or without sodium ascorbate (SA) by size-exclusion chromatography
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astatinated anti-TF mAbs was added to 495 uL of their elution
buffers. Free !’ At dissolved in PBS, 0.6% SA in PBS, or 1.2% SA in
PBS, the radioactivities of which were equal to the corresponding
immunoconjugates, was added to each of the dissolving buffers to
achieve a final volume of 500 uL. Then, the samples were applied
to the Amicon Ultra centrifugal filter unit with a molecular weight
cutoff of 30 K (Merck KGaA) and centrifuged for 20 minutes at
14 000 g. The initial radioactivity and the radioactivity of flow
through were measured using a gamma counter (2480 Wizard?;
PerkinElmer). The radiochemical purity was calculated by the
- R /
FTar211)/Rinitial X 100, where R is radioactivity and FT,, ,,, is cal-

following formula: radiochemical purity = (R, ..., flow through

culated by dividing the radioactivity of flow through in free 2!*At
samples dissolved in the corresponding buffer by the initial radio-
activity. In addition to the ultrafiltration analysis, we validated the
radiochemical purity by protein precipitation with methanol as

previously described.*°

2.7 | Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

We performed SDS-PAGE analysis on the day after 2*At labe-
ling. After denaturation by heating at 95°C for 5 minutes, 0.2 ug
of humanized clone 1084, 0.2 ug of Sn-anti-TF mAb, and 10 kBq
of 211At-anti-TF mAbs were electrophoresed in a 4%-15% gradi-
ent polyacrylamide gel (Bio-Rad Laboratories). Then, the gel was
fixed in a 50% methanol/5% acetic acid solution for 20 minutes.
The fixed gel was exposed to an imaging plate (FUJIFILM), and the
exposed plate was read with an imaging plate reader (FLA-7000;
FUJIFILM). After autoradiography, antibodies in the gel were visu-
alized using the silver staining kit (FUJIFILM Wako Pure Chemical

Corporation).

2.8 | Binding activity
2.8.1 | Experiment1

44As3 and OE19 cells were harvested in enzyme-free cell dis-
sociation buffer (Thermo Fisher Scientific) and suspended in PBS
with 0.1% bovine serum albumin (BSA) and 2 mmol/L ethylenedi-
aminetetraacetic acid (EDTA) (BE-PBS). Then, 2 x 10° cells were
incubated for 30 minutes on ice with 5 ug/mL of humanized clone
1084, Sn-anti-TF mAb, or ?!At-anti-TF mAbs. After washing with
BE-PBS, the cells were incubated for 30 minutes on ice with 5 ug/
mL of Alexa Fluor 647-conjugated goat polyclonal anti-human im-
munoglobulin antibody (Thermo Fisher Scientific). Subsequently, the
cells were washed with BE-PBS and the nuclei were stained with
propidium iodide (Pl; Thermo Fisher Scientific). The samples were
run on a SH800S Cell Sorter (Sony), and the acquired data were

analyzed using the FlowJo 7.6.5 software (Becton, Dickinson and

Company). The flow cytometry analysis was performed 7 days after
21 At labeling.

2.8.2 | Experiment 2

Similarly, the cells were nonenzymatically harvested and sus-
pended in BE-PBS. Aliquots of 2 x 10° cells were incubated for
30 minutes on ice with 10 kBq of 2 At-anti-TF mAbs, and then,
samples were washed three times with BE-PBS. The radioac-
tivity bound to the cells was measured using a gamma counter
(PerkinElmer). The percentage of cellular binding was calculated
by dividing the radioactivity bound to the cells by the initially
added radioactivity. The cellular binding activities were deter-
mined at 6 hours after 2!!At labeling.

2.9 | Cytocidal effect

Atotal of 2 x 10° 44As3 cells, 3 x 10° NUGC-3 cells, 1 x 10° MKN-1
cells, 2 x 103 SH-10-TC cells, 2 x 10°> MKN-45 cells, or 7 x 10° OE19
cells were plated on 96-well plates (Corning) and cultured overnight.
Then, the growth medium was replaced with a medium containing
serially diluted free 21t or 21 At-anti-TF mAbs, and the cells were
incubated for 120 hours at 37°C. Cell viabilities were determined
using the Cell Counting Kit-8 (Dojindo).

2.10 | Animal models

The animal experiment was approved by the Committees 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
Committees. These guidelines meet the ethical standards required
by law and also comply with the guidelines for the use of experimen-
tal animals in Japan.

A total of 5 x 10° 44As3 cells, 5 x 10° MKN-45 cells, or 3 x 10°
OE19 cells suspended in 100 puL of PBS were inoculated into the
flank region of 5-week-old female BALB/c nu/nu mice (Charles River
Japan). Tumor volume was calculated by the following formula:

tumor volume = (length x width?) x 1/2.

2.11 | Toxicity of free 2!At and ?'!At-conjugated
anti-TF mAb

Nine-week-old female BALB/c nu/nu mice (Charles River Japan) were
intravenously administered 1.2% SA in PBS, 0.1-2 MBq of free 2!At,
or 2 At-anti-TF mAb in PBS containing 1.2% SA. After administra-
tion, body weight was measured once every 2 days. For humane rea-

sons, mice in which body weight loss exceeded 20% were euthanized.
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2.12 | Invivo antitumor effect
2.12.1 | Experiment 1

When the tumor volume of 44As3 subcutaneous tumors reached
approximately 160 mm?, the model mice were randomly divided into
four groups and intravenously administered PBS, 1.2% SA in PBS,
1 MBq of ?"*At-anti-TF mAb eluted in PBS, or 1 MBq of ***At-anti-TF
mAb eluted in PBS containing 1.2% SA. Tumor volume and body

weight were measured once every 2 days.

2.12.2 | Experiment 2

When the tumor volume of 44As3, MKN-45,and OE19 subcutaneous
tumors reached approximately 250 mm?, 280 mm?, and 300 mm?,
respectively, the model mice were randomly divided into two groups
and intravenously administered 1.2% SA in PBS or 1 MBq of 2!'At-
anti-TF mAb eluted in PBS containing 1.2% SA. Tumor volume and
body weight were measured once every 2 days. Tumor progression

was defined as tumor volume greater than 800 mm®.#

44As3 NUGC-3

N

Cancer Science NuIia e

2.13 | Statistical analysis

Repeated-measures ANOVA followed by the Tukey post hoc test
were used to analyze tumor volume in model mice bearing 44As3
subcutaneous tumors administered PBS, 1.2% SA in PBS, 1 MBq of
21 At-anti-TF mAb in PBS, or 1 MBq of ?'!At-anti-TF mAb in 1.2%
SA. The Kaplan-Meier method was used to analyze progression-
free survival. Statistical analyses were carried out with SPSS
Statistics Version 18 (SPSS), and P <.05 was considered statistically

significant.

3 | RESULTS

3.1 | TF expression

TF expression on the cell membrane of gastric cancer cells was deter-
mined by flow cytometry. The numbers of TF molecules on 44As3,
NUGC-3, MKN-1, SH-10-TC, MKN-45, and OE19 were 1 308 102,
658 587,535 484, 470 635, 357 661, and 11 632 molecules per cell,
respectively (Figure 2). Therefore, we used 44As3, NUGC-3, MKN-1,

MKN-1

1,308,102 molecules/cell

658,587 molecules/cell

535,484 molecules/cell

E 100 101 10° 103 104 100 101 102 103 104 100 10‘I 10° 103 104
= )
8 SH-10-TC MKN-45 OE19
470,635 molecules/cell 357,661 molecules/cell 11,632 molecules/cell
T T T T T T T ML B | M | LRAL | Ty T T T T T T T
100 101 107 103 104 100 101 1l'J2 103 104 1[]0 101 102 103 104
>

TF expression

- Negative control
e TF

FIGURE 2 Tissue factor (TF) expression on the gastric cancer cell lines. The numbers of TF molecules on 44As3, NUGC-3, MKN-1, SH-
10-TC, MKN-45, and OE19 were 1 308 102, 658 587, 535 484, 470 635, 357 661, and 11 632 molecules per cell, respectively
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SH-10-TC, and MKN-45 as cell lines with high TF expression and
OE19 as a cell line with low TF expression.

3.2 | ?"At-conjugated anti-TF mAb

The Sn-antibody ratio was 1.78. Radiochemical yields of At
anti-TF mAb in PBS, 0.6% SA, and 1.2% SA were 20%-41%, 29%-
37%, and 29%-54%, respectively. Ultrafiltration analysis-based
radiochemical purity of the immunoconjugates in PBS, 0.6% SA, and
1.2% SA was 96%. Radiochemical purities determined by protein
precipitation analysis in PBS, 0.6% SA, and 1.2% SA were 96%, 97%,
and 97%, respectively.

3.3 | 2'At-induced antibody denaturation and
radioprotective effects of SA

In the SDS-PAGE analysis, 2'!At-anti-TF mAbs in 0.6% and 1.2%
SA visualized by silver staining yielded band patterns, which were
similar to Sn-anti-TF mAb (Figure 3). In contrast, 2!*At-anti-TF
mAb in PBS was smeared (Figure 3). In the autoradiogram of the
gel, similarly, the astatinated mAbs in PBS and SA solutions were
visualized as smear and band patterns, respectively (Figure 3).
These findings suggest that 2 At-anti-TF mAb in PBS was dis-
rupted by the radionuclide, and 0.6% and 1.2% SA protected the
immunoconjugates from antibody denaturation. Consistently,
flow cytometry analysis revealed that the binding activity of the
astatinated mAb in PBS was disturbed compared with anti-TF
mAb and Sn-anti-TF mAb (Figure 4A). On the other hand, 2*'At-
anti-TF mAbs in 0.6% and 1.2% SA, as well as the naked mAb and

on the cell membrane (Figures 2 and 4A; Figure S2). Similarly,
the percentages of anti-TF mAbs in PBS, 0.6% SA, and 1.2% SA
bound to 44As3 cells were 2.67 + 0.40%, 20.66 + 0.80%, and
17.52 + 3.58%, respectively, and those bound to OE19 cells were
1.40 + 0.18%, 2.13 + 0.14%, and 1.97 + 0.09%, respectively
(Figure 4B).

3.4 | Cytocidal effect

2 At-anti-TF mAb more efficiently killed 44As3 cells with high TF
expression than free 2UAt, whereas the cytocidal effect of the im-
munoconjugate on OE19 cells with low TF expression was compara-
ble to that of free 2!At (Figure 5A). The astatinated anti-TF mAbs in
0.6% and 1.2% SA exerted greater cytocidal effects on 44As3 cells
than the astatinated mAb in PBS (Figure 5A). The cytocidal effects of
2UAt-anti-TF mAb in 1.2% SA on high TF-expressing 44As3, NUGC-
3, MKN-1, SH-10-TC, and MKN-45 cells were greater than the effect
on low TF-expressing OE19 cells, whereas the cytotoxic effects of
free 2 At dissolved in 1.2% SA against these cancer cells were com-
parable (Figures 2 and 5B).

3.5 | Toxicity of 1.2% SA, free 2!'At, and
211 At-conjugated anti-TF mAb

Although relative body weight loss reached 5.65 + 1.39% at 2 days
after administration of 1.2% SA in PBS, the loss was transient
(Figure 6).

Body weight loss after administration of 2!*At-anti-TF mAb
in 1.2% SA was less than the corresponding dose of free WAt

Sn-anti-TF mAb, bound to cancer cells based on the level of TF (Figure 6).
Silver staining Autoradiography
1 2 3 4 5 3 4 5
1: anti-TF mAb
(kDa) 2: Sn-anti-TF mAb
150 3: 2"At-anti-TF mAb (SA -)
4: 2YAt-anti-TF mAb (0.6% SA)
1(7)g 5: 211 At-anti-TF mAb (1.2% SA)
50
37
25
20
15
10

FIGURE 3 Astatine-211 (***At)-induced antibody denaturation and radioprotective effects of sodium ascorbate (SA) determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
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FIGURE 4 Binding activity. A, Flow cytometry analysis. B, The percentage of cellular binding. N = 3. Data are shown as means + standard

deviation

3.6 | Invivo antitumor effect

In the 44As3 xenograft model with high TF expression, 2!!At-anti-TF
mAb eluted in PBS containing 1.2% SA exerted a significantly
greater antitumor effect than the astatinated anti-TF mAb in PBS
(Figure 7A; P = .0045). Body weight loss in model mice administered
2UAt-anti-TF mAb in 1.2% SA was transient and comparable to that
after administration of the immunoconjugate in PBS (Figure 7A).
Compared with 1.2% SA in PBS, 2! At-anti-TF mAb significantly de-
layed tumor growth in 44As3, MKN-45, and OE19 xenograft models
(Figure 7B; P-value: 44As3, P = .0005; MKN-45, P = .0021; OE19,
P =.0042). In the 44As3 xenograft model with high TF expression,
the median progression-free survival of groups treated with 1.2% SA
in PBS and 2! At-anti-TF mAb eluted in 1.2% SA was 8 and 34 days,
respectively (Figure 7B). In the high TF-expressing MKN-45 xeno-
graft model, the median progression-free survival of groups treated
with 1.2% SA and the astatinated anti-TF mAb was 8 and 30 days,
respectively (Figure 7B). On the other hand, in the OE19 xenograft

model with low TF expression, the median progression-free survival
of groups treated with 1.2% SA and ?*!At-anti-TF mAb was 6 and
14 days, respectively (Figure 7B). Body weight loss after administra-

tion of the immunoconjugate was transient (Figure 7B).

4 | DISCUSSION
As there was concern that the 21*At-induced radiochemical reaction
disturbed the binding activity of mAbs,323% we evaluated whether
21 At-anti-TF mAb was denatured. In the SDS-PAGE analysis, WA
anti-TF mAb eluted in PBS was smeared, in contrast to Sn-anti-TF
mADb (Figure 3). These findings suggest that the astatinated anti-TF
mAb in PBS was disrupted by the radionuclide. Similarly, the affinity
of 21*At-anti-TF mAb in PBS for TF on the cancer cell surface was
disturbed (Figure 4A,B).

McDevitt et al reported that L-ascorbic acid, a radioprotectant,

improved the radiochemical recovery yield of a mAb labeled with
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bismuth-213 (*©®*Bi), an alpha emitter, by avoiding 213Bj-induced
antibody denaturation.*? In this study, considering the pH of PBS
containing a radioprotectant, we used SA for protecting UL
anti-TF mAb rather than L-ascorbic acid. Prior to preparing the as-
tatinated anti-TF mAb eluted in PBS containing SA, we evaluated
the cytotoxicity of SA itself against 44As3 cells in the presence of
21At. In contrast to 0.6% or 1.2% SA, 2.4% SA showed cytotoxicity
(Figure S1A-C). Therefore, we decided to elute 2 At-anti-TF mAbs
in PBS containing 0%-1.2% SA, which did not hinder the evaluation
of the antitumor activity exerted by the astatinated mAb itself. In
the SDS-PAGE analysis, 2*At-anti-TF mAbs in PBS containing 0.6%
and 1.2% SA as well as Sn-anti-TF mAb yielded band patterns, in
contrast to a smear pattern of the astatinated anti-TF mAb in PBS
(Figure 3). Consistently, the cellular binding activities of *'At-anti-TF
mAbs in 0.6% and 1.2% SA were maintained and comparable to the
naked antibody (Figure 4A; Figure S2). These findings suggest that
the radioprotective activity of SA resulted in maintaining the affin-
ity of the astatinated mAb. Moreover, the protectant contributed to
the cytocidal effects of 2 At-anti-TF mAb, because the astatinated
mAbs in 0.6% and 1.2% SA exerted greater cytocidal effects on
TF-overexpressing 44As3 cells than the immunoconjugate in PBS
(Figure 5A).

Body weight loss after administration of PBS containing 1.2%
SA was minimal and transient (Figure 6). Therefore, SA appears to
protect the astatinated anti-TF mAb from 2*'At-induced antibody

denaturation without intolerable side effects (Figures 3, 4A,B and

6). On the other hand, body weight loss after administration of
21 At-anti-TF mAb in PBS containing 1.2% SA was less than the cor-
responding dose of free 2!'At in the SA solution (Figure 6). 2*'At of
the immunoconjugate may be the main cause of body weight loss
because noticeable body weight loss was not observed in mice in-
travenously administered 10 mg/kg naked anti-TF mAb.*® Based on
this toxicity test, 2.0 MBq of 2'*At-anti-TF mAb in 1.2% SA seems
to be the maximum tolerated dose (MTD) because the maximum
percentage of body weight loss after administration was 19.8%. The
toxicity profile of 211At-conjugated anti-TF mAb is comparable to
other astatinated antibodies. Li et al observed body weight loss in
BALB/c nude mice intravenously administered 1.85 MBq of 2*'At-
labeled anti-frizzled homolog 10 antibody.** Although body weight
loss reached approximately 10%-20% after administration, the loss
was transient and 1.85 MBq of the immunoconjugate was tolerable.
In another study, Robinson et al demonstrated that 1.665 MBq of
211 At-conjugated diabodies was close to the acute MTD in BALB/c
nude mice based on body weight loss after administration.*®

As various anti-TF mAbs have been successfully applied to
ADC,*?! an antibody-photosensitizer conjugate,?? and a molecular
imaging probe,?*27284647 TE is one of the attractive molecules for
cancer targeting. In this study, we succeeded in preparing an anti-TF
mADb labeled with 2'At. Alpha emitters such as 2''At efficiently in-
duce cell death via DNA double-strand breaks,*®* which is different
from the cytotoxic mechanisms of drugs**?! or photosensitizers??
conjugated to anti-TF mAbs. Thus, the astatinated anti-TF mAb is a
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unique armed antibody. Double-strand breaks generated by alpha
particle-induced ionization of DNA are less reparable than single-
strand breaks via more sparsely ionizing radiation.*®*’ Moreover, it
is well known that alpha particle radiation with high LET is not influ-
enced by oxygen concentrations in the tumor, and hypoxia-induced
radioresistance is minimal for the high-LET radiation.*®° In fact,
211 At-conjugated anti-TF mAb protected by SA showed a potent an-
titumor effect in gastric cancer xenograft models dependent on the
level of TF on the cell membrane (Figures 2 and 7B). Although the
mode of action is not entirely clear, considering the cellular binding
activities of 2! At-anti-TF mAbs in SA solutions against TF on the cell
surface (Figures 2 and 4A,B), the antigen-antibody reaction seems to
contribute to in vitro and in vivo antitumor effects (Figures 5A,B and
7B). Conversely, tumors treated with a single administration of WAL
anti-TF mAb recurred (Figure 7B). Multiple administrations of the as-
tatinated mAb may exert a long-lasting antitumor effect. However,
in order to evaluate the antitumor activity and toxicity of multiple
administrations, sufficient supply system of 2*'At should be estab-
lished to enable frequent production of the astatinated antibody.
To date, various antibodies such as an anti-CD20 antibody for lym-
phoma,51 an anti-HER2 antibody for gastric cancer,52 an anti-frizzled
homolog 10 antibody for synovial sarcoma,** an anti-CD38 antibody

53

for multiple myeloma,’” an anti-tenascin antibody for malignant glio-

mas,>* and an anti-sodium-dependent phosphate-transport protein

2b (NaPi2b) bivalent antigen-binding fragment (F[ab’],) for ovarian
cancer®>® have been applied to radioimmunotherapy (RIT) with
21t The present data reveal that in addition to these mAbs, an-
ti-TF mAb may be available to 21*At-RIT for patients with TF-positive
gastric cancer.

Although the MTD and dose-limiting toxicity after systemic ad-
ministration of 2**At-labeled pharmaceuticals have not been clini-
cally determined,’” the MTD of radiopharmaceuticals labeled with
an alpha emitter with a shorter half-life tend to be higher than those
conjugated with radionuclide with a longer half-life in both pre-
clinical and clinical settings.>”>® Considering the half-life of 2*'At,
7.2 hours,®! it is presumed that radiopharmaceuticals will be pre-
pared using 2*At at high radioactivity levels and administered at
high doses. As the 2**At-induced radiochemical reaction disturbs the
binding activity of astatinated radiopharmaceuticals depending on

the radiation dose,®%33

protection from 2! At-induced antibody de-
naturation will become increasingly important in clinical settings. In
the present study, we successfully demonstrated that SA protected
an astatinated mAb from denaturation without intolerable side ef-
fects in vivo (Figures 3, 4A,B, 5A,B, 6 and 7A), which suggests the
availability of the radioprotectant in clinical settings.

In conclusion, without intolerable side effects, SA protected the
astatinated clone 1084 from *!At-induced denaturation, which re-

sulted in potent antitumor activities of the immunoconjugate. These
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findings suggest the clinical availability of the radioprotectant and
applicability of clone 1084 to 21*At-RIT.
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