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ABSTRACT: Targeted alpha-particle therapy (TAT) might be a
relevant therapeutic strategy to circumvent resistance to conven-
tional therapies in the case of HER2-positive metastatic cancer.
Single-domain antibody fragments (sdAb) are promising vehicles
for TAT because of their excellent in vivo properties, high target
affinity, and fast clearance kinetics. This study combines the
cytotoxic α-particle emitter bismuth-213 (213Bi) and HER2-
targeting sdAbs. The in vitro specificity, affinity, and cytotoxic
potency of the radiolabeled complex were analyzed on HER2pos

cells. Its in vivo biodistribution through serial dissections and via
Cherenkov and micro-single-photon emission computed tomog-
raphy (CT)/CT imaging was evaluated. Finally, the therapeutic efficacy and potential associated toxicity of [213Bi]Bi-DTPA-2Rs15d
were evaluated in a HER2pos tumor model that manifests peritoneal metastasis. In vitro, [213Bi]Bi-DTPA-2Rs15d bound HER2pos

cells in a HER2-specific way. In mice, high tumor uptake was reached already 15 min after injection, and extremely low uptake values
were observed in normal tissues. Co-infusion of gelofusine resulted in a 2-fold reduction in kidney uptake. Administration of
[213Bi]Bi-DTPA-2Rs15d alone and in combination with trastuzumab resulted in a significant increase in median survival. We
describe for the very first time the successful labeling of an HER2-sdAb with the α-emitter 213Bi, and after intravenous
administration, revealing high in vivo stability and specific accumulation in target tissue and resulting in an increased median survival
of these mice especially in combination with trastuzumab. These results indicate the potential of [213Bi]Bi-DTPA-sdAb as a new
radioconjugate for TAT, alone and as an add-on to trastuzumab for the treatment of HER2pos metastatic cancer.
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■ INTRODUCTION

The human epidermal growth factor 2 (HER2) is overexpressed
in several cancers, such as breast cancer, ovarian cancer, and
gastric cancer.1 Overexpression of HER2 initiates a strong
protumorigenic signaling cascade and has been correlated with
poor prognosis.2 HER2-targeting therapies, including mono-
clonal antibodies (mAbs) trastuzumab and pertuzumab and
tyrosine kinase inhibitors such as lapatinib, have significantly
improved the progression free survival and overall survival of
patients with HER2-positive metastatic cancer.3,4 However,
primary/secondary resistance to HER2-targeting therapies
results in disease progression and relapse of the patients is
frequent, usually because of genetic or epigenetic alterations
resulting in overexpression or continuous activation of the
HER2 receptors or downstream effectors.5 Consequently, there
is a strong need to find alternative targeted therapies that can be
used in combination with conventional therapies to eradicate
cancer cells.
An emerging strategy to overcome treatment resistance is the

use of targeted radionuclide therapy (TRNT). TRNT involves

the specific delivery of cytotoxic radiation to cancer cells by
conjugating therapeutic isotopes to targeting vehicles. In the
case of α-particle-emitting radionuclides, this therapeutic
strategy is often referred to as targeted alpha therapy (TAT).
TAT has been proven to be effective in the treatment of micro-
metastatic cancers,6 neuroendocrine tumors,7 and hematologic
cancers including lymphoma, multiple myeloma, and leukemia.8

TAT holds the advantage that it focuses cytotoxic radiation
specifically to tumor cells, while sparing healthy cells. The
combination of the high linear energy transfer, the production of
irreparable double strand breaks (DSBs) in the DNA of tumor
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cells, and indirect effects such as bystander effects result in an
efficient cell-killing capacity.9

In this study, we investigate the potential of single-domain
antibody fragments (sdAbs) as targeting vehicles to deliver the
short-lived cytotoxic radioisotope 213Bi specifically to cancer
cells. sdAbs are the smallest antigen-binding fragments and are
derived from camelid-heavy chain only antibodies.10 Recent
advances in the field of radiolabeled sdAbs have underlined their
potential as attractive vehicles for both imaging11,12 and
TRNT.12−14 In humans, sdAbs have an estimated biological
half-life of 60 min15 and they bind their target very fast with
remarkable specificity and nanomolar affinity. Because of their
small size around 15 kDa, they are able to penetrate tumor tissue
in a homogeneous fashion,16 while the unbound fraction is
rapidly cleared from the blood via the kidneys, resulting in
minimal toxicity to healthy organs and tissues. In the past, the
HER2-targeting sdAb 2Rs15d has been successfully labeled with
various imaging17−21 and therapeutic radionuclides such as the
β−-emitters 177Lu and 131I and more recently the α-emitters
225Ac and 211At.22−28 2Rs15d binds to domain 1 of the HER2
receptor, which is distinctly different compared to the ones
targeted by the clinically-approved HER2-targeting mAbs
trastuzumab and pertuzumab. This allows the use of radio-
labeled 2Rs15d as a diagnostic and/or therapeutic tracer in
patients that undergo these specific HER2-targeted therapies.18

2Rs15d sdAb was GMP-produced and subsequently labeled
with 68Ga for positron emission tomography (PET) imaging of
cancer lesions in breast cancer patients.15 In this study, no signs
of hepatobiliary excretion such as accumulation in the gall
bladder or duodenumwere reported for all patients injected with
77−174 MBq. Clinical laboratory testing of blood showed no
significant changes that could be related to the study drug. These
clinical trial results confirmed that the administration of this
radiotracer was safe, and high contrast images were obtained as
early as 1 h post injection.

213Bi is a decay product of 225Ac and decays further to stable
209Bi either via 213Po with a subsequent α-emission of 8.4 MeV,
either via 209TI with an emission of an α-particle with 5.9MeV.29
213Bi was chosen in this study because of the following
characteristics: (i) it has a very short half-life of 45.9 min that
allows rapid dose delivery which is in line with the rapid
biokinetics of sdAbs, (ii) it emits α-particles that have a high
linear energy transfer in tissue (100 keV/μm) that leads to a high
level of cellular toxicity via the formation of DSBs in DNA, (iii)
213Bi can be “milked” every 2−3 h from an 225Ac/213Bi generator,
and (iv) it emits 26.5% of γ-emission with an energy of 440 keV,
allowing for detailed biodistribution and dosimetry studies.30

The goal of this study was to radiolabel the HER2-targeting
sdAb 2Rs15d, which matches with the short-lived α-particle
emitter 213Bi (t1/2 = 45.6 min) and evaluate the tumor targeting,
biodistribution, and dosimetry of the resulting tracer, as well as
its therapeutic efficacy in a preclinical model of ovarian cancer.

■ MATERIAL AND METHODS

Cell Culture. The human ovarian cancer cell line SKOV-3
(HER2pos) and CHO (HER2neg) were obtained from American
Type Culture Collection (Manassas, VA). The HER2pos firefly
luciferase (Fluc)pos human ovarian cancer cell line (SKOV3.IP1)
was a gift of Prof. Bracke (Ghent University, Ghent, Belgium).31

The SKOV-3 cell lines were cultured in suspension in McCoy’s
5A growth medium (Gibco BRL, Grand Island, NY), and the
CHO cell line was cultured in Dulbecco’s modified Eagle’s

medium growth medium (Gibco BRL, Grand Island, NY). All
media were enriched with 10% fetal bovine serum, 100 U/mL L-
glutamine, 100 U/mL penicillin, and 100 U/mL streptavidin.
Cells were grown in a humidified atmosphere with 5%CO2 at 37
°C. Prior to use, cells were detached using trypsin-EDTA
(Invitrogen, Paisley, UK).

SdAb Conjugation. HER2-targeting sdAb 2Rs15d and
nontargeting control sdAb R3B23 were produced as described
previously.18,32 Both sdAbs were conjugated to the bifunctional
chelator [(R)-2-amino-3-(4-isothiocyanatophenyl)propyl]-
trans-(S,S)-cyclohexane-1,2-diamine-pentaacetic acid (p-SCN-
Bn-CHX-A″-DTPA; Macrocyclics, Dallas, TX) via the free ε-
amino groups of the lysine groups present on the sdAbs
sequence as described previously.22

Radiolabeling of sdAbs with 213Bi. 213Bi (7−180 MBq)
was eluted from an in-house SCK CEN generator or from the
225Ac/213Bi generator provided by the European Commission−
Joint Research Centre.30,33 213Bi was eluted in 600 μL of 0.1 M
HCl/NaI (molar apparent activity 0.8−15.8 MBq/nmol) and
collected in a vial containing 120 μL of 4 M sodium acetate
buffer (pH 5.5). This mixture was added to 50−100 μg of
DTPA-sdAb in 0.1 M sodium acetate buffer (pH 7) and
incubated for 7 min at room temperature. Finally, [213Bi]Bi-
DTPA-2Rs15d was purified on a NAP-10 column (GE
Healthcare) and eluted using 0.9% NaCl containing 5 mg/mL
ascorbic acid with pH 5.8−6.1.

Quality Control and Stability of [213Bi]Bi-DTPA-sdAbs.
The radiochemical purity (RCP) of the [213Bi]Bi-DTPA-sdAbs
was determined by instant thin layer chromatography on silica
gel impregnated thin layer sheets (iTLC-SG, Agilent Tech-
nologies) using 0.1 M sodium citrate pH 5 as mobile phase. The
strips were measured on a RITA iTLC scanner (Elysia-Raytest,
Lieg̀e, Belgium), and the RCPwas determined by integrating the
signals of [213Bi]Bi-DTPA-sdAb (rf = 0) and 213Bi-citrate (rf =
1). The RCP was also evaluated using reversed phase high-
performance liquid chromatography (RP-HPLC). About 200
kBq of the tracer was injected on a polystyrene divinylbenzene
copolymer reversed phase column (PLRP-S) 300 Å, 5 μm, 250/
4 mm (Agilent, Diegem, Belgium) using the following gradient
(A: 0.1% trifluoroacetic acid in water; B: 0.1% trifluoroacetic
acid in acetonitrile): 0−5 min, 25% B; 5−7 min, 25−34% B; 7−
10 min, 34−100% B; and 10−25 min 100% B, at a flow rate of 1
mL/min. The analyses were performed on a Merck Hitachi
Chromaster system (VWR Belgium) connected to a diode array
detector and γ-detector (Elysia-Raytest, Lieg̀e, Belgium). Its in
vitro radiochemical stability was evaluated up to 45 min using
iTLC at room temperature (25 °C) and 37 °C.

In Vitro Specificity and Binding Affinity of [213Bi]Bi-
DTPA-2Rs15d. Binding specificity was evaluated using both
HER2pos SKOV-3 andHER2neg CHO ovarian cancer cell lines. 8
× 104 cells per well were adhered overnight in a 24-well plate.
Next, cells were incubated with 20 nM of [213Bi]Bi-DTPA-
R3B23 or [213Bi]Bi-DTPA-2Rs15d, alone or in combination
with a 100-fold excess of unlabeled 2Rs15d sdAb for 30 min at 4
°C. After incubation, cells were washed twice with ice-cold
phosphate-buffered saline (PBS) and lysed using 1 M NaOH
during 2 × 5 min at RT. The radioactivity of the lysates was
counted in a γ-counter (Cobra Inspector 5003, Canberra
Packard, Schwadorf, Austria). Data were analyzed using one-way
ANOVA with a P-value < 0.05 for significant difference.
Binding affinity of [213Bi]Bi-DTPA-2Rs15d was evaluated by

incubating SKOV-3 cells (8× 104 cells/well, adhered overnight)
with a serial dilution (0.1−100 nM) of [213Bi]Bi-DTPA-2Rs15d,
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again for 30 min at 4 °C. Nonspecific binding was assessed in
parallel by incubating cells with the same concentrations of
[213Bi]Bi-DTPA-2Rs15d, however, in combination with a 100-
fold molar excess of the unlabeled 2Rs15d sdAb. Again, the cells
were washed twice with ice-cold PBS and lysed using 1MNaOH
and counted in a γ-counter. The dissociation constant (KD) was
determined by nonlinear regression using GraphPad Prism
version 6.01 (GraphPad Software, La Jolla, CA). All experiments
were performed in triplicate in at least three independent
experiments.
Clonogenic Ability of Cells after Incubation with

[213Bi]Bi-DTPA-2Rs15d. A colony formation assay was
performed to evaluate the cytotoxic capacity of [213Bi]Bi-
DTPA-2Rs15d, following a protocol described elsewhere.34

Briefly, 1 × 103 cells were plated in a 6-well plate. Five different
concentrations (0.11, 0.37, 1.22, 4.02, and 13.27 MBq/well) of
[213Bi]Bi-DTPA-2Rs15d were added in triplicate. After 0.5, 1, 2,
and 5 h, the different cells were replenished with fresh cell
medium. After 11 days of cell culture, cell medium was removed
and the cells were washed twice with ice-cold PBS. Colonies
were stained with 1 mL of 0.1% crystal violet in a 70% ethanol
and 37% formaldehyde solution for 30min after which the plates
were rinsed three times withMilli-Q water and subsequently air-
dried. Plates were photographed using Amersham Imager 680,
(GE Healthcare) and colonies were determined as the
percentage of the well surface that is covered by colonies
(colony area percentage) with the ColonyArea Plugin in the
ImageJ software (National Institutes of Health, Bethesda,
MD).35 Significant differences in the ability to form colonies
were calculated with the Student’s t-test in GraphPad Prism.
Incucyte Live-Cell Imaging.After seeding 1× 103 SKOV-3

cells into 96-well plates, the cells were allowed to grow for 24 h
before adding [213Bi]Bi-DTPA-2Rs15d at a range of 0−1.40
MBq/well. [213Bi]Bi-DTPA-R3B23 was incubated as a negative
control at a concentration up to 0.69 MBq/well. Subsequently,
cells were incubated for 5 h. Next, the plates were placed into the
live-cell analysis system Incucyte (Essen BioScience Ltd.,
Hertfordshire, UK), which was set at 37 °C with 5% CO2.
Cell confluence was measured every hour for 15 h, using a 10×
dry objective, and each condition was run in triplicate. Caspase-
3/7 activity in apoptotic cells was visualized with Incucyte
Caspase-3/7 Green. Apoptosis Assay Reagent (Essen Bio-
Science) and dead cells were visualized with Incucyte Cytotox
Red Reagent (Essen BioScience). Sets of images were acquired
and analyzed by Incucyte basic software. All statistical analyses
were performed with GraphPad Prism software. All data are
represented as mean ± standard deviation (SD). P-values were
calculated using a Kruskal−Wallis one-way ANOVA test
followed by a Dunn’s post hoc test.
Biodistribution of [213Bi]Bi-DTPA-sdAbs Obtained via

Serial Dissections. All experiments involving the use of mice
were conducted with the approval of the Ethical Committee for
Animal Experiments of the Vrije Universiteit Brussel. The
biodistribution (15 and 30 min post injection) of 1 MBq of 213Bi
and [213Bi]Bi-DTPA was assessed in normal female C57BL/6J
(Charles River Laboratories, France) mice (n = 3 per time
point). The biodistribution of [213Bi]Bi-DTPA-2Rs15d was
analyzed in HER2pos SKOV-3 tumor-xenografted mice (n = 3
per time point). Athymic female nude Crl/NU(NCr)-Foxn1nu

mice (Charles River Laboratories, France) were subcutaneously
(s.c.) injected in the neck with 10 × 106 SKOV-3 cells at the age
of 7 weeks. When tumors measured 46.78 ± 37.52 mm3, mice
were intravenously (i.v.) injected with 1 MBq of [213Bi]Bi-

DTPA-2Rs15d (0.8 ± 0.3 MBq/nmol; 5−10 μg) or [213Bi]Bi-
DTPA-R3B23 (2.8 MBq/nmol; 5−10 μg/mouse), alone or in
combination with 150 mg/kg gelofusine. An additional group of
mice was pretreated with a 100-fold molar excess of unlabeled
2Rs15d 30 min prior to the i.v. injection of [213Bi]Bi-DTPA-
2Rs15d (1.4 MBq/nmol; 5−10 μg/mouse). All mice were
sacrificed by cervical dislocation at different time points up to 90
min p.i., after which relevant organs and tissues were isolated,
weighed, and measured for radioactive content using the γ-
counter. The results were corrected for physical decay and were
expressed as a percentage of the injected dose per gram of tissue
(% ID/g). Statistical analysis was performed using the two-tailed
Student t-test and two-way ANOVA in GraphPad Prism
(version 6.1).

γ-H2AX Visualization in Tumors after Exposure to
[213Bi]Bi-DTPA-sdAbs. The tumors isolated from the bio-
distribution studies were examined for DSBs. After dissections,
tumors were embedded in paraffin and sectioned (4 μm). These
were deparaffinized in toluol and rehydrated by incubation in
decreasing concentrations of ethanol. Target antigen retrieval
was performed by incubating the sections with a target antigen
retrieval solution (DakoNorth America, Carpinteria, CA) for 20
min at 99.5 °C. Next, the slices were blocked with 2% donkey
serum and incubated overnight with the primary antibody;
rabbit γ-H2AX (20 × 103, #9718; Bioke)́ to visualize the DSBs
via γ-H2AX foci. Furthermore, the sections were washed and
incubated for 1 h with anti-rabbit-FITC (Jackson ImmunoR-
esearch, St-Martens-Latem, Belgium). After washing, they were
mounted with Vectashield (Thermo Fisher Scientific) contain-
ing 4,6-diamidino-2-phenylindole (DAPI). Immunofluores-
cence was observed using a Nikon Eclipse 90i with a 40×
objective magnification and 10× ocular magnification (total
400×) and pictures were taken using a Nikon DS-Ri1 and
analyzed in the NIS-Elements software. The one-way ANOVA
was used to determine the significant difference between the
three groups.

Biodistribution of [213Bi]Bi-DTPA-2Rs15dObtained via
Imaging Modalities. For Cherenkov imaging, SKOV-3
tumor-bearing mice (n = 3) were i.v. injected with 8.8 ± 0.4
MBq [213Bi]Bi-DTPA-2Rs15d (8.9 μg) and imaged 15 min later
under gas anesthesia using a bioluminescence imaging system
(Biospace Lab, France) with 10 min of exposure. The M3 vision
software was used to generate the images.
In parallel, SKOV-3 tumor-bearing mice (n = 3) were i.v.

injected with 10.7 ± 2.0 MBq [213Bi]Bi-DTPA-2Rs15d (10 μg)
and imaged 90 min post injection using a VECTor+ micro-
SPECT/PET/CT MILabs system equipped with a high-energy
ultrahigh resolution collimator with a higher spatial resolution
and enhanced performance over a broad energy range.36 A spiral
scan mode of 59 bed positions (10 s per position) was applied.
The computed tomography (CT) scan was taken in a normal
scan mode with only one bed position. The single-photon
emission CT (SPECT) data were reconstructed with a 0.4 voxel
size, 2 subsets, and 7 iterations. The images were fused and
corrected for decay and attenuation based on the CT scan and
thereafter analyzed using the AMIDE medical imaging software
andOsirix. Uptake of [213Bi]Bi-DTPA-2Rs15d in the organs and
tumor was analyzed as % injected activity per cubic centimeter
[(% IA)/cc].

iQID α-Camera Imaging. The distribution of the α-
particles in tumors and kidneys on a tissue level was assessed
via high-resolution quantitative digital autoradiography using
the iQID camera system.37 First, the difference in distribution of
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1.3 ± 0.03 MBq [213Bi]Bi-DTPA-2Rs15d (0.8 nmol/mouse)
with and without co-infusion of gelofusine in the kidneys was
evaluated in healthy C57BL/6J mice at 15, 30, 60, and 120 min
after injection. To evaluate the tumor distribution, SKOV-3
tumor-bearing mice (n = 3) received 7.5 ± 0.1 MBq [213Bi]Bi-
DTPA-2Rs15d (0.7 nmol/mouse) and were sacrificed after 30,
60, and 180 min. Tumors and kidneys were isolated, snap-
frozen, cryo-sectioned (10 μm), and placed in contact with a
silver-doped zinc sulfide (ZnS/Ag) scintillation screen, which
was used to convert the α-particles of 213Bi and daughter 213Po
into photons. Each time, an adjacent section was used for
staining with hematoxylin and eosin (H&E). The region of
interest (ROI) was drawn on the image in the ImageJ software,
and the total pixel intensity within each ROI was quantified.
Quantification was done through calculations based on the
linear relationship between radioactivity (Bq) and pixel intensity
(number of detected α-particles). Every image was corrected for
decay to the time of sacrifice using Matlab (Mathworks, MA,
USA).
Organ-Absorbed Doses for [213Bi]Bi-DTPA-2Rs15d. For

each organ, the obtained activity uptake data (Bq/g tissue) from
the biodistribution study was used to establish time−activity
curves from which the cumulated activity [i.e., the total number
of radioactive transformations (decay), Ã] of 213Bi was
calculated. The counts were decay-corrected to the time of
euthanasia and were divided by the counts at injection time in
order to obtain the Bq/g tissue. The cumulated activity
concentrations were derived by fitting exponential functions to
the activity concentration−time data and integrated to infinity.
The area under the curve from time point 0−15 min was
calculated by using the numerical trapezoidal integration. The

absorbed dose for each organ was calculated using the S value for
213Bi obtained from the ICRP 107 data (1.33 × 10−12 J/Bq s).38

Absorbed fraction of the α-particles, ϕα, was assumed to be 1.
Including contributions from α-particles only, the absorbed dose
(D) was calculated as

D
A
m

ϕ=
̃
Δα α

where m is the tissue mass, and Δα is the mean energy released
per 213Bi decay (1.33 × 10−12 J).

Dose Escalation and Therapeutic Efficacy of [213Bi]Bi-
DTPA-2Rs15d.The maximal tolerated dose was determined by
injecting [213Bi]Bi-DTPA-2Rs15d in healthy mice. C57BL/6J
mice (n = 4/radioactive dose) were i.v. injected with increasing
amounts of [213Bi]Bi-DTPA-2Rs15d co-infused with 150mg/kg
gelofusine, ranging from vehicle solution up to 11 MBq and
subsequently monitored for 240 days, after which all mice were
sacrificed and processed for histology analysis. Study drop outs
were considered in case of a sudden weight loss of >20%,
unresponsiveness to stimuli, and immobility. A second
maximum tolerated dose (MTD) study was performed to
evaluate the MTD for repeated administrations of [213Bi]Bi-
DTPA-2Rs15d. C57BL/6J mice (n = 4/radioactive dose) were
i.v. injected with either 0.5, 1, or 2 MBq of [213Bi]Bi-DTPA-
2Rs15d co-infused with 150mg/kg gelofusine on day 1, 3, and 5.
One control group (n = 4) was included and received only
vehicle solution.
To determine the therapeutic efficacy of [213Bi]Bi-DTPA-

2Rs15d, athymic female nude mice were intraperitoneally (i.p.)
injected with 2.5× 105 SKOV-3.IP1 at the age of 7 weeks. Seven,
eight, and 24 days later, mice (n = 10/treatment arm) were i.v.

Figure 1. Radiolabeled sdAb complex [213Bi]Bi-DTPA-2Rs15d resulted in high radiochemical purities confirmed by (A) radio-iTLC and (B) RP
radio-HPLC. (C) Radioconjugate stayed intact in 0.9% NaCl 5 mg/mL ascorbic acid at RT and 37 °C until at least 45 min after purification. In vitro
assays using HER2pos SKOV-3 cells confirmed the receptor-mediated tumor cell targeting of [213Bi]Bi-DTPA-2Rs15d. (D) Binding specificity was
determined by the total binding (nonblocked) and nonspecific binding of [213Bi]Bi-DTPA-2Rs15d, the latter by coincubation with a 100-fold molar
excess of unlabeled 2Rs15d (n = 3). The same experiment was performed using HER2neg CHO ovarian cancer cells. As a negative control, the
nontargeting [213Bi]Bi-DTPA-R3B23 was added ontoHER2pos SKOV-3 cells after which its total binding wasmeasured. (E) Affinity was confirmed via
saturation-binding assay (n = 3 for each data point).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00580
Mol. Pharmaceutics 2020, 17, 3553−3566

3556

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00580?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00580?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00580?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00580?fig=fig1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00580?ref=pdf


injected with three different solutions: (i) 1.01 ± 0.05 MBq
[213Bi]Bi-DTPA-2Rs15d (8.5 μg; 0.67 nmol/treatment), (ii)
2.12 ± 0.11 MBq [213Bi]Bi-DTPA-2Rs15d (8.5 μg; 0.67 nmol/
treatment), or (iii) vehicle solution.
In a second experiment, the same mouse model (n = 10) was

injected with three fractions on day seven, nine, and eleven of (i)
1.03 ± 0.03 MBq or 0.5 ± 0.08 MBq [213Bi]Bi-DTPA-2Rs15d
(3.68 ± 0.74 μg; 0.29 ± 0.06 nmol/treatment), (ii) 1.0 ± 0.02
MBq or 0.5± 0.01 [213Bi]Bi-DTPA-2Rs15d + trastuzumab with
a loading dose of 7.5 mg/kg (190 μg; 1.3 nmol) and a
maintenance dose of 3.5 mg/kg (90 μg; 0.6 nmol), (iii)
trastuzumab regimen alone, or (iv) vehicle solution. The tumor
load was measured weekly via bioluminescence imaging as
described previously39 (BLI; Biospace Lab, France), and
animals were weighed every two days. Mice with i.p. tumors
were sacrificed when they reached (i) a sudden weight loss of
>20%, (ii) a BLI signal in the peritoneum exceeding 2.5 × 107

ph/s/cm2/sr, or (iii) visual signs of severe ascites. All resulting
survival curves were plotted and analyzed by the log-rank
Mantel−Cox test in GraphPad Prism.
Histopathology. Relevant organs and tissues obtained from

the dose escalation and therapeutic studies were fixed in

formalin for 24 h, dehydrated, and embedded in paraffin. The
samples were sent to Anapath Services GmbH, Liestal
Switzerland, where they were trimmed and processed. Sections
of 4 μm thickness were taken and stained with H&E. The
sections were checked for quality and examined by light
microscopy by Anapath Services GmbH. Toxicity to tissues was
compared between the vehicle buffer and treatment with
[213Bi]Bi-DTPA-2Rs15d.

■ RESULTS

Radiochemistry, Quality Control, and Stability of
[213Bi]Bi-DTPA-sdAbs. The resulting DTPA-sdAb conjugates
were analyzed using ESI-Q-ToF mass spectrometry, which
revealed a mixture of unconjugated sdAb and sdAb conjugated
to one DTPA molecule (Figure S1). Subsequent radiolabeling
with 213Bi resulted in a decay-corrected RCY of 70−75%, with a
RCP of 99.0± 0.8% obtained via radio-iTLC (Figure 1A), which
was confirmed with RP-HPLC (RCP = 96.3%) (Figure 1B).
[213Bi]Bi-DTPA-2Rs15d was stable at least up to 45 min after
labeling with >95% intact at 24 °C (62.5 MBq/mL) and 37 °C
(31.1 MBq/mL) in 0.9% NaCl containing 5 mg/mL ascorbic
acid (Figure 1C).

Figure 2. In vitro cytotoxicity of [213Bi]Bi-DTPA-2Rs15d. (A,B) Colony-forming assay using SKOV-3 cells, indicating the ability of [213Bi]Bi-DTPA-
2Rs15d to inhibit cell proliferation in a dose-dependent manner. (A) Photographs of the wells in a representative experiment are shown. (B)
Correlation analysis was performed (dose−response) of the colony-area percentages calculated using the ImageJ plugin Colonyarea. Level of
confluence (phase contrast) over time of proliferating SKOV-3 cancer cells after incubation with either (C) [213Bi]Bi-DTPA-2Rs15d or (F) [213Bi]Bi-
DTPA-R3B23. Automated real-time assessment by Incucyte ZOOM,measured as green object count for all cells stained green with Incucyte Caspase-
3/7Green Apoptosis Assay Reagent (D,G) andmeasured as red object count for all cells stained red with Incucyte Cytotox Red Reagent (E,H). Images
were acquired every 60 min starting from 5 h incubation at 37 °C and 5% CO2. Images shown are from one representative data set performed in
triplicate out of three independent experiments.
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Binding Specificity and Affinity of [213Bi]Bi-DTPA-
sdAbs. Incubation of [213Bi]Bi-DTPA-2Rs15d with SKOV-3
and CHO cells revealed selective binding to HER2, which could
be blocked significantly with the addition of an excess of
unlabeled 2Rs15d sdAb (Figure 1D). Binding of [213Bi]Bi-
DTPA-2Rs15d was 7-fold higher compared to that of [213Bi]Bi-
DTPA-R3B23 and to that of [213Bi]Bi-DTPA-2Rs15d with an
excess of unlabeled 2Rs15d (Figure 1D). Incubation of a serial
dilution of [213Bi]Bi-DTPA-2Rs15d with a fixed amount of
HER2pos cells revealed a KD = 5.06 ± 1.19 nM (Figure 1E).
Clonogenic Ability of Cells and Incucyte Live-Cell

Imaging after Incubation with [213Bi]Bi-DTPA-sdAbs.
Assessment of the clonogenic ability of SKOV-3 cells after
exposure to an increasing radioactive amount (0−13.3 MBq) of
[213Bi]Bi-DTPA-2Rs15d (Figure 2A,B) revealed a dose-depend-
ent decrease in colony-forming cells. The addition of 0.1 MBq
resulted in 63.2% of the reference amount of colonies (non-
radioactive control), which further decreased to 34.7% after
addition of 0.4 MBq. Colonies were absent in the case of 4.0 and
13.3 MBq [213Bi]Bi-DTPA-2Rs15d.
Next, the cytotoxic effect of [213Bi]Bi-DTPA-2Rs15d was

assessed in real time using Incucyte live-cell imaging. The
capacity of SKOV-3 cells to repopulate was lower upon addition
of higher concentrations of [213Bi]Bi-DTPA-2Rs15d (Figure
2C). At all time-points, all radioactive concentrations of
[213Bi]Bi-DTPA-2Rs15d significantly affected cell growth
compared to [213Bi]Bi-DTPA-R3B23 (p < 0.0001). The
addition of 1.39 MBq resulted in a confluence of 62 and 31%

after 5 and 19 h incubation, respectively (Figure 2C). In the case
of [213Bi]Bi-DTPA-R3B23, only the highest radioactive dose
(0.66 MBq) impacted confluence, which was reduced to 87% of
the reference and remained stable over time (Figure 2F).
Caspase 3/7 activity was evaluated to investigate the

activation of the apoptotic pathway. High levels of active
caspase 3/7 were measured in SKOV-3 cells treated with the
highest radioactive concentrations of [213Bi]Bi-DTPA-2Rs15d
(0.17−1.39MBq) (Figure 2D). As shown in Figure 2D, the level
of apoptosis of irradiated SKOV-3 cells forms a plateau upon
addition of 0.35−1.39 MBq [213Bi]Bi-DTPA-2Rs15d (Figure
2E). In the case of the highest radioactive concentrations of
[213Bi]Bi-DTPA-R3B23 (0.33−0.66 MBq), early apoptotic cell
death was observed during the first 15 h of incubation (Figure
2G). Finally, tumor cell killing or late stage apoptosis was
measured by the increase of red object count (Figure 2E,H).
From 0.35 MBq onward, red object counts increased
significantly 10 h after addition of [213Bi]Bi-DTPA-2Rs15d,
compared to the non-radioactive reference (Figure 2E). In
contrast, only the addition of the highest concentration
[213Bi]Bi-DTPA-R3B23 resulted in an increase in red object
counts, although only transient from 10 h onward (Figure 2H).

Biodistribution of [213Bi]Bi-DTPA-sdAbs Obtained via
Serial Dissections. The uptake of free 213Bi at 30 min p.i. in
kidneys (P = 0.0001), lungs (P = 0.0002), and liver (P = 0.0003)
was significantly higher compared to that of [213Bi]Bi-DTPA
(Table S1). In addition, the radioactive levels in blood and bone

Figure 3. (A) In vivo biodistribution of [213Bi]Bi-DTPA-2Rs15d at 15, 30, 60, and 90 min after injection. (B) Detailed overview of the obtained uptake
values in the kidney and tumor for both [213Bi]Bi-DTPA-2Rs15d alone and in combination with 150 mg/kg gelofusine. Values (mean ± SD) are
expressed as % ID/g. (C) Absolute uptake in tumor measured 60 min after the injection of either [213Bi]Bi-DTPA-2Rs15d alone (black), nontargeting
[213Bi]Bi-DTPA-R3B23 (green), or [213Bi]Bi-DTPA-2Rs15d preceded by a 100-fold molar excess of unlabeled 2Rs15d sdAb (grey). Data are
presented as mean ± SD (n = 3). ****, P = 0.0001 between [213Bi]Bi-DTPA-2Rs15d and [213Bi]Bi-DTPA-R3B23. ***, P = 0.001 between [213Bi]Bi-
DTPA-2Rs15d and [213Bi]Bi-DTPA-2Rs15d preceded by unlabeled 2Rs15d sdAb using the two-tailed t-test. (D) Quantification of the γ-H2AX
positive cells. Significant differences were observed between the three treatments (****, P < 0.0001 using one-way ANOVA). (E) Representative
pictures of DNA double-strand breaks visualized by immunofluorescent staining of γ-H2AX in SKOV-3 tumors at 60 min p.i. after treatment of 1 MBq
[213Bi]Bi-DTPA-2Rs15d, [213Bi]Bi-DTPA-R3B23, and [213Bi]Bi-DTPA-2Rs15d preceded by a 100-fold molar excess of unlabeled 2Rs15d sdAb (scale
bar = 20 μm).
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was slightly elevated after injection of 213Bi but did not differ
significantly from the values obtained for [213Bi]Bi-DTPA.
The biodistribution of [213Bi]Bi-DTPA-2Rs15d was evaluated

in subcutaneous SKOV-3 tumor-xenografted mice (Figure 3A).
The tumor uptake of [213Bi]Bi-DTPA-2Rs15d was already at its
highest early after injection with an uptake of 4.9 ± 0.05% ID/g
after 15 min, which remained constant over time (Figure 3A).
Kidney retention peaked at 60 min p.i. with 59.9 ± 5.1% ID/g
and remained constant toward 90 min p.i. The accumulation of
[213Bi]Bi-DTPA-2Rs15d in other organs and tissues was low at
all time points (below 1.5% ID/g), resulting in high tumor-to-
tissue ratios. Co-injection of [213Bi]Bi-DTPA-2Rs15d with 150
mg/kg gelofusine reduced uptake in kidneys by a factor of 2 (P =
0.0001) (Table S2), while tumor uptake remained unchanged
(Figure 3B). Injection of [213Bi]Bi-DTPA-R3B23 resulted in a
tumor uptake of 0.3 ± 0.03 % ID/g, which was significantly
lower compared to the value obtained with [213Bi]Bi-DTPA-
2Rs15d (P = 0.0001) (Figure 3C). A co-injection with 100-fold
molar excess of the unlabeled 2Rs15d sdAb reduced tumor
uptake to 2.00 ± 0.26 % ID/g after 60 min (Table S3), which
was significantly lower (P = 0.001) from the value obtained for
[213Bi]Bi-DTPA-2Rs15d alone (Figure 3C).
γ-H2AX Visualization in Tumors after Exposure to

[213Bi]Bi-DTPA-sdAbs. Tumor sections from mice injected
with [213Bi]Bi-DTPA-2Rs15d, nontargeting [213Bi]Bi-DTPA-
R3B23, or [213Bi]Bi-DTPA-2Rs15d together with a 100-fold

molar excess of unlabeled 2Rs15d sdAb were stained for the
presence of DSBs (Figure 3E). About 80.4 ± 3.1% of DAPI-
stained cells were found positive for γ-H2AX in mice treated
with [213Bi]Bi-DTPA-2Rs15, which was significantly higher (P <
0.0001) compared to the amount found in mice treated with
[213Bi]Bi-DTPA-R3B23 (P < 0.0001) or the combination of
[213Bi]Bi-DTPA-2Rs15d with unlabeled 2Rs15d (P < 0.0001),
where only 9.33 ± 6.5 and 13.2 ± 1.4% of DAPI-stained cells
measured positive for γ-H2AX (Figure 3D).

In Vivo Biodistribution Using Cherenkov and Micro-
SPECT/CT Imaging. 213Bi-based Cherenkov emissions arise
from its β-decay and from the β-decay of its daughters Ti-209
and Pb-209. This imaging modality can be of interest for
monitoring the in vivo biodistribution of radiopharmaceuticals
with radionuclides such as 213Bi and 225Ac. Cherenkov imaging
confirmed the biodistribution of [213Bi]Bi-DTPA-2Rs15d as
well as its specificity for HER2-expressing SKOV-3 tumors
(Figure 4A). High-contrast micro-SPECT/CT images of mice
bearing s.c. HER2pos SKOV-3 tumors were obtained after 90min
and indicated specific accumulation in tumors, with concom-
itant uptake in kidneys and bladder (Figure 4B). Very low
uptake values were measured in the muscle and blood as early as
90 min after tracer administration. In vivo quantification (% IA/
cc) of the tracer uptake revealed an uptake of 23.7 % IA/cc in the
kidneys and 1.03 % IA/cc in the tumor after 90 min.

Figure 4. (A) Cherenkov luminescence imaging of [213Bi]Bi-DTPA-2Rs15d injected mouse at 15 min p.i. (B) Fused whole-body micro-SPECT/CT
images of an athymic mouse bearing a subcutaneous tumor in the neck at 90 min after the injection of [213Bi]Bi-DTPA-2Rs15d sdAb. (C) α-Camera
imaging of the activity distribution of [213Bi]Bi-DTPA-2Rs15d in mice kidney sections with and without co-infusion of gelofusine. Images were
obtained 15, 30, 60, and 120 min postinjection. (D) α-Camera quantification resulted in decay-corrected activities (Bq) at time of sacrifice within a
whole kidney slice of 10 μm after the injection of [213Bi]Bi-DTPA-2Rs15d at various time points with or without coinfusion of gelofusine. (E) Decay-
corrected activities (Bq) at different time points within the cortex or medulla of a kidney slice (10 μm) of mice co-injected with gelofusine. Significant
differences between the two groups (without vswith gelofusine) were calculated using the two-way ANOVA. (F) α-Camera imaging of a cryosectioned
HER2pos tumor of subcutaneous SKOV-3 xenografts after i.v. injection of [213Bi]Bi-DTPA-2Rs15d sdAb and the corresponding H&E-stained section.
Images are color-coded to express the activity in Bq per pixel. T: SKOV-3 tumor; K: Kidney; B: Bladder.
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iQID α-Camera Imaging.Digital autoradiography was used
to evaluate the α-particle distribution on a suborgan level after
injection of [213Bi]Bi-DTPA-2Rs15d with and without co-
infusion of gelofusine at various time points. Significant
differences (P = 0.034, two-tailed Student t-test) in activity
(Bq) distribution were observed between the two groups
(without vs with gelofusine) with a clear uptake of the
radioactivity within the cortex (Figure 4C−E). 103.4 ± 2.5
and 33.9 ± 5.0 kBq was found in the cortex, while 15 ± 0.2 and
2.6 ± 0.5 kBq was found in the medulla 30 and 60 min after
[213Bi]Bi-DTPA-2Rs15d co-infused with gelofusine, respec-
tively. The specificity of the HER2 targeting could also be
demonstrated using the α-camera in SKOV-3 tumor xenografts,
indicating homogeneous dose distributions within tumors
(Figure 4F).
Dosimetry, Maximum Tolerated Dose, and Therapeu-

tic Efficacy. Organ-absorbed doses from the cumulative
injections of 1.5, 3, and 6 MBq [213Bi]Bi-DTPA-2Rs15d with
coinfusion of gelofusine are presented in Figure 5A and Table
S4. About 0.40 Gy was delivered to the tumor, while the dose
delivered to kidneys was calculated to be 2.41 when injected
with 1.5 MBq, respectively. The absorbed doses to nontargeting
organs and tissues for all activities were measured below <0.39
Gy. C57BL/6 healthy mice were injected with a single injection
of either 1, 2, 5.8, or 11MBq of [213Bi]Bi-DTPA-2Rs15d (n = 4)
to identify a well-tolerated therapeutic dose. Mice receiving the
highest two radioactive doses (6 and 11MBq) lost >20% of their
weight over time, resulting in median survivals of 120.5 and
141.0 days, respectively (Figure 5B,C). Visual inspection of mice
that received 2−11 MBq revealed pale and shrunken kidneys
(Figure S2). Histopathology evaluation confirmed signs of
toxicity in kidneys and spleen at radioactive doses starting from 2
MBq. The severity in tubular dilatation and cell degeneration/
necrosis increased proportionally with the injected activity,

being the highest at 6 and 11 MBq. In the medulla, there was
marked interstitial fibrosis and multifocal mononuclear cell
infiltrates such as lymphocytes and plasma cells in mice injected
with 6 and 11MBq. In addition, increasing levels of hemosiderin
formation in the red pulp of the spleen was observed with
increasing activities. Mice receiving one single injection of 0.9%
NaCl, 1 and 2 MBq [213Bi]Bi-DTPA-2Rs15d reached the end of
the study (Figure 5B,C). In a second MTD study, mice were
injected with three consecutive injections of either 0.5, 1, and 2
MBq of [213Bi]Bi-DTPA-2Rs15d (n = 4) to identify a well-
tolerated therapeutic dose after repeated administrations. Mice
receiving the highest radioactive doses (2 MBq) lost >20% of
their weight over time, while all the other groups did not lose
>20% (Figure 5D,E).
Administrations of 1 and 2 MBq [213Bi]Bi-DTPA-2Rs15d

were selected for a first therapeutic evaluation, however, through
a fractionated regimen of three consecutive injections. SKOV-
3.IP1-xenografted mice receiving three injections of 1 MBq
[213Bi]Bi-DTPA-2Rs15d had a significantly longer median
survival of 68 days versus 56 days for mice receiving 0.9%
NaCl solution (P = 0.007) (Figure 6A). No significant difference
in survival was observed between the groups receiving 0.9%
NaCl and three injections of 2 MBq [213Bi]Bi-DTPA-2Rs15d (P
= 0.07). Histopathology evaluation of kidney sections frommice
receiving three times 2 MBq [213Bi]Bi-DTPA-2Rs15d showed
marked tubular degeneration and multifocal necrosis within the
renal capsule. Less degeneration and dilatation, both in
incidence and in severity, was observed in kidneys of mice
treated with three consecutive injections of 1MBq. These results
correlate with the reduced weight for these two groups
compared to the control group (Figure 6B). The difference in
weight observed between the treatment groups was however not
significant (P = 0.6311, one-way ANOVA). The tumor growth,

Figure 5. (A) Calculated absorbed doses to normal organs and tumor for a cumulative injection of 1.5, 3, and 6 MBq of [213Bi]Bi-DTPA-2Rs15d with
co-infusion of 150 mg/kg gelofusine. These doses were used in the therapy experiments. (B,C)MTD study was conducted using escalating radioactive
concentrations of [213Bi]Bi-DTPA-2Rs15d ranging 0−11 MBq. All mice (n = 4) received one single-dose i.v. of [213Bi]Bi-DTPA-2Rs15d. The average
weights per each group (B) and mouse survival curves (C) to define the MTD of [213Bi]Bi-DTPA-2Rs15d. (D,E) Second MTD study was conducted
using escalating radioactive concentrations of [213Bi]Bi-DTPA-2Rs15d ranging between 0 and 2 MBq administered in a repeated manner on day 1, 3,
and 5. (D) Average weights of all mice (n = 4) that received three consecutive i.v. injections of [213Bi]Bi-DTPA-2Rs15d of 0.5, 1, and 2MBq (on day 1,
3, and 5), and (E) survival of the MTD study using repeated doses.
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evaluated with BLI, was slightly reduced in mice injected with 1
and 2 MBq [213Bi]Bi-DTPA-2Rs15d (data not shown).
In a second therapy study (Figure 6C−E), three cumulative

injections of 1 MBq [213Bi]Bi-DTPA-2Rs15d resulted in a
median survival of 67 days, which was again significantly longer
compared to the control group with a median survival of 53 days
(P = 0.008) (Figure 6C). Three administrations of 0.5 MBq
[213Bi]Bi-DTPA-2Rs15d resulted in amean overall survival of 80
days and was significantly different from the control group (P =
0.0005). Mice receiving 1 MBq [213Bi]Bi-DTPA-2Rs15d
together with trastuzumab resulted a median survival of 145
days, while trastuzumab alone led to a median survival of 109

days (33% increase in mean survival) (P = 0.1562). In addition,
three injections of 0.5 MBq [213Bi]Bi-DTPA-2Rs15d with
trastuzumab increased the median survival with 28% to 140.5
days compared to trastuzumab alone (P = 0.6698). Although
these two groups did not differ significantly from trastuzumab
alone, the results suggest that the co-administration of [213Bi]Bi-
DTPA-2Rs15d and trastuzumab led to a synergistic effect in
SKOV-3.IP1-xenografted mice. Tumor load progression, which
was monitored via bioluminescence imaging, was retarded for all
animal groups treated, compared to the control group (Figure
6E). In case of the groups that received repeated injections of
[213Bi]Bi-DTPA-2Rs15d and trastuzumab or trastuzumab alone,

Figure 6. Therapeutic efficacy of [213Bi]Bi-DTPA-2Rs15d alone or in combination with trastuzumab. (A) Overall survival (%) of the first therapeutic
efficacy study after injection of 1 and 2 MBq [213Bi]Bi-DTPA-2Rs15d (n = 10/cohort) on day 7, 8, and 24. (B) Average body weight after three
consecutive injections of 1 and 2MBq [213Bi]Bi-DTPA-2Rs15d. (C) Survival after treatment with 0.5 or 1MBq [213Bi]Bi-DTPA-2Rs15d (day 7, 9, and
11), trastuzumab alone or a combination of both in SKOV-3.IP1 xenografted mice (n = 10/cohort). (D) Average body weights of mice in the second
therapy study. (E) SKOV-3 tumors in the peritoneum were quantified with BLI in function of time during the therapy for each individual mouse. Mice
were euthanized when the quantified BLI signal exceeded 2.5 × 107 ph/s/cm2/sr, when severe ascites was observed, when >20% weight loss was
measured or when mice were unresponsive to external stimuli.
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an almost complete absence of the BLI signal over time was
observed. These results are confirmed by a more stable weight or
weight loss, indicating less tumor regression for all mice treated
with [213Bi]Bi-DTPA-2Rs15d and trastuzumab or trastuzumab
alone (Figure 6D).

■ DISCUSSION
A primary tumor often disseminates even before the tumor is
diagnosed. As a consequence, local therapy (e.g., radiotherapy)
might not be sufficient, while chemotherapy does not specifically
target tumor cells. In addition, chemoresistance can occur,
which results in a poor prognosis and a reduced overall survival.
TAT is an additional emerging anticancer strategy for metastatic
disease. In this study, we apply the HER2-sdAb 2Rs15d as
targeting vehicle for TAT. This sdAb has been characterized as
the targeting vehicle for diagnostic and therapeutic purposes in
the past and exhibits a few beneficial characteristics, such as its
optimal binding specificity and affinity, low off-target accumu-
lation, and its ability to bind an epitope on the HER2 receptor
that is distinctly different from that targeted by the clinically
approved mAbs trastuzumab and pertuzumab. SdAb 2Rs15d
was preclinically explored in combination with the therapeutic
radionuclides 177Lu and 131I. However, because of their long
range in tissue (1−10 mm) and low LET, these combinations
might harm nontargeting healthy cells, while only producing
reparable single- and double-strand breaks in tumor cells. α-
emitters are proven to be more potent than β−-emitters both in
preclinical40−42 and clinical setting.6 It has been shown that
radioresistance to TRNT using β−-emitters can occur with
subsequent development of metastasis that are even more
actively proliferating.6 In previous work, 213Bi-labeled mAbs
were able to break radioresistance in vitro,43 and more
importantly, remaining tumors or metastasis could be
eliminated by using the α-emitting radionuclide 213Bi in
humans.7

2Rs15d sdAb has already been explored in combination with
the α-emitters 225Ac and 211At. Successful radiolabeling of
2Rs15d with the α-emitter 211At was achieved using different
prosthetic groups.28 The major drawbacks of 211At (t1/2 = 7.2 h)
are the limited availability of cyclotrons with the appropriate
beam characteristics and the need for more complicated
radiochemistry to allow a stable bond between the targeting
vehicle and the radioisotope.44 In addition, our group evaluated
the same sdAb radiolabeled with 225Ac via conventional DOTA-
chelation, which resulted in superior tumor-to-background
ratios.26 A co-injection with 150 mg/kg gelofusine reduced the
kidney retention by 70%. A potential advantage of 213Bi over its
mother isotope 225Ac is the number of toxic daughters in the case
of the latter. The individual α-decays of the 225Ac progeny and
accompanying α-recoil issue45 may lead to the release of
daughter isotopes from the chelating moiety, resulting in
potential off-target toxicity. In contrast, 213Bi decays for 98%
via β-decay to the α-emitter 213Po, whose very short half-life
limits the migration from the target site. Furthermore, its
daughter 209Pb decays via β-decay resulting in a much lower
absorbed dose to surrounding tissues. Until now, most
preclinical and clinical studies reported make use of mAbs and
peptides as targeting vehicles in combination with 213Bi. These
radiopharmaceuticals have shown therapeutic efficacy in cancer
indications such as multiple myeloma,46,47 leukemia,48,49 non-
Hodgkin’s lymphoma,50 and disseminated ovarian cancer.51

In this study, the bifunctional chelator p-SCN-Bn-CHX-A″-
DTPA was conjugated to 2Rs15d, which resulted in a

reproducible mixture of conjugates with an average of one
DTPA-chelators per sdAb. After radiolabeling, the resulting
radio-conjugate proved to be stable in the final buffer at 25 and
37 °C. [213Bi]Bi-DTPA-2Rs15d bound specifically to cells that
express the HER2-receptor. Moreover, the chelator coupling
and radiometal complexation did not affect the binding affinity
because the obtained KD of 5.06 ± 1.19 nM corresponds to the
KD of unlabeled 2Rs15d sdAb, obtained via surface plasmon
resonance.18 The addition of [213Bi]Bi-DTPA-2Rs15d to
cultured HER2pos cells resulted in a dose-dependent cytotoxic
effect. Significant differences between [213Bi]Bi-DTPA-2Rs15d
and the 213Bi-labeled control sdAb were seen in the early and late
apoptotic state of the SKOV-3 cells after the addition of the
different radioactive concentrations. Because of the high
cytotoxicity of this 213Bi-labeled sdAb, this tracer was further
evaluated in vivo.
In a subcutaneous xenograft model, [213Bi]Bi-DTPA-2Rs15d

binds specifically to the HER2 receptor early after i.v.
administration and is eliminated rapidly from blood via the
kidneys. The rapid accumulation (15 min) of 213Bi-labeled
2Rs15d sdAb in HER2-expressing tumors demonstrates that
sdAbs are ideal molecular vehicles for the short-lived 213Bi. The
uptake in tumor was comparable to that of 68Ga-, 177Lu-, 211At-,
and 225Ac-labeled 2Rs15d.13,26,28,52 For the first time, Cher-
enkov and micro-SPECT/CT imaging were successfully applied
to confirm the in vivo biodistribution of 213Bi-labeled sdAbs. The
high tumor uptake of [213Bi]Bi-DTPA-2Rs15d correlates with a
significant increase in DSBs in contrast to what was observed for
[213Bi]Bi-DTPA-R3B23. Only one manuscript has reported on
the use of 213Bi-labeled sdAbs so far. In this case, an sdAb-
targeting PSMA in prostate cancer was investigated.53 A similar
correlation between absolute uptake in tumor and resulting
DSBs was observed in this report. Kidneys are the primary site
for the accumulation of free 213Bi and act as the main excretion
route for the low-molecular-weight sdAbs. Therefore, the kidney
remains the dose-limiting organ for this specific application.
Strategies that have been applied successfully for decreasing the
kidney uptake of radiolabeled sdAbs are (i) the addition of an
extra linker (e.g., glycine−lysine) in between the sdAb and the
radionuclide-containing chelator that is cleaved at the brush
border of the kidneys proximal tubule where sdAbs are partly
reabsorbed,54 (ii) co-injecting the plasma expander gelofu-
sine,13,26 or (iii) positively charged amino acids.55 Serial
dissections indicated that [213Bi]Bi-DTPA-2Rs15d accumulates
in kidney to a value of about 60 % ID/g after 1 h, which is higher
compared to what has been described for the same sdAb labeled
with other radiometals such as 68Ga (about 40% IA/g) 177Lu
(about 25 % ID/g 1 h p.i.) and 225Ac (about 25 % ID/g).13,26,52

This could be related to the different physiochemical properties
of the resulting drug products as different chelating moieties are
used to adequately complex the radioisotope of choice. These
differences of the drug product might impact the level of
interaction with the lumen of the proximal tubuli. Such
differences in the degree of renal retention have been observed
before for 177Lu-labeled 2Rs15d, when four different bifunc-
tional chelators were compared head-to-head.22 The kidney
retention of [213Bi]Bi-DTPA-2Rs15d could be reduced by 50%
to an uptake value of about 25 % ID/g by co-injecting the tracer
with 150 mg/kg gelofusine. This co-injection did not affect
uptake in tumor, nor did it impact the clearance from additional
off-target organs and tissues. This observed reduction of 50% is
in line with what has been observed for both 177Lu- and 225Ac-
labeled 2Rs15d sdAb.13,26
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In general, all sdAb-based radioconjugates that consist of a
radiometal-based cytotoxic payload exhibit a certain level of
kidney retention after fi l t rat ion from the blood
stream.13,18,20,21,52 In contrast to the use of radiometals, it has
been reported that sdAb radiolabeled with radiohalogens exhibit
an accelerated clearance from kidneys in some cases. Indeed,
although the uptake in kidneys after 1 h was lower for [213Bi]Bi-
DTPA-2Rs15d compared to [211At]SAGMB-2Rs15d, the
activity in the cortex decreased significantly after 3 h in the
case of the 211At-labeled sdAb, indicating faster filtration into the
urine.28 The same clearance rate from kidneys was observed for
the β−-emitting [131I]-SGMIB-2Rs15d.24 These observations
indicate that both the nature of the radioisotope as well as the
radiochemical link between isotope and targeting vehicle can
influence the in vivo behavior of the resulting radioconjugate.56

In the present study, sdAb-based TAT was performed in
HER2pos xenografted mice with small i.p. tumors to mimic
metastatic disease. Mice treated with three injections of 0.5 and
1 MBq [213Bi]Bi-DTPA-2Rs15d had a significant (P = 0.003)
longer median survival (68 and 80 days) compared with animals
receiving no treatment (0.9% NaCl) (56 days). This therapeutic
effect was comparable to that obtained with [131I]-SGMIB-
2Rs15d in the same mouse model.24 As the tumor xenografted
model used to evaluate the therapeutic efficacy of 177Lu-labeled
2Rs15d differs significantly from the model used in this study, it
is impossible to accurately compare the results obtained from
both studies. In addition, three consecutive administrations of
[213Bi]Bi-DTPA-2Rs15d in combination with trastuzumab led
to an extended mean survival of about 140 days to only 109 days
for trastuzumab alone. This result clearly indicates the potential
of [213Bi]Bi-DTPA-2Rs15d as an add-on treatment to
trastuzumab in these type of preclinical models. The therapeutic
efficacy of [213Bi]Bi-DTPA-2Rs15d will be further assessed in a
trastuzumab-resistant MDA-MB-231 model or in a mouse
model with lower or a more heterogenous HER2 expression.
The radiation dose to the different organs was calculated for

1.5, 3, and 6 MBq of [213Bi]Bi-DTPA-2Rs15d and resulted in a
kidney absorbed dose of 2.41, 4.82, and 9.68 Gy, respectively.
The administration of 1 MBq [177Lu]Lu-DTPA-2Rs15d
revealed an absorbed dose of 0.9 Gy to both tumor and kidneys,
resulting in a tumor-to-kidney ratio of 1 compared to the tumor-
to-kidney ratio of 0.1 for the 213Bi-labeled counterpart evaluated
in this study. It is however difficult to compare these results, as in
the case of α-particle decay one should take into account the
relative biological effectiveness, which is significantly higher for
α over β-radiation and greatly depends on the type of tissue that
is irradiated.40 Song et al. showed that 4.44 MBq of 213Bi-labeled
HER2-targeting mAb resulted in an absorbed dose to kidneys of
1.68 Gy, while the absorbed dose to blood for the same activity
calculated 6.2 Gy.57 The resulting absorbed doses described in
this specific study assume that the energy of the emitted α-
particles is uniformly distributed within kidneys. However, the
iQID α-camera images obtained with [213Bi]Bi-DTPA-2Rs15d
indicated that the distribution of radioactivity was far from
homogeneously distributed and was merely found in the renal
cortex. Therefore, a much higher dose to this substructure is to
be expected.
Today, the use of α-particle emitters such as 213Bi remains

challenging, as several obstacles still remain such as the
availability of the radionuclide in order to achieve radioactivity
levels that are suitable for therapeutic translation as well as the
unknown long-term toxicity after the use of TAT. The limited
clinical experience with TAT results leaves researchers in the

dark when it comes to defining optimal therapeutic index or
maximum tolerable doses.

■ CONCLUSIONS
The results presented in this paper show for the very first time a
successful generation and an in vitro and in vivo characterization
of a 213Bi-labeled HER2-sdAb. After i.v. administration in mice,
[213Bi]Bi-DTPA-2Rs15d sdAb reveals high in vivo stability and
specific accumulation in target tissue. When administered in
therapeutic amounts, [213Bi]Bi-DTPA-2Rs15d sdAb results in
an increased median survival of mice especially in combination
with trastuzumab. Its current format could be further optimized
to obtain an ideal therapeutic index as the current level of α-
particle decay that takes place in the renal cortex is significant.
However, the results obtained herein highlight the potential it
can hold if the retention in kidneys could be further reduced.
Because of its particular binding characteristics, [213Bi]Bi-
DTPA-2Rs15d is not only promising as a single agent but also
in combination with clinically approved HER2-targeting mAbs
trastuzumab and pertuzumab.
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