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Introduction: Better treatments for ovarian cancer are needed to eliminate
residual peritoneal disease after initial debulking surgery. The present study
evaluated Trastuzumab to deliver Pb-214/Bi-214 for targeted alpha therapy
(TAT) for HER2-positive ovarian cancer in mouse models of residual disease.
This study is the first report of TAT using a novel Radon-222 generator to produce
short-lived Lead-214 (Pb-214, t1/2 = 26.8 min) in equilibrium with its daughter
Bismuth-214 (Bi-214, t1/2 = 19.7 min); referred to as Pb-214/Bi-214. In this study,
Pb-214/Bi-214-TCMC-Trastuzumab was tested.

Methods: Trastuzumab and control IgG antibody were conjugated with TCMC
chelator and radiolabeled with Pb-214/Bi-214 to yield Pb-214/Bi-214-TCMC-
Trastuzumab and Pb-214/Bi-214-TCMC-IgG1. The decay of Pb-214/Bi-214
yielded α-particles for TAT. SKOV3 and OVAR3 human ovarian cancer cell
lines were tested for HER2 levels. The effects of Pb-214/Bi-214-TCMC-
Trastuzumab and appropriate controls were compared using clonogenic
assays and in mice bearing peritoneal SKOV3 or OVCAR3 tumors. Mice
control groups included untreated, Pb-214/Bi-214-TCMC-IgG1, and
Trastuzumab only.

Results and discussion: SKOV3 cells had 590,000 ± 5,500 HER2 receptors/cell
compared with OVCAR3 cells at 7,900 ± 770. In vitro clonogenic assays with
SKOV3 cells showed significantly reduced colony formation after Pb-214/Bi-214-
TCMC-Trastuzumab treatment compared with controls. Nude mice bearing
luciferase-positive SKOV3 or OVCAR3 tumors were treated with Pb-214/Bi-
214-TCMC-Trastuzumab or appropriate controls. Two 0.74 MBq doses of Pb-
214/Bi-214-TCMC-Trastuzumab significantly suppressed the growth of SKOV3
tumors for 60 days, without toxicity, compared with three control groups
(untreated, Pb-214/Bi-214-TCMC-IgG1, or Trastuzumab only). Mice-bearing
OVCAR3 tumors had effective therapy without toxicity with two 0.74 MBq
doses of Pb-214/Bi-214-TCMC-trastuzumab or Pb-214/Bi-214-TCMC-IgG1.
Together, these data indicated that Pb-214/Bi-214 from a Rn-222 generator
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system was successfully applied for TAT. Pb-214/Bi-214-TCMC-Trastuzumab was
effective to treat mouse xenograft models. Advantages of Pb-214/Bi-214 from the
novel generator systems include high purity, short half-life for fractioned therapy,
and hourly availability from the Rn-222 generator system. This platform technology
can be applied for a variety of cancer treatment strategies.

KEYWORDS

ovarian cancer, Lead-214/Bismuth-214 (Pb-214/Bi-214), targeted alpha-particle therapy,
Trastuzumab, preclinical mouse model

1 Introduction

Ovarian cancer is one of the deadliest malignancy of the
reproductive system, with 12,810 deaths in the United States in
2022 (Siegel et al., 2022). Over 70% of women with ovarian cancer
at diagnosis have cancer spread throughout their peritoneal cavity
(Chien and Poole, 2017). Ovarian cancer is known as a “silent
killer” as symptoms are missing until late in the disease
(Momenimovahed et al., 2019). After diagnosis, the standard of
care for ovarian cancer is surgical cytoreduction followed by
chemotherapy. The 5-year average survival rate for all types of
ovarian cancer is ~50% and has not improved significantly over
time because ovarian cancer becomes resistant to chemotherapy
(Bristow et al., 2002; Harter et al., 2008; Elattar et al., 2011;
Motohara et al., 2019). There is a pressing need for better
treatment options, including strategies to treat residual disease
after initial debulking surgery.

Overexpression of human epidermal growth factor receptor 2
(HER2) has been demonstrated in 20%–30% of ovarian cancers,
particularly in cancers with poor prognosis (Lanitis et al., 2012; Iqbal
and Iqbal, 2014). HER2 plays a critical role in tumor cell survival,
growth, differentiation, and metastasis (Moasser, 2007). The FDA-
approved humanized monoclonal antibody Trastuzumab
(Herceptin) was a significant advancement 25 years ago to block
HER2 signaling as a treatment for HER2-expressing metastatic
breast cancer. Drug conjugates with Trastuzumab are new
approaches for HER2-expressing cancer, for example, Enhertu
was FDA approved in 2022 for second-line treatment of breast
cancer (Hurvitz et al., 2023); it was also approved for certain gastric
and lung cancers (Li et al., 2022; Rha and Chung, 2023).

HER2 expression on ovarian cancer cells offered an opportunity for
TAT as a treatment strategy (Nahta and Esteva, 2006). Early
demonstrations of TAT to significantly prolong mouse survival using
Bi-213- or At-211-immunoconjugates in peritoneal disease models
(Bloechl et al., 2005; Elgqvist et al., 2006) were followed by successful
TAT using Th-227-DOTA-p-benzyl-Trastuzumab in HER2-positive
mouse ovarian cancer models (Heyerdahl et al., 2012). More recently,
Chung et al. reported a pretargeting TAT strategy based on
HER2 targeting in a mouse model and utilizing α-emitting Ac-225.
The α particles were efficient in targeting small cancerous regions and
even individual cancer cells. This treatment approach significantly
extended the median survival of nude mice with SKOV3 peritoneal
tumors (Chung et al., 2023).

Pb-212-TCMC-Trastuzumab for TAT was further supported by
results from preclinical models of peritoneal cancer (Milenic et al., 2010;
Yong et al., 2012; 2013; 2014), acceptable toxicology studies in mice
(Milenic et al., 2015), and dosimetry inmacaques (Kasten et al., 2016). A

phase I clinical trial was conducted in HER2-positive peritoneal disease,
primarily ovarian cancer patients (Meredith et al., 2018). This dose-
escalation study using IP-dosed Pb-212-TCMC-Trastuzumab was the
first-in-human clinical trial to show effective TAT for HER2-positive
peritoneal cancer without toxicity (Meredith et al., 2018). TATwith Pb-
212 is attractive because of the many excellent generator systems to
produce Pb-212, the excellent TCMC chelator to tightly bind Pb-212 to
targeting molecules, and the availability of Pb-203 for imaging studies
(McNeil et al., 2021; McNeil et al., 2023). The combined approach of
Pb-203 imaging followed by Pb-212 therapy fits the
radiotheranostic paradigm.

A TAT-based radiopharmaceutical drug has two parts: 1) a cancer
targeting component such as a small molecule, peptide, or monoclonal
antibodywith high affinity for receptors expressed specifically on cancer
cells, and 2) an α-emitting radioisotope bound to the targeting
component with a chelator molecule (Kauffman et al., 2023a). The
α-emitting radioisotopes with potential thus far include Ac-225
(Kratochwil et al., 2016), At-211 (Orozco et al., 2013; Green et al.,
2015), Bi-212 (Kauffman et al., 2023b), Bi-213 (Autenrieth et al., 2018),
Pb-212 (Meredith et al., 2014; Meredith et al., 2018), Ra-223 (Parker
et al., 2018), and Th-227 (Poty et al., 2018b; a). The α-particles are 2+
charged helium nuclei with high kinetic energies (5–9MeV) and short
penetrating ranges in tissue (50–100 μm), resulting in high linear energy
transfer (LET) in vivo. When specifically targeted to cancer, the short
range of α-particles minimizes damage to surrounding healthy, normal
cells. In contrast, β-particles are energetic electrons (40–2,300 keV) with
lower LET that travel 0.05–12 mm in tissues. Thus, many β-particles are
needed to achieve the same dose compared to α-particles, and β-
particles have more non-specific targeting to healthy adjacent tissues,
which makes radioisotopes that decay exclusively by β-emissions
potentially less effective in cancer therapy (Navalkissoor and Ashley
Grossman, 2019).

Our current study evaluated Pb-214/Bi-214 from an innovative
generator system based on Radon-222 (Rn-222), collected from the
natural decay of long-lived Ra-226. The Rn-222 has a 3.8-day half-
life and is in the form of a gas. The Pb-214/Bi-214 have relatively
short half-lives (Pb-214: t1/2 = 26.8 min, Bi-214: t1/2 = 19.7 min). The
short half-lives make Pb-214/Bi-214 potentially better for
fractionated therapy compared to other α-particle-emitting
radionuclides. Radiation dose fractionation involves delivering
radiation in multiple smaller doses over time. Pb-214/Bi-214 may
be advantageous in fractionated therapy by allowing the delivery of
therapeutic doses while minimizing damage to normal tissues
during each treatment session. Off-target toxicity may also be
reduced because the Pb-214/Bi-214 decays before it can
accumulate in normal tissues like the kidneys. Prior studies
indicated that short-lived Bi-213 (t1/2 = 45 min) had reduced
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toxicity compared with an identical targeting approach using
longer-lived Lu-177 (Seidl et al., 2011). In this study, Pb-214/Bi-
214 was evaluated as an alternative to Pb-212 (t1/2 = 10 h) that had
dose-limiting toxicities with 0.3 MBq of Pb-212-labeled antibodies
(Kasten et al., 2017; Kasten et al., 2018a; Kasten et al., 2018b). The
Trastuzumab was radiolabeled with Pb-214/Bi-214 using the
bifunctional chelator TCMC. The applications of Pb-214/Bi-214-
TCMC-Trastuzumab for therapeutic studies are reported.

2 Materials and methods

2.1 Reagents and instruments

Trastuzumab-anns (KANJINTI, biosimilar to Herceptin) was
purchased from Amgen (Thousand Oaks, CA). Human
IgG1 Kappa-UNLB was obtained from Southern Biotech Inc.
(Birmingham, AL). S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-
tetraaza-1,4,7,10-tetra(2-carbamoylmethyl)cyclododecane (p-SCN-
Bn-TCMC and in manuscript abbreviated as just TCMC) was
purchased from Macrocyclics (Plano, TX).

The Pierce™ Protein Concentrator PES, 30 K MWCO, 2–6 mL,
and the Zeba desalting column 40 K MWCO, 2 mL were obtained
from Thermo Fisher Scientific Inc. (Waltham, MA). Pb-214/Bi-
214 radioisotopes from the Rn-222 generator systems were supplied
by Niowave Inc. (Lansing, MI). The chromatography strips used
were TEC-Control Chromatography Strips, Model# 150-772
(BIODEX, Shirley, NY). The IVIS Spectrum imaging system and
Wizard2 Gamma Counter were obtained from Perkin Elmer
(Waltham, MD). Radiation safety and IACUC approvals were
obtained prior to starting experiments.

2.2 Radiolabeling

2.2.1 Conjugation of antibodies with hydrazine
nicotinate (HYNIC) and radiolabeling with Tc-99m

A vacuum-dried kit (stored at −80°C) containing carefully measured
amounts of HYNIC was resuspended in Na2HPO4 buffer (0.15 M, pH =
7.4). After dissolving the HYNIC in the vial, it was added to dialyzed
Trastuzumab-anns (HYNIC:Trastuzumab; 6:1M ratio), and the solution
was mixed by pipetting. The vial was then covered in aluminum foil to
keep in the dark during incubation at room temperature for 1 h with
gentle mixing on a rocker. The sample was dialyzed overnight against 1 L
PBS (pH = 7.4) buffer to remove any unreacted HYNIC.

For radiolabeling, 1,850 MBq Tc-99m peretechnetate (Cardinal
Health, Flint, MI) was added to a kit containing Tricine/SnCl2
(36 mg/0.05 mg) and incubated at room temperature for 15 min;
then, the Tc-99m/Tricine/SnCl2 mixture was added to the
Trastuzumab-HYNIC conjugate and incubated for 45 min at
room temperature in the dark. Tc-99m radiolabeled Trastuzumab
was purified using a G25 resin column, and the purity (Tc-99m
bound) was checked by iTLC using 2 different solvents.

2.2.2 Trastuzumab-TCMC and IgG1-TCMC
conjugations

Separately, each antibody in PBS buffer was exchanged to
carbonate buffer, pH 9. The buffer exchange used a Pierce™

Protein Concentrator. The sample was centrifuged at
3,000–4,000 g for 8 min. Protein concentrations were determined
by Bradford protein assay. 1 mg of each antibody was added to a
TCMC premade kit (TCMC: Ab molar ratio = 6:1), followed by
incubation for 2 h at room temperature. To remove the
unconjugated chelator from the TCMC-conjugated antibody, the
buffer was exchanged with 0.15 M ammonium acetate buffer,
pH 7.0, using the Pierce™ Protein Concentrator PES and
centrifuged at 3,000–4,000 g for 8 min. Trastuzumab-anns-TCMC
and IgG-TCMC were stored at 4°C.

2.2.3 Rn-222 generator for Pb-214/Bi-214 and
radiolabeling Trastuzumab

Figure 1A presents a diagram of the manual generator developed
to produce Pb-214/Bi-214. As shown in Figure 1A, Rn-222 was
moved between vessels (points A, B, C1, and D) by cryo-cooling the
destination and warming the initial location. For our experiments,
the Rn-222 was allowed to be present in vessel C1 for 2 h, and was
then transferred to vessel D. Subsequently, vessel C1 was removed
(with shielding) and Pb-214/Bi-214 was rinsed off the walls (labeled
as C2) to produce the Pb-214/Bi-214 solution (point E). The valves
are not shown in Figure 1A.

Figure 1B presents the radioisotopes that are part of the generator
system, together with their half-lives. Figure 1C shows the in-growth of
Pb-214 and Bi-214 over time in a generator system containing 3.7 GBq
of Rn-222. With 54 min of Rn-222 decay (two Pb-214 half-lives), 75%
of the theoretically maximum of Pb-214 would be available. As shown,
increasing the time for Rn-222 decay would result in higher activity
levels of the Pb-214 and Bi-214 until equilibrium would be reached, at
which time the decay of Pb-214 would equal the in-growth from decay
of Rn-222. At equilibrium (~3 h), the production of Pb-214 (from Rn-
222 decay) would be equal to the Pb-214 decay, and the Pb-214/Bi-
214 ratio would be equal to one.

Figure 1D shows the decay of equal levels of 0.38 MBq each of
Pb-214 and Bi-214 in the absence of Rn-222. These amounts were
similar to the dose levels given to the mice. Because Pb-214 decays to
Bi-214, the amount of Bi-214 does not appear to follow the 20-min
half-life decay. In our studies, the levels of Pb-214 and Bi-214 were
determined by their different gamma-ray emissions, for example, by
the gamma emissions detected from the NaI detector in the gamma
counter, as shown in Figure 1E.

Pb-214 and Bi-214 were collected from the manual generator,
as shown in Figure 1A-position C2 with 0.1 M HCl. Representative
samples were saved for analysis of chemical impurities by ICP-
OES. The radioactivity levels of Pb-214 and Bi-214 and any
radioactive impurities were precisely measured using a
calibrated Ortec High Purity Germanium (HPGe) radiation
detector and a gamma-ray spectroscopy system. The HPGe
detector was calibrated using a National Institute of Standards
and Technology (NIST) traceable Eu-152 source in a similar
geometry. Pb-214 was quantified using the 351.93 keV gamma
photon, and Bi-214 was quantified using the 609.31 keV gamma
photon (Figures 1B, C). The Pb-214/Bi-214 solution was delivered
by courier from Niowave, Inc. (Lansing, MI). The pH was adjusted
to 5.5–6.5 (using pH paper, range 2–9) by adding 0.2 mL of 5 M
ammonium acetate, pH 7.0, and the sample was vortexed for 3 s.
After Pb-214/Bi-214 was neutralized and the pH was adjusted to
5.0–5.5, it was separated into two vials with 70–140 MBq each. One
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vial was added to the Trastuzumab-anns-TCMC and the second
vial to IgG1-TCMC, followed by vortexing for 3 s and incubation
for 15 min at 37°C.

2.2.4 Purification of radiolabeled antibodies
Purification was performed using a Zeba desalting column (40 K

MWCO, 2 mL). PBS was used as an eluent. The column was

FIGURE 1
(Continued).
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prepared by exchanging the buffer using PBS three times. The
radiolabeled Trastuzumab-anns or IgG1 was added to the zeba
column and centrifuged for 4 min.

2.2.5 iTLC assay
Instant thin layer chromatography (iTLC) was conducted on the

purified, radiolabeled antibodies. Samples of the radiolabeled antibody

FIGURE 1
(Continued). (A) Diagram of the manual Rn-222 generator used to produce Pb-214 and Bi-214, (B) Rn-222 decay scheme, including the parent
radionuclide Ra-226 and showing the generation and extraction of short-lived Pb-214 and Bi-214, (C) in-growth of Pb-214 and Bi-214 over time when
Rn-222 is moved to C1 or D, (D) Pb-214 and Bi-214 decay plot of Pb-214 and daughter Bi-214 over time during equilibrium, and (E) gamma-ray spectra of
Pb-214 and Bi-214 on a NaI detector.
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(2 μL each) were placed at the bottom of two strips (TEC-Control
Chromatography Strips, Model# 150-772, BIODEX, Shirley, NY), and
one strip was placed in a glass vial containing 0.4 mL of 10 mMEDTA
in 0.15M NH4OAc (pH 5.0) and the second strip in PBS for each
antibody. After the solvent reached the top, the strip was cut in half
and each half was measured in a calibrated gamma counter to
calculate the percentage of radioactivity that was protein bound, as
well as levels of Pb-214 and Bi-214. Bradford protein assay and dose
calibrator measurements were also completed on the purified
radiolabeled antibodies to quantify the specific activity (μCi activity
per μg protein).

2.3 Cell culture

The luciferase-positive human ovarian cancer cells SKOV-3
(Catalog #119276) were purchased from Perkin Elmer (Waltham,
MD, United States). The luciferase-positive OVCAR-3 cells were
purchased from the Japanese Collection of Research Bioresources
via Sekisui XenoTech, LLC (Kansas City, KS). SKOV3 cells were
grown in McCoy’s media with 10% FBS, 1% Pen/Strep, 1%
L-Glutamine and OVCAR3 cells were grown in RPMI, 20% FBS,
1% Pen/Strep, 1% L-Glutamine. All cells were maintained at 37°C
and 5% CO2 in a humidified incubator.

2.4 In vitro binding assays

The HER2 binding affinity of Tc-99m-HYNIC-Transtuzumab
was determined by saturation binding assays. SKOV3 and
OVCAR3 cells were seeded in a 96-well plate and incubated at
37°C and 5% CO2 overnight. The next day, cells were washed with
PBS and incubated with increasing concentrations of Tc-99m-
HYNIC-Trastuzumab, either alone or 100-fold excess unlabeled
Trastuzumab, and cells were incubated at 37°C for 1 h. Next,
cells were washed with PBS three times, lysed, and ATP levels
were measured with the ATPlite kit from Perkin Elmer (Waltham,
MA) to determine the cell numbers based on a standard curve.
Further, the bound Tc-99m in the cell lysates were counted in an
automatic gamma counter. The maximum specific binding (Bmax)
and binding affinity (equilibrium dissociation constant, Kd) were
calculated by nonlinear regression curve analysis using GraphPad
Prism (GraphPad by Dotmatics, Boston, MA). Bmax and the number
of cells used for this assay were used to calculate the receptors/cells
for both SKOV3 and OVCAR3; Kd values were also determined.
Each experiment was performed in triplicate 3–4 times.

2.5 Clonogenic assay

For the clonogenic assay, 1 × 103 luciferase-positive SKOV-3 cells
were seeded 2 h prior to the treatment in a 6-well plate. Next, cells were
treatedwith Pb-214/Bi-214-TCMC-Trastuzumab or control Pb-214/Bi-
214-TCMC-IgG1 (0.37MBq/well) in triplicate. After 11 days,
D-luciferin (150 μg/mL) was added to each well, and
bioluminescence images were collected. Data were recorded using
IVIS Spectrum bioluminescence imaging (BLI) with an autoexposure
setting. Data were analyzed using ROI and radiance (photons/second).

2.6 Animals

Female Balb/c athymic nude mice (8 weeks, strain 194) were
purchased from the Charles River Laboratory. The animal studies
were approved by the Institutional Animal Care and Use Committee
(IACUC) of Michigan State University, United States, and all animal
experiments were conducted according to IACUC guidelines.

2.6.1 In vivo ovarian tumor therapy studies
Female Balb/c nude mice were implanted intraperitoneally (IP)

with 5 × 106 luciferase-positive SKOV-3 cells. After 5 weeks, the
mice were randomly assigned to three groups based on the
peritoneal bioluminescence signal (n = 5–7/group). Radiolabeled
Trastuzumab-anns or IgG1 control antibody was delivered in
standard saline (0.9% NaCl). In study 1, mice were injected
with one IP dose of 0.74 MBq Pb-214/Bi-214-TCMC-IgG or
0.74 MBq Pb-214/Bi-214-TCMC-Trastuzumab. In study 2, mice
were injected with two IP doses of Pb-214/Bi-214-TCMC-IgG or
Pb-214/Bi-214-TCMC-Trastuzumab, separated by 7 days. In study
3, 4 × 106 luciferase-positive OVCAR-3 cells were implanted IP in
female Balb/c nude mice. After 9 weeks, mice were randomly
assigned to three equal groups based on the peritoneal
bioluminescence signal (n = 6–7/group) and injected with two
IP doses of 0.74 MBq Pb-214/Bi-214-TCMC-IgG or 0.74 MBq
Pb-214/Bi-214-TCMC-Trastuzumab on days 1 and 8. Mice were
weighed and imaged weekly using an IVIS Spectrum system
(Perkin Elmer, Waltham, MD, United States) for 60 days.

Two additional control studies, 4 and 5, were performed using
Trastuzumab without radioactivity. Female athymic nude mice (n =
6–7/group) were implanted as described with either luciferase-
positive SKOV3 cells (study 4) or OVAR3 cells (study 5) and
sorted into two groups for each cell line after either 5 weeks or
9 weeks to match studies 2–3. One group for each cell line was
untreated whereas the second group was dosed twice IP with
Trastuzumab to match the antibody level of Pb-214/Bi-214-
TCMC-Trastuzumab groups from studies 2–3. Mice were
weighed and imaged weekly for 60 days.

2.7 Statistical analysis

Data were analyzed using GraphPad Prism software (GraphPad
Software, Boston, MA). Data are reported as means ± SEM
(standard error of the mean). p-values <0.05 were considered
statistically significant. A t-test or one-way analysis of variance
(ANOVA) with Dunnett’s test was used to compare the
experimental groups to the control group.

3 Results

3.1 Radon-222 (Rn-222) generator system to
produce Pb-214/Bi-214

The manual generator was developed and tested with up to
1.5 GBq Rn-222. ICP-OES analyses of Pb-214/Bi-214 solutions
showed low metal impurities (<12 ppm Al; <4 ppm Ag; <2 ppm
Cu, Fe, Zn; <1 ppm Pb, Mn, Ni, Cr). Gamma-ray spectroscopy and
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charged particle spectroscopy analyses revealed no long-lived (t1/2 >
5 min), gamma-, β-, or α-particle emitting radioactive impurities
outside of an ingrown daughter (<3 Bq Pb-210 per 100 MBq Pb-
214), with no detectable activity of Ra-226 (minimum detectable
activity <3 Bq per 100 GBq Pb-214).

3.2 Radiolabeling, quality controls, and
HER2 receptor levels

The HYNIC-conjugated Trastuzumab was successfully
radiolabeled with Tc-99m and purity averaged >99%, with a specific
activity of 0.37MBq/μg. The Tc-99m-HYNIC-Trastuzumab binding
affinity (KD) for SKOV-3 cells was 2 ± 1 nM (Figure 2), which
corresponded to 590,000 ± 5,500 HER2 receptors/cell. The Tc-99m-
HYNIC-Trastuzumab binding affinity (KD) for OVCAR3 cells was 3 ±
1 nM (Figure 2), with 7,900 ± 770 HER2 receptors/cells. These findings
established that the SKOV3 cells had ~75-fold higher HER2 receptors
compared to OVCAR3 cells.

TCMC-conjugated Trastuzumab and IgG1 antibodies were
successfully radiolabeled with Pb-214/Bi-24 and purified by iTLC

in 25 min, with >97% purity. The specific activity ranged from
0.037 to 0.111 MBq/μg. The Bi-214/Pb-214 ratio after purification,
as determined from gamma-ray analyses of the iTLC samples,
averaged 1.56 ± 0.16 (n = 8). Thus, the 0.74 MBq Pb-214/
Bi-214 dose given to the animals contained an average of
0.29 MBq Pb-214 and 0.45 MBq Bi-214.

3.3 Effect of Pb-214/Bi-214-TCMC-
Trastuzumab treatment on clonogenic
survival of SKOV3 cells

In this study, the clonogenic assay was performed to
evaluate the efficacy of Pb-214/Bi-214-TCMC-Trastuzumab
in suppressing colony formation based on the capacity/
survival of HER2+ SKOV3 cells. As shown in Figure 3, the
clonogenic assays showed that Pb-214/Bi-214-TCMC-
Trastuzumab treated cells had significantly reduced colonies
after treatment, with 3.13 × 107 ± 9.36 × 106 total flux (p/s), and
Pb-214/Bi-214-TCMC-IgG, with 7.69 × 107 ± 3.39 × 106 total
flux (p/s) compared to untreated control groups, with 3.09 × 108

± 2.55 × 107 total flux (p/s). This finding suggests that TAT
using Pb-214/Bi-214-TCMC-Trastuzumab inhibited ovarian
cancer cell growth.

3.4 TAT using Pb-214/Bi-214-TCMC-
Trastuzumab in nude mice with
xenografted tumors

In study 1, a single dose of 0.74 MBq Pb-214/Bi-214-TCMC-
Trastuzumab/IgG was given to mice with SKOV3 tumors, and in
study 2, two doses of 0.74 MBq Pb-214/Bi-214-TCMC-
Trastuzumab/IgG were given (Figure 4A, Figure 5A). In both
studies, there was a statistically significant decrease (p < 0.05) in
tumor growth in the Pb-214/Bi-214-TCMC-Trastuzumab
treated group compared to the Pb-214/Bi-214-TCMC-IgG and
the untreated groups (Figure 4B, Figures 5B, C). In Study 1, the
maximum treatment effect of Pb-214/Bi-214-TCMC-
Trastuzumab was observed at day 29 after treatment, while in
Study 2 the maximum effect was observed at day 28. At that time
in Study 2, the Pb-214/Bi-214-TCMC-Trastuzumab group had
an average bioluminescence signal that was 18% of the starting
level (100%). In contrast, the Pb-214/Bi-214-TCMC-IgG and
untreated groups were significantly higher at 466% and 564%,
respectively, of the starting levels. Thus, there was a 5-fold
reduction in tumor mass for TAT versus approximately a
5-fold increase for the control groups. The untargeted control
Pb-214/Bi-214-TCMC-IgG had a slight but not statistically
significant effect on tumor growth.

The average body weights of the mice in the three treatment
groups were not different over the 60 days (Supplementary Figure
S1A) of the treatment period. To address any effect of Trastuzumab
alone on tumor growth suppression, study 4 was conducted with
athymic nude mice bearing SKOV3 tumors (identical conditions to
the TAT study), either untreated or treated with unlabeled
Trastuzumab twice (7 µg/dose, equivalent to Trastuzumab in the
Pb-214/Bi-214-TCMC-Trastuzumab group) but no tumor

FIGURE 2
Saturation binding assay showing the binding affinity in
HER2 expressing SKOV3 and OVCAR3 cells. Tc-99m radiolabeled
Trastuzumab binding affinity and HER2 receptor expression in (A)
SKOV3 cells and (B) OVCAR3 cells.
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suppression was found from this level of Trastuzumab alone
(Supplementary Figure S2A).

In study 3, the nude mice with OVCAR3 tumors were treated with
two doses of 0.74 MBq Pb-214/Bi-214-TCMC-Trastuzumab/IgG on
days 1 and 9 (Figure 6A). A significant decrease in tumor growth was
found for both the Pb-214/Bi-214-TCMC-Trastuzumab and Pb-214-
TCMC-IgG treated groups, compared to the untreated control group
(Figures 6B, C). By the end of the study, the bioluminescence signal in
untreatedmice had increased to 254%, compared to the Pb-214/Bi-214-
TCMC-Trastuzumab and Pb-214/Bi-214-TCMC-IgG treated groups at
57% and 77%, respectively. OVCAR-3 tumors were in general slower
growing than the SKOV3 tumors.

Mice were weighed weekly and the treatment group average
weights were not different, as shown in Supplementary Figure S1B.
To address any effect of Trastuzumab alone on tumor growth

suppression, a separate experiment 5 was conducted with nude
mice with OVCAR-3 tumors, either untreated or treated with
unlabeled Trastuzumab twice (7 µg/dose, equivalent to
Trastuzumab in the Pb-214/Bi-214-TCMC-Trastuzumab group)
but no tumor suppression was found from this level of
Trastuzumab alone (Supplementary Figures S1B, S2B).

4 Discussion

The current study showed that targeted delivery of Pb-214/Bi-
214 from a novel generator was able to kill and prevent the growth of
both SKOV3 and OVCAR3 tumors in mouse models. Trastuzumab is
an FDA-approved antibody to target and block HER2 signaling
in breast cancer. Here, Pb-214/Bi-214-TCMC-Trastuzumab was

FIGURE 3
Pb-214/Bi-214-TCMC-Trastuzumab treatment effectively inhibits colony formation in HER2+ SKOV3 ovarian cancer cells (A,B). (A) Representative
images of three groups (n = 3) and (B) summary analyses of living cells showing the Pb-214/Bi-214 response in killing SKOV-3 cells in a clonogenic assay.
****, p < 0.0001 compared to untreated control.
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more effective in the treatment of SKOV3 tumors than
OVCAR3 tumors, likely because SKOV3 tumors had higher levels
of HER2. The data showed that both Pb-214/Bi-214-TCMC-
Trastuzumab and Pb-214/Bi-214-TCMC-IgG were effective in
treating OVCAR3 tumors that contained 75-fold less
HER2 receptors. These findings are explained by the slower
growth rate of OVCAR3 tumors compared to SKOV3 tumors, and
while the Pb-214/Bi-214-TCMC-IgG did not directly bind the
OVCAR3 tumors, it was located near the peritoneal tumors in the
peritoneal cavity and thus provided radiation therapy by proximity.

HER2 plays a pivotal role in tumor cell proliferation and
metastasis, is found to be implicated in various cancer-poor
prognoses, and is associated with aggressive and lethal forms of
cancer, including ovarian cancer (Luo et al., 2018; Galogre et al.,
2023). Since advanced ovarian cancer has considerably higher
expression of HER2, TAT using Trastuzumab could be a
promising strategy to reduce the tumor burden for ovarian
cancer. However, radiolabeling of an α-particle emitting
radionuclide with a very short half-life (Pb-214; t1/2 = 26.8 min)
for ovarian cancer cells could be challenging. Alpha-particles
emitted from the decay of Pb-214/Bi-214 have high linear energy
transfer compared to β-particles, which may lead to radiolysis and
cause antibody denaturation after radiolabeling before patient
dosing. Therefore, rapid radiolabeling requires consideration of
various parameters such as optimal pH, temperature, and the
potential addition of radiolysis protectants. In this study, we
successfully radiolabeled Pb-214/Bi-214 with Trastuzumab using
the bifunctional chelator TCMC. We radiolabeled both
Trastuzumab and IgG antibodies and purified them in 25 min
with a high yield and purity and a specific activity from 0.4 to
1.2 MBq/μg.

In recent years, targeted ɑ-particle therapy has emerged as an
option for treating metastatic cancer where treatment modalities
such as chemotherapy and radiotherapy using external beams are
non-specific for tumors. Additionally, ɑ-particles have an
advantage over external beam and β-particles as ɑ-particles
produce double-stranded DNA breaks, which are difficult to
repair and repair with errors that lead to cancer cell death.
However, external beams and β-particles produce single-
stranded DNA breaks that can be easily repaired and may lead
to radioresistance. Targeted ɑ-particles travel a very short
distance compared to β-particles, which makes them a
promising candidate for metastatic tumor treatment. Earlier,
the ɑ-particle emitting radionuclide Pb-212 had been used for
successful treatment of ovarian tumors using intraperitoneal
injection by targeting HER2 receptor using Trastuzumab
(Meredith et al., 2014; Meredith et al., 2018). However, a
toxicological study of Pb-212 in mice showed low-grade
toxicity in intravenous and intraperitoneal injections
(Milenic et al., 2015). In a dose escalation clinical trial, a dose
limiting toxicity was observed for Pb-212-DOTAMTATE in
neuroendocrine tumor treatment (Delpassand et al., 2022).
Chung et al. showed that Ac-225 ɑ-pre-targeted
radioimmunotherapy significantly reduced the SKOV3 tumor
in a mouse xenograft model; however, mild toxicity was
reported in the kidney (Chung et al., 2023). In the clinical
setting, TAT using Ac-225 was associated with hematological
and nephrotoxicity in prostate cancer (Parida et al., 2023). In a
xenograft mouse model, Bi-213 conjugated with single-domain
antibody fragments for the HER2 receptor served as a good
vehicle to deliver radiation to peritoneal ovarian tumors and
suppressed tumor growth (Dekempeneer et al., 2020). Pb-214/
Bi-214 have a very short half-life compared to other ɑ-particle
emitting radionuclides; therefore, they may be better for
fractionated therapy. Our study showed that Pb-214/Bi-
214 fractionated therapy reduced SKOV3 tumors more
efficiently compared to a single dose. In this study, Pb-214/Bi-
214-TCMC-Trastuzumab treatment significantly reduced the
number of colonies in SKOV3 cells, suggesting its cancer cell
killing potential in ovarian cancer cells. Further, xenograft
ovarian tumor treatment showed the effective killing of tumor
cells and suppression of tumor growth by targeted radiotherapy
using a 0.74 MBq dose of Pb-214/Bi-214-TCMC-Trastuzumab.
These findings suggest that Pb-214/Bi-214 is effective in killing
ovarian cancer cells. However, further studies are warranted to
evaluate the Pb-214/Bi-214 killing mechanism as well as its
treatment efficacy for other metastatic and solid tumors.

The present study is the first report, to the best of our knowledge,
of an Rn-222 generator system to harvest Pb-214/Bi-214 for
preclinical studies. The Pb-214/Bi-214 generator system should be
considered a platform technology that can be applied for both
preclinical and clinical studies. Advantages include the isolation of
Pb-214/Bi-214 without resins or chemical purification, rather by just
moving the Rn-222 gas to another compartment and dissolving the
Pb-214/Bi-214 that are decay products of Rn-222. The radiochemical
purity of the Pb-214/Bi-214 in our study was better than Pb-212
solutions from typical generator systems and was similar in terms of
metal impurities to optimized Pb-212 generator methods (McNeil
et al., 2021; McNeil et al., 2023). The Rn-222 generator used to

FIGURE 4
Single intraperitoneal dose of Pb-214/Bi-214-TCMC-
Trastuzumab suppresses peritoneal human SKOV3 ovarian tumor
growth in a nude mouse model (A–B). (A) Design for study #1 and (B)
summary of bioluminescence imaging results for mice with
SKOV3 tumors treated with Pb-214/Bi-214-TCMC-Trastuzumab, Pb-
214/Bi-214-TCMC-IgG, and untreated in Balb/c nude mice. *, p <
0.05 compared to untreated control; n. s., not significant.
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produce Pb-214/Bi-214 may also have a potentially lower cost than
other α-particle therapeutics. A lower cost is suggested because the
Rn-222 generator can be eluted on an hourly basis instead of daily,
similar to what is typical for Pb-212 generator systems. In addition,
the parent Rn-222 for the generator is available weekly at Ci levels
from current sources of Ra-226. Future studies are aimed at scaling up
the Rn-222 generator system to 4 GBq and further optimizing the
chemical and radiochemical purity.

The Rn-222 system has many advantages over existing
strategies, especially to accomplish fractioned alpha particle
therapy and the fact it did not require any resins that may
introduce chemical impurities.

Other ɑ-particle emitting radionuclides, including At-211, Ac-225,
and Pb-212, are reported to effectively treat different cancers; however,
these radionuclides have certain disadvantages, such as the fact that
Pb-212 is expensive and not readily available (Meredith et al., 2000;

FIGURE 5
Fractionated intraperitoneal treatments of Pb-214/Bi-214-TCMC-Trastuzumab suppress peritoneal human SKOV3 ovarian tumor growth in a nude
mouse model (A–C). (A) Design for study #2, (B) representative images before and after treatment with Pb-214/Bi214-TCMC-Trastuzumab, and (C)
summary of bioluminescence imaging results for mice with SKOV3 tumors treated with Pb-214/Bi-214-TCMC-Trastuzumab, Pb-214/Bi-214-TCMC-
IgG, and untreated in Balb/c nude mice. **, p < 0.01 compared to untreated control; n.s., not significant.
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Meredith et al., 2018). Ac-225 has a long half-life andAt-211 is not readily
available for the development of At-211-labeled radiopharmaceuticals
because there are not many cyclotrons available with the 25–30MeV α-
particle beams required for At-211 manufacturing.

In this study, Trastuzumab was radiolabeled with Pb-214/Bi-
214 and used for targeted ɑ-particle treatment of ovarian cancer.
Our study showed that the α-particle emitting radionuclide
Pb-214/Bi-214 can be used to inhibit tumor growth in mouse
models using fractionated Pb-214/Bi-214-TCMC-Trastuzumab
therapy, suggesting the potential use of Pb-214/Bi-214 for targeted
ɑ-particle therapy. In the future, TAT using Pb-214/Bi-214 could be

used as a potential radiotherapy modality for metastatic and solid
tumors. Moreover, the novel Rn-222 generator system can be eluted
hourly to produce Pb-214/Bi-214 with high purity at a
potentially lower cost.
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FIGURE 6
Fractionated intraperitoneal treatments of Pb-214/Bi-214-TCMC-Trastuzumab suppress peritoneal human OVCAR3 ovarian tumor growth in a
nudemousemodel (A–C). (A)Design for study #3, (B) representative images before and after treatment with Pb-214/Bi214-TCMC-Trastuzumab, and (C)
summary of bioluminescence imaging results for mice with OVCAR3 tumors treated with Pb-214/Bi-214-TCMC-Trastuzumab, Pb-214/Bi-214-TCMC-
IgG, and untreated in Balb/c nude mice. **, p < 0.01 compared to untreated control; n.s., not significant.

Frontiers in Chemistry frontiersin.org11

Metebi et al. 10.3389/fchem.2023.1322773

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1322773


Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee (IACUC) of Michigan State University,
United States. The study was conducted in accordance with the
local legislation and institutional requirements.

Author contributions

AM: Conceptualization, Investigation, Methodology,
Writing–original draft, Writing–review and editing. NK:
Investigation, Methodology, Writing–review and editing. Lucy
LX: Investigation, Methodology, Writing–review and editing. SS:
Investigation, Methodology, Writing–original draft,
Writing–review and editing. CN: Investigation, Methodology,
Writing–review and editing. JF: Conceptualization,
Supervision, Validation, Writing–review and editing. NJ:
Investigation, Methodology, Validation, Writing–review and
editing. JD: Methodology, Writing–review and editing. TG:
Conceptualization, Methodology, Supervision, Writing–review
and editing. MZ: Conceptualization, Supervision, Validation,
Writing–review and editing. KZ: Conceptualization,
Investigation, Supervision, Validation, Writing–original draft,
Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
study was supported by Niowave, Inc., KZ’s start-up funds
(MSU), NIH 5PO1CA221775-05, and funding available to KZ,

recipient of the Hickman Family Endowed Chair in Oncology at
Michigan State University.

Conflict of interest

Authors NJ, JD, TG, and MZ were employed by Niowave Inc.
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1322773/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Representative graphs showing mice body weight for (A) SKOV3 and (B)
OVCAR3 tumors treatment with Pb-214/Bi-214-TCMC-Trastuzumab/IgG.

SUPPLEMENTARY FIGURE S1
Representative graphs showing no effect of Trastuzumab treatment on (A)
SKOV3 and (B) OVCAR3 tumors. n.s., not significant.

References

Autenrieth, M. E., Seidl, C., Bruchertseifer, F., Horn, T., Kurtz, F., Feuerecker, B., et al.
(2018). Treatment of carcinoma in situ of the urinary bladder with an alpha-emitter
immunoconjugate targeting the epidermal growth factor receptor: a pilot study. Eur.
J. Nucl. Med. Mol. Imaging 45, 1364–1371. doi:10.1007/s00259-018-4003-6

Bloechl, S., Beck, R., Seidl, C., Morgenstern, A., Schwaiger, M., and Senekowitsch-
Schmidtke, R. (2005). Fractionated locoregional low-dose radioimmunotherapy
improves survival in a mouse model of diffuse-type gastric cancer using a 213Bi-
conjugated monoclonal antibody. Clin. Cancer Res. 11, 7070s–7074s. doi:10.1158/1078-
0432.ccr-1004-0017

Bristow, R. E., Tomacruz, R. S., Armstrong, D. K., Trimble, E. L., and Montz, F. J.
(2002). Survival effect of maximal cytoreductive surgery for advanced ovarian
carcinoma during the platinum era: a meta-analysis. J. Clin. Oncol. 20, 1248–1259.
doi:10.1200/jco.2002.20.5.1248

Chien, J., and Poole, E. M. (2017). Ovarian cancer prevention, screening, and early
detection: report from the 11th biennial ovarian cancer research symposium. Int.
J. Gynecol. Cancer 27, S20–S22. doi:10.1097/igc.0000000000001118

Chung, S. K., Vargas, D. B., Chandler, C. S., Katugampola, S., Veach, D. R., Mcdevitt,
M. R., et al. (2023). Efficacy of HER2-targeted Intraperitoneal225Ac α-pretargeted
radioimmunotherapy for small-volume ovarian peritoneal carcinomatosis. J. Nucl.
Med. 64, 1439–1445. doi:10.2967/jnumed.122.265095

Dekempeneer, Y., Caveliers, V., Ooms, M., Maertens, D., Gysemans, M., Lahoutte,
T., et al. (2020). Therapeutic efficacy of (213)Bi-labeled sdAbs in a preclinical model
of ovarian cancer. Mol. Pharm. 17, 3553–3566. doi:10.1021/acs.molpharmaceut.
0c00580

Delpassand, E. S., Tworowska, I., Esfandiari, R., Torgue, J., Hurt, J., Shafie, A., et al.
(2022). Targeted α-emitter therapy with 212Pb-dotamtate for the treatment of metastatic
SSTR-expressing neuroendocrine tumors: first-in-humans dose-escalation clinical trial.
J. Nucl. Med. 63, 1326–1333. doi:10.2967/jnumed.121.263230

Elattar, A., Bryant, A., Winter-Roach, B. A., Hatem, M., and Naik, R. (2011).
Optimal primary surgical treatment for advanced epithelial ovarian cancer.
Cochrane Database Syst. Rev. 2011, CD007565. doi:10.1002/14651858.cd007565.
pub2

Elgqvist, J., Andersson, H., Back, T., Claesson, I., Hultborn, R., Jensen, H., et al. (2006).
Fractionated radioimmunotherapy of intraperitoneally growing ovarian cancer in nude
mice with 211At-MX35 F(ab’)2: therapeutic efficacy and myelotoxicity.Nucl. Med. Biol.
33, 1065–1072. doi:10.1016/j.nucmedbio.2006.07.009

Galogre, M., Rodin, D., Pyatnitskiy, M., Mackelprang, M., and Koman, I. (2023). A
review of HER2 overexpression and somatic mutations in cancers. Crit. Rev. Oncol.
Hematol. 186, 103997. doi:10.1016/j.critrevonc.2023.103997

Green, D. J., Shadman, M., Jones, J. C., Frayo, S. L., Kenoyer, A. L., Hylarides, M. D.,
et al. (2015). Astatine-211 conjugated to an anti-CD20 monoclonal antibody eradicates
disseminated B-cell lymphoma in a mouse model. Blood 125, 2111–2119. doi:10.1182/
blood-2014-11-612770

Harter, P., Reuss, A., Pfisterer, J., Pujade-Lauraine, E., Ray, I., and Du Bois, A. (2008).
The role of surgical outcome as prognostic factor in advanced epithelial ovarian cancer.
A project of the AGO-OVAR and GINECO - prognostic factor surgical outcome in
advanced ovarian cancer. Geburtshilfe Und Frauenheilkd. 68, S9–S10. doi:10.1055/s-
0028-1088605

Heyerdahl, H., Abbas, N., Brevik, E. M., Mollatt, C., and Dahle, J. (2012). Fractionated
therapy of HER2-expressing breast and ovarian cancer xenografts in mice with targeted
alpha emitting 227Th-DOTA-p-benzyl-trastuzumab. PLoS One 7, e42345. doi:10.1371/
journal.pone.0042345

Hurvitz, S. A., Hegg, R., Chung, W. P., Im, S. A., Jacot, W., Ganju, V., et al. (2023).
Trastuzumab deruxtecan versus trastuzumab emtansine in patients with HER2-positive
metastatic breast cancer: updated results fromDESTINY-Breast03, a randomised, open-
label, phase 3 trial. Lancet 401, 105–117. doi:10.1016/s0140-6736(22)02420-5

Frontiers in Chemistry frontiersin.org12

Metebi et al. 10.3389/fchem.2023.1322773

https://www.frontiersin.org/articles/10.3389/fchem.2023.1322773/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2023.1322773/full#supplementary-material
https://doi.org/10.1007/s00259-018-4003-6
https://doi.org/10.1158/1078-0432.ccr-1004-0017
https://doi.org/10.1158/1078-0432.ccr-1004-0017
https://doi.org/10.1200/jco.2002.20.5.1248
https://doi.org/10.1097/igc.0000000000001118
https://doi.org/10.2967/jnumed.122.265095
https://doi.org/10.1021/acs.molpharmaceut.0c00580
https://doi.org/10.1021/acs.molpharmaceut.0c00580
https://doi.org/10.2967/jnumed.121.263230
https://doi.org/10.1002/14651858.cd007565.pub2
https://doi.org/10.1002/14651858.cd007565.pub2
https://doi.org/10.1016/j.nucmedbio.2006.07.009
https://doi.org/10.1016/j.critrevonc.2023.103997
https://doi.org/10.1182/blood-2014-11-612770
https://doi.org/10.1182/blood-2014-11-612770
https://doi.org/10.1055/s-0028-1088605
https://doi.org/10.1055/s-0028-1088605
https://doi.org/10.1371/journal.pone.0042345
https://doi.org/10.1371/journal.pone.0042345
https://doi.org/10.1016/s0140-6736(22)02420-5
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1322773


Iqbal, N., and Iqbal, N. (2014). Human epidermal growth factor receptor 2 (HER2) in
cancers: overexpression and therapeutic implications. Mol. Biol. Int. 2014, 1–9. doi:10.
1155/2014/852748

Kasten, B. B., Arend, R. C., Katre, A. A., Kim, H., Fan, J., Ferrone, S., et al. (2017). B7-
H3-targeted (212)Pb radioimmunotherapy of ovarian cancer in preclinical models.
Nucl. Med. Biol. 47, 23–30. doi:10.1016/j.nucmedbio.2017.01.003

Kasten, B. B., Azure, M. T., Schoeb, T. R., Fisher, D. R., and Zinn, K. R. (2016).
Imaging, biodistribution, and toxicology evaluation of (212)Pb-TCMC-trastuzumab in
nonhuman primates. Nucl. Med. Biol. 43, 391–396. doi:10.1016/j.nucmedbio.2016.
04.001

Kasten, B. B., Gangrade, A., Kim, H., Fan, J., Ferrone, S., Ferrone, C. R., et al. (2018a).
(212)Pb-labeled B7-H3-targeting antibody for pancreatic cancer therapy in mouse
models. Nucl. Med. Biol. 58, 67–73. doi:10.1016/j.nucmedbio.2017.12.004

Kasten, B. B., Oliver, P. G., Kim, H., Fan, J., Ferrone, S., Zinn, K. R., et al. (2018b).
(212)Pb-Labeled antibody 225.28 targeted to chondroitin sulfate proteoglycan 4 for
triple-negative breast cancer therapy in mouse models. Int. J. Mol. Sci. 19, 925. doi:10.
3390/ijms19040925

Kauffman, N., Morrison, J., O’brien, K., Fan, J., and Zinn, K. R. (2023a). Intra-arterial
delivery of radiopharmaceuticals in Oncology: current trends and the future of alpha-
particle therapeutics. Pharmaceutics 15, 1138. doi:10.3390/pharmaceutics15041138

Kauffman, N., Singh, S. K., Morrison, J., and Zinn, K. R. (2023b). Effective therapy
with Bismuth-212 labeled macroaggregated albumin in orthotopic mouse breast tumor
models. Front. Chem. 11, 1204872. doi:10.3389/fchem.2023.1204872

Kratochwil, C., Bruchertseifer, F., Giesel, F. L., Weis, M., Verburg, F. A., Mottaghy, F.,
et al. (2016). 225Ac-PSMA-617 for PSMA-targeted α-radiation therapy of metastatic
castration-resistant prostate cancer. J. Nucl. Med. 57, 1941–1944. doi:10.2967/jnumed.
116.178673

Lanitis, E., Dangaj, D., Hagemann, I. S., Song, D. G., Best, A., Sandaltzopoulos, R.,
et al. (2012). Primary human ovarian epithelial cancer cells broadly express HER2 at
immunologically-detectable levels. PLoS One 7, e49829. doi:10.1371/journal.pone.
0049829

Li, B. T., Smit, E. F., Goto, Y., Nakagawa, K., Udagawa, H., Mazieres, J., et al. (2022).
Trastuzumab deruxtecan in HER2-mutant non-small-cell lung cancer. N. Engl. J. Med.
386, 241–251. doi:10.1056/nejmoa2112431

Luo, H., Xu, X., Ye, M., Sheng, B., and Zhu, X. (2018). The prognostic value of
HER2 in ovarian cancer: a meta-analysis of observational studies. PLoS One 13,
e0191972. doi:10.1371/journal.pone.0191972

Mcneil, B. L., Mastroianni, S. A., Mcneil, S. W., Zeisler, S., Kumlin, J., Borjian, S., et al.
(2023). Optimized production, purification, and radiolabeling of the (203)Pb/(212)Pb
theranostic pair for nuclear medicine. Sci. Rep. 13, 10623. doi:10.1038/s41598-023-37313-8

Mcneil, B. L., Robertson, A. K. H., Fu, W., Yang, H., Hoehr, C., Ramogida, C. F., et al.
(2021). Production, purification, and radiolabeling of the (203)Pb/(212)Pb theranostic
pair. EJNMMI Radiopharm. Chem. 6, 6. doi:10.1186/s41181-021-00121-4

Meredith, R., Torgue, J., Shen, S., Fisher, D. R., Banaga, E., Bunch, P., et al. (2014).
Dose escalation and dosimetry of first-in-human α radioimmunotherapy with 212Pb-
TCMC-Trastuzumab. J. Nucl. Med. 55, 1636–1642. doi:10.2967/jnumed.114.143842

Meredith, R. F., Buchsbaum, D. J., and Knox, S. J. (2000). “Radionuclide dosimetry
and radioimmunotherapy of cancer,” in Radioimmunotherapy of cancer (Boca Raton:
Taylor and Francis Group), 21–55.

Meredith, R. F., Torgue, J. J., Rozgaja, T. A., Banaga, E. P., Bunch, P. W., Alvarez, R.
D., et al. (2018). Safety and outcome measures of first-in-human intraperitoneal α
radioimmunotherapy with 212Pb-TCMC-Trastuzumab. Am. J. Clin. Oncol. 41,
716–721. doi:10.1097/coc.0000000000000353

Milenic, D. E., Molinolo, A. A., Solivella, M. S., Banaga, E., Torgue, J., Besnainou, S.,
et al. (2015). Toxicological studies of 212Pb intravenously or intraperitoneally injected
into mice for a phase 1 trial. Pharm. (Basel) 8, 416–434. doi:10.3390/ph8030416

Milenic, D. E., Wong, K. J., Baidoo, K. E., Nayak, T. K., Regino, C. A., Garmestani, K.,
et al. (2010). Targeting HER2: a report on the in vitro and in vivo pre-clinical data

supporting trastuzumab as a radioimmunoconjugate for clinical trials. MAbs 2,
550–564. doi:10.4161/mabs.2.5.13054

Moasser, M.M. (2007). The oncogene HER2: its signaling and transforming functions
and its role in human cancer pathogenesis.Oncogene 26, 6469–6487. doi:10.1038/sj.onc.
1210477

Momenimovahed, Z., Tiznobaik, A., Taheri, S., and Salehiniya, H. (2019). Ovarian
cancer in the world: epidemiology and risk factors. Int. J. Womens Health 11, 287–299.
doi:10.2147/ijwh.s197604

Motohara, T., Masuda, K., Morotti, M., Zheng, Y., El-Sahhar, S., Chong, K. Y., et al.
(2019). An evolving story of the metastatic voyage of ovarian cancer cells: cellular and
molecular orchestration of the adipose-rich metastatic microenvironment.Oncogene 38,
2885–2898. doi:10.1038/s41388-018-0637-x

Nahta, R., and Esteva, F. J. (2006). Herceptin: mechanisms of action and resistance.
Cancer Lett. 232, 123–138. doi:10.1016/j.canlet.2005.01.041

Navalkissoor, S., and Ashley Grossman, A. (2019). Targeted alpha particle therapy for
neuroendocrine tumours: the next generation of peptide receptor radionuclide therapy.
Neuroendocrinol 108, 256–264. doi:10.1159/000494760

Orozco, J. J., Back, T., Kenoyer, A., Balkin, E. R., Hamlin, D. K., Wilbur, D. S., et al.
(2013). Anti-CD45 radioimmunotherapy using (211)At with bone marrow
transplantation prolongs survival in a disseminated murine leukemia model. Blood
121, 3759–3767. doi:10.1182/blood-2012-11-467035

Parida, G. K., Panda, R. A., Bishnoi, K., and Agrawal, K. (2023). Efficacy and safety of
actinium-225 prostate-specific membrane antigen radioligand therapy in metastatic
prostate cancer: a systematic review and metanalysis. Med. Princ. Pract. 32, 178–191.
doi:10.1159/000531246

Parker, C. C., Coleman, R. E., Sartor, O., Vogelzang, N. J., Bottomley, D., Heinrich, D.,
et al. (2018). Three-year safety of radium-223 dichloride in patients with castration-
resistant prostate cancer and symptomatic bone metastases from phase 3 randomized
alpharadin in symptomatic prostate cancer trial. Eur. Urol. 73, 427–435. doi:10.1016/j.
eururo.2017.06.021

Poty, S., Francesconi, L. C., Mcdevitt, M. R., Morris, M. J., and Lewis, J. S. (2018a). α-
Emitters for radiotherapy: from basic radiochemistry to clinical studies—Part 1. J. Nucl.
Med. 59, 878–884. doi:10.2967/jnumed.116.186338

Poty, S., Francesconi, L. C., Mcdevitt, M. R., Morris, M. J., and Lewis, J. S. (2018b). α-
Emitters for radiotherapy: from basic radiochemistry to clinical studies—Part 2. J. Nucl.
Med. 59, 1020–1027. doi:10.2967/jnumed.117.204651

Rha, S. Y., and Chung, H. C. (2023). Breakthroughs in the systemic treatment of
HER2-positive advanced/metastatic gastric cancer: from singlet chemotherapy to triple
combination. J. Gastric Cancer 23, 224–249. doi:10.5230/jgc.2023.23.e6

Seidl, C., Zockler, C., Beck, R., Quintanilla-Martinez, L., Bruchertseifer, F., and
Senekowitsch-Schmidtke, R. (2011). 177Lu-immunotherapy of experimental
peritoneal carcinomatosis shows comparable effectiveness to 213Bi-immunotherapy,
but causes toxicity not observed with 213Bi. Eur. J. Nucl. Med. Mol. Imaging 38,
312–322. doi:10.1007/s00259-010-1639-2

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2022). Cancer statistics, 2022.
CA Cancer J. Clin. 72, 7–33. doi:10.3322/caac.21708

Yong, K. J., Milenic, D. E., Baidoo, K. E., and Brechbiel, M. W. (2012). (212)Pb-
radioimmunotherapy induces G(2) cell-cycle arrest and delays DNA damage repair in
tumor xenografts in a model for disseminated intraperitoneal disease.Mol. Cancer Ther.
11, 639–648. doi:10.1158/1535-7163.mct-11-0671

Yong, K. J., Milenic, D. E., Baidoo, K. E., and Brechbiel, M. W. (2013). 212Pb-
radioimmunotherapy potentiates paclitaxel-induced cell killing efficacy by
perturbing the mitotic spindle checkpoint. Br. J. Cancer 108, 2013–2020.
doi:10.1038/bjc.2013.189

Yong, K. J., Milenic, D. E., Baidoo, K. E., and Brechbiel, M. W. (2014). Impact of α-
targeted radiation therapy on gene expression in a pre-clinical model for disseminated
peritoneal disease when combined with paclitaxel. PLoS One 9, e108511. doi:10.1371/
journal.pone.0108511

Frontiers in Chemistry frontiersin.org13

Metebi et al. 10.3389/fchem.2023.1322773

https://doi.org/10.1155/2014/852748
https://doi.org/10.1155/2014/852748
https://doi.org/10.1016/j.nucmedbio.2017.01.003
https://doi.org/10.1016/j.nucmedbio.2016.04.001
https://doi.org/10.1016/j.nucmedbio.2016.04.001
https://doi.org/10.1016/j.nucmedbio.2017.12.004
https://doi.org/10.3390/ijms19040925
https://doi.org/10.3390/ijms19040925
https://doi.org/10.3390/pharmaceutics15041138
https://doi.org/10.3389/fchem.2023.1204872
https://doi.org/10.2967/jnumed.116.178673
https://doi.org/10.2967/jnumed.116.178673
https://doi.org/10.1371/journal.pone.0049829
https://doi.org/10.1371/journal.pone.0049829
https://doi.org/10.1056/nejmoa2112431
https://doi.org/10.1371/journal.pone.0191972
https://doi.org/10.1038/s41598-023-37313-8
https://doi.org/10.1186/s41181-021-00121-4
https://doi.org/10.2967/jnumed.114.143842
https://doi.org/10.1097/coc.0000000000000353
https://doi.org/10.3390/ph8030416
https://doi.org/10.4161/mabs.2.5.13054
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.2147/ijwh.s197604
https://doi.org/10.1038/s41388-018-0637-x
https://doi.org/10.1016/j.canlet.2005.01.041
https://doi.org/10.1159/000494760
https://doi.org/10.1182/blood-2012-11-467035
https://doi.org/10.1159/000531246
https://doi.org/10.1016/j.eururo.2017.06.021
https://doi.org/10.1016/j.eururo.2017.06.021
https://doi.org/10.2967/jnumed.116.186338
https://doi.org/10.2967/jnumed.117.204651
https://doi.org/10.5230/jgc.2023.23.e6
https://doi.org/10.1007/s00259-010-1639-2
https://doi.org/10.3322/caac.21708
https://doi.org/10.1158/1535-7163.mct-11-0671
https://doi.org/10.1038/bjc.2013.189
https://doi.org/10.1371/journal.pone.0108511
https://doi.org/10.1371/journal.pone.0108511
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1322773

	Pb-214/Bi-214-TCMC-Trastuzumab inhibited growth of ovarian cancer in preclinical mouse models
	1 Introduction
	2 Materials and methods
	2.1 Reagents and instruments
	2.2 Radiolabeling
	2.2.1 Conjugation of antibodies with hydrazine nicotinate (HYNIC) and radiolabeling with Tc-99m
	2.2.2 Trastuzumab-TCMC and IgG1-TCMC conjugations
	2.2.3 Rn-222 generator for Pb-214/Bi-214 and radiolabeling Trastuzumab
	2.2.4 Purification of radiolabeled antibodies
	2.2.5 iTLC assay

	2.3 Cell culture
	2.4 In vitro binding assays
	2.5 Clonogenic assay
	2.6 Animals
	2.6.1 In vivo ovarian tumor therapy studies

	2.7 Statistical analysis

	3 Results
	3.1 Radon-222 (Rn-222) generator system to produce Pb-214/Bi-214
	3.2 Radiolabeling, quality controls, and HER2 receptor levels
	3.3 Effect of Pb-214/Bi-214-TCMC-Trastuzumab treatment on clonogenic survival of SKOV3 cells
	3.4 TAT using Pb-214/Bi-214-TCMC-Trastuzumab in nude mice with xenografted tumors

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


