VCAM-1 Targeted Alpha-Particle Therapy for Early
Brain Metastases
Aurélien Corroyer-Dulmont, Samuel Valable, Nadia Falzone, Anne-Marie
Frelin-Labalme, Ole Tietz, Jérôme Toutain, Manuel Sarmiento Soto, Didier
Divoux, Laurent Chazalviel, Elodie Pérès, et al.

To cite this version:
Aurélien Corroyer-Dulmont, Samuel Valable, Nadia Falzone, Anne-Marie Frelin-Labalme, Ole Tietz, et
al.. VCAM-1 Targeted Alpha-Particle Therapy for Early Brain Metastases. Neuro-Oncology, Oxford
University Press (OUP), 2019, 22 (3), pp.357-368. �10.1093/neuonc/noz169�. �hal-02346582�

HAL Id: hal-02346582
https://hal-normandie-univ.archives-ouvertes.fr/hal-02346582
Submitted on 8 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Neuro-Oncology

357

22(3), 357–368, 2020 | doi:10.1093/neuonc/noz169 | Advance Access date 20 September 2019

  

VCAM-1 targeted alpha-particle therapy for early brain
metastases

Normandie University, UNICAEN, CEA, CNRS, ISTCT/CERVOxy group, GIP CYCERON, Caen, France (A.C-D., S.V.,
J.T., D.D., L.C., E.A.P., M.B.); Grand National Heavy Ion Accelerator, Caen, France (A-M.F-L.); Cancer Research UK and
Medical Research Council, Oxford Institute for Radiation Oncology, Department of Oncology, University of Oxford,
Oxford, UK (A.C-D., N.F., O.T., M.S.S., N.R.S., K.A.V.)
#Authors

contributed equally to this work.

Corresponding Author: Dr Aurélien Corroyer-Dulmont, Unité ISTCT, GIP Cyceron, Bd H Becquerel, BP 5229, 14074 Caen Cedex
(corroyer@cyceron.fr).

Abstract
Background. Brain metastases (BM) develop frequently in patients with breast cancer. Despite the use of external
beam radiotherapy (EBRT), the average overall survival is short (6 months from diagnosis). The therapeutic challenge is to deliver molecularly targeted therapy at an early stage when relatively few metastatic tumor cells have
invaded the brain. Vascular cell adhesion molecule 1 (VCAM-1), overexpressed by nearby endothelial cells during
the early stages of BM development, is a promising target. The aim of this study was to investigate the therapeutic value of targeted alpha-particle radiotherapy, combining lead-212 (212Pb) with an anti–VCAM-1 antibody
(212Pb-αVCAM-1).
Methods. Human breast carcinoma cells that metastasize to the brain, MDA-231-Br-GFP, were injected into the left
cardiac ventricle of nude mice. Twenty-one days after injection, 212Pb-αVCAM-1 uptake in early BM was determined
in a biodistribution study and systemic/brain toxicity was evaluated. Therapeutic efficacy was assessed using MR
imaging and histology. Overall survival after 212Pb-αVCAM-1 treatment was compared with that observed after
standard EBRT.
Results. 212Pb-αVCAM-1 was taken up into early BM with a tumor/healthy brain dose deposition ratio of 6 (5.52e108
and 0.92e108) disintegrations per gram of BM and healthy tissue, respectively. MRI analyses showed a statistically significant reduction in metastatic burden after 212Pb-αVCAM-1 treatment compared with EBRT (P < 0.001),
translating to an increase in overall survival of 29% at 40 days post prescription (P < 0.01). No major toxicity was
observed.
Conclusions. The present investigation demonstrates that 212Pb-αVCAM-1 specifically accumulates at sites of early
BM causing tumor growth inhibition.

Key Point
1. Combining anti–VCAM-1 antibodies with an alpha-emitting radionuclide, 212Pb
(212Pb-αVCAM-1), provides a precisely targeted treatment against early brain metastases
while minimizing healthy brain tissue damage.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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Importance of the Study

The local control of many types of primary cancer has improved with oncological advances in recent years, but in
some cases, prolongation of survival has been associated
with the eventual emergence of brain metastases (BM). The
availability of sensitive methods of brain imaging has also
contributed to the increasingly frequent diagnosis of BM.1
Breast cancer, the most common malignancy in women in
developed countries, carries an approximately 20% risk of
BM, and the incidence is even higher in women with human
epidermal growth factor receptor 2–positive disease.2 Even
in cases where control of the primary cancer has favorable
impact on overall survival (OS), a significant proportion
of patients die as a result of BM,3 and the presence of BM
is a poor prognostic factor, with an average OS of about
6 months.1 In the case of multiple BM, treatment consists
mainly of external radiation therapy and/or, in a minority
of cases, surgery. The radiotherapy protocol used depends
on multiple parameters, such as KPS, molecular features,
and the number and volume of tumors and consists of either whole-brain radiotherapy (WBRT) or image-guided
stereotactic radiosurgery.4 However, despite the limited
therapeutic effect (an increase in OS of 2‒4 mo), both radiotherapy protocols may induce cognitive deterioration in the
case of multiple BM.5 Increasing the dose of external radiotherapy in an effort to improve tumor control is therefore not
currently possible. The second reason for the low OS is that
BM tend to present late when tumors are well established.
This reflects the fact that during the early micrometastatic
stages of development, the blood–brain barrier (BBB) remains intact, thus preventing detection of BM with conventional passive contrast (gadolinium) enhanced MRI.
However, treatment during the earlier stages of development is likely to confer a much greater therapeutic benefit
than in the later highly aggressive stages. The pressing therapeutic challenge for BM, therefore, is the need to treat (i)
at an early stage when relatively few metastatic tumor cells
have invaded the brain parenchyma, and (ii) in a molecularly
targeted manner to avoid healthy brain toxicity.
We have previously shown that vascular cell adhesion
molecule 1 (VCAM-1) is upregulated on the surface of endothelial cells (in the vessel lumen) during seeding of metastatic cells to the brain and during the micrometastatic
stages of development within the brain.6,7 We have also

treatment against tumor cells, while minimizing
healthy brain tissue damage owing to the short range
of the alpha-particles. As we previously showed that
VCAM-1 is expressed in endothelial cells adjacent to
early BM in patients, our new targeted alpha-particle
therapy has the potential for clinical translation. In
addition, we have recently developed a fully humanized anti-human VCAM-1 antibody to facilitate clinical
trials of this strategy. Taken together, our results presented here indicate that radio-immunotherapy with
VCAM-1 is an interesting new approach to the treatment of BM.

shown that VCAM-1 can be used to detect BM very early
by targeting an MRI-detectable contrast agent to this adhesion molecule.6,8 We now propose that this target could
be used to direct therapy specifically to the site of brain
micrometastases. Targeted radionuclide therapy, in which
a radiotherapeutic agent is selectively delivered to tumor
cells, is an area of active research.9 The recent introduction of a novel bone-seeking alpha-emitter, 223Ra (Xofigo),
for the treatment of metastatic prostate cancer has highlighted this class of radionuclides as an effective treatment
for disseminated disease.10 Alpha emitters used for targeted alpha therapy (TAT) emit high energy alpha-particles
(between 5 and 8 MeV) with associated linear energy
transfer of 50–230 keV/µm to targeted cancer cells over a
short range of several cell diameters (40–80 µm). For this
reason, TAT has been proposed as a treatment for metastatic tumors.11
In a previous in silico dosimetric modeling study, we
found that lead-212 (212Pb), a novel alpha-particle emitting
radionuclide proposed for theranostic applications, when
combined with an antibody against VCAM-1 would be
suitable for the treatment of early BM.12 It was found that
during the early micrometastatic stages of a breast cancer
BM model, tumor cells grew co-optively around blood
vessels with a maximum penetration depth of ≤47.8 μm
from VCAM-1 expressing at 21 days after intracardiac
injection of human breast carcinoma cells (MDA231BRGFP). Monte Carlo simulation of radiation dose deposition showed that 212Pb-labeled anti–VCAM-1 antibodies
would provide a therapeutic dose to tumor cells adjacent
to blood vessels, without the need for antibodies to cross
the BBB.
The aim of the current study, therefore, was to determine whether VCAM-1 targeted 212Pb (212Pb-αVCAM-1)
can prevent or delay the development of early BM.
To achieve this aim, 3 substudies were performed: (i) a
biodistribution study to assess the specificity and the
dosimetry of the therapeutic approach; (ii) a therapeutic
efficacy study for 212Pb-αVCAM-1 in BM, including comparison to external beam radiotherapy (EBRT), as WBRT
is the current treatment of choice for multiple BM; and
(iii) a study to determine systemic and brain toxicity of
212Pb-αVCAM-1.
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Brain metastases remain a significant challenge despite the many advances in the treatment of metastatic breast cancer. Current available treatments of
BM originating from primary breast cancer are ineffective in a significant proportion of patients, because
of the late stage detection. VCAM-1, in preclinical and
clinical settings, has been found to be overexpressed
by endothelial cells during the early stages of BM
development, representing a promising therapeutic
target. We report that labeling anti–VCAM-1 antibodies with an alpha-emitting radionuclide, 212Pb
(212Pb-αVCAM-1), provides a precisely targeted
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Cell Culture

Mouse Brain Metastasis Model
All animal investigations were performed under the current European directive (2010/63/EU). This study was
undertaken with the permission of the regional committee
on animal ethics (C2EA-54) and the French Ministry of
Higher Education, Research, and Innovation (project
#10083). Naval Medical Research Institute nu/nu mice
(25 g, 8 wk old, female; Janvier Labs) were maintained in
specific pathogen-free housing and were fed γ-irradiated
laboratory food and water ad libitum (ONCOModels).
Procedures were performed on mice under general anesthesia (5% isoflurane for induction, 2% for maintenance in
70%-N2O/30%-O2). Body temperature was monitored and
maintained at 37.5 ± 0.5°C throughout the experiments. For
the BM model, mice were placed in the supine position and
1.75e105 cells in 100 µL of phosphate buffered saline (PBS)–
glutamine 2 mM were injected into the left ventricle of
the heart guided by ultrasound imaging (CX50, MSI-FAS).
Animals were then followed periodically by MRI (7T-MRI
Bruker, Cyceron imaging platform) over a 16-day period
to follow BM development. Animals were then assigned to
biodistribution, therapy, or toxicity substudies.

Biodistribution Study
Twenty-one days after intracardiac injection of MDA231-Br cells, either 212Pb-αVCAM-1 (1 MBq; antibody mass,
27.03 µg; injectate volume, 100 µL) or an equivalent amount
of 212Pb–immunoglobulin G (IgG) was administered intravenously to BM-bearing animals or to control animals that
had not received intracardiac MDA-231-Br cells. Animals
were euthanized 2, 4, 8, 24, and 72 h after 212Pb-αVCAM-1
injection and 4 h after 212Pb-IgG, and 100 µL of blood was
collected. Animals were then perfused with saline solution and organs removed to evaluate radioactivity
biodistribution. The organs analyzed were brain, liver, kidneys, lungs, spleen, heart, bone, and muscle. Whole brain
cryosections of 20 µm thickness were prepared for autoradiography. In this study, 4 animals were used for each
time point for the 2 radio-immunoconjugates. Activity was
measured for the various organs (including brain sections)
at different times: 2, 4, 8, and 24 h. These measurements
were fitted by


A (t) = A0 · 1 − e −r ·t · e d ·t (1)
		

Autoradiography
An image phosphor plate was exposed for 23 h to
brain sections (prepared from samples as part of the
biodistribution study) and analyzed using a Cyclone
Storage Phosphor System (Perkin Elmer). The phosphor
plate was calibrated by exposure to different amounts of
212Pb (1 Bq, 2 Bq, 4 Bq, 10 Bq) for 23 h, thus allowing image
intensity to be related to the amount of radioactivity in becquerels. After autoradiography, VCAM-1 immunostaining
was performed on the brain sections. Co-registration
of autoradiography images and VCAM-1 staining using
PMOD software allowed evaluation of 212Pb-αVCAM-1 and
212Pb-IgG uptake in healthy brain tissue and VCAM-1 positive BM at 2, 4, 8, and 24 h post-injection (p.i.).

Therapy Study
To evaluate the therapeutic potential of 212Pb-αVCAM-1, five
groups of mice were used. A control group consisted of animals with BM that did not receive treatment. The 212Pb-IgG
and 208Pb-αVCAM-1 groups were animals with BM and
were included for comparison to 212Pb-αVCAM-1 (208Pb is
a nonradioactive isotope of 212Pb). Lastly, 212Pb-αVCAM-1
was compared with WBRT. Immunohistochemistry was
performed to evaluate damage to DNA double-strand
breaks (DSB; γH2AX) 4 h after treatment. The effect of treatment on tumor cell proliferation and vascularization was
characterized 3 days after treatment by Ki67 and CD31
immunostaining. Animals were then followed periodically
by MRI to evaluate the number and volume of BM and OS.

Magnetic Resonance Imaging
All MRI procedures were performed as previously described.13 The diffusion parameters were obtained from
diffusion-weighted spin-echo planar images (6 diffusion
directions, with 6 b values: 200, 500, 750, 1000, 1500, and
2000 s/mm2 and 2 reference images; b≈0s/mm2).

Image Processing and Analyses
BM were delineated manually on all adjacent T2-weighted
slices. BM volume was calculated by multiplication of the
sum of contiguous tumor surface areas by the slice thickness. Enumeration of BM was done manually using MR
images. Diffusion parameters including fractional anisotropy (FA) and apparent diffusion coefficient (ADC) were
obtained from maps generated using Paravision software.
Mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD) maps were calculated from eigenvalues
with MD = (λ1 + λ2 + λ3)/3, AD = λ1, and RD = (λ2 + λ3)/214.
Kurtosis was estimated by fitting the signal obtained at all
b values according to the non-Gaussian diffusion model as
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We used the human breast carcinoma cell line that preferentially metastasizes to the brain, MDA-231-Br (kindly
provided by Dr Patricia S. Steeg of the National Cancer
Institute).6,7 Cells were grown in Dulbecco's modified
Eagle's medium (Sigma-Aldrich) with 1 g/L of glucose supplemented with 2 mM glutamine (Gibco), 10% fetal calf
serum (Eurobio), and 1 mg/mL penicillin/streptomycin
(Sigma) at 37°C.
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where A0 is the maximum activity, λr and λd the rise and
decay constants of the activity in the organ, and t the time.
The cumulated activity A was then calculated by integrating At between 0 and 24 h.
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follows, assuming signal levels remain high compared with
background noise: S(b) = S0.exp[−bADC + (bADC)2K/6].
Kurtosis characterizes the deviation from a monoexponential decay and is null when water Brownian motion obeys a Gaussian law. As such, K increases with the
heterogeneity of the cellular environment. Image analysis
was performed with ImageJ software.

All reagents were obtained from Sigma-Aldrich, unless
otherwise stated. 212Pb(NO3)2 (Orano Med) was conjugated
to VCAM-1 antibody (clone: M/K; Merck Millipore) using a
protocol based on previous publications.15 Briefly, metal
chelator TCMC (Macrocyclics) was conjugated in 15-fold
molar excess with VCAM-1 antibody using thiocyanate
(SCN) chemistry resulting in a ligand to antibody ratio
of 2 as determined by an Arsenzo III spectrophotometric
assay. One milligram of TCMC-αVCAM-1 was then incubated with 37 MBq of 212Pb(NO3)2 at 37°C in 0.15 M NH4OAc
buffer for 30 min. Radiochemical purity was determined to
be 93.5% using instant thin layer chromatography (iTLC) in
0.1 M EDTA buffer (pH 8.4). Radio-immunoconjugate was
diluted in PBS before injection into animals. The tail vein
intravenous injected dose was 1 MBq per mouse, similar
to a previous report.15 The above procedure was used for
the radioconjugation of 212Pb-TCMC-IgG and 208Pb-TCMCαVCAM-1. To assess the integrity of 212Pb-TCMC-VCAM-1,
plasma was harvested at 2, 4, 8, 24, and 72 hours p.i. and
the iTLC method was used to assess the ratio of conjugated to unconjugated 212Pb.

External Beam Radiation Therapy
WBRT treatment was performed using an Xrad-225Cx irradiator (PXi, Cyceron platform) (225 kV X-rays; 3.3 Gy/
min). A cone beam CT image was acquired for anatomical delineation. Treatment planning was performed using
SmART-Plan software (Maastro Clinic), with segmentation,
targeting, and planning performed using the cone beam
CT image. Animals received WBRT to a total dose of 12
Gy delivered in 3 fractions of 4 Gy on 3 consecutive days,
using a 10 mm collimator.

Immunohistochemistry
Animals were euthanized and perfused with saline solution 4 h (for inflammation and DNA DSB staining) or
3 days (for cell proliferation and vasculature staining)
after 212Pb-αVCAM-1 treatment. Inflammation, DNA DSBs,
tumor cell proliferation, pericytes, microglia, and astrocytes were evaluated using primary antibodies against
VCAM-1 (5 µg/mL, SoutherBiotech), γH2AX (2 µg/mL,
Abcam), Ki67 (0.35 µg/mL, Dako), CD31 (5 µg/mL, PB
Bioscience), platelet derived growth factor receptor beta
(PDGFRβ) (2 µg/mL, Santa-Cruz), CD68 (1 µg/mL, Merck
Millipore), and glial fibrillary acidic protein (GFAP) (3 µg/
mL, Dako), respectively. Immunostaining protocols were
performed as previously described.13 Tissue sections were

Survival Study
Following treatment, mice were followed in a survival
study. Prior to the initiation of the study, we defined
40 days as an arbitrary endpoint for OS outcome based on
previous studies17 or when maximum tumor burden was
reached.

Clonogenic Assay
For X-ray treatment, an Xrad-225Cx irradiator was used
(dose rate: 1.96 Gy/min; PXi, Cyceron platform). Tumor
cells were plated in 6-well plates (750 cells/well), exposed
to X-rays (0, 2, 4, 6, or 8 Gy) 2 h after cell seeding and incubated for 12 days. For TAT, the same number of cells was
plated, and after 4 h exposed to 212Pb (0, 5, 10, 20, 30, or 50
kBq). Culture medium was replaced by fresh medium and
cells were incubated for 12 days to allow colony formation. Colonies were stained with 2% crystal violet (SigmaAldrich) diluted in 20% ethanol. Colonies were counted
manually. Four biological repeats of clonogenic assays
were performed with, for each experiment, 3 wells per radiation dose. SF2 (survival fraction at 2Gy) and D50 (dose
corresponding for SF = 50%) were obtained from the survival curves and used to compare radiosensitivity between
X-rays and TAT. In vitro irradiations were modeled using
Monte Carlo simulations performed with GATE.18

Toxicity Study
To evaluate the radiotoxicity of 212Pb-αVCAM-1 on brain
microstructure, diffusion MRI was used. FA, MD, AD, and
RD were quantified to characterize the white matter organization and are predicted to be impacted by radiotoxicity.
Moreover, cellularity was evaluated with ADC and kurtosis, two standard non-Gaussian diffusion parameters,
which would be expected to increase and decrease, respectively, in the case of radiotoxicity in normal brain.19 All
diffusion parameters were evaluated in whole brain region
of interest. Submandibular blood collection was used for
platelet and white blood cell counts at 24 h prior and at
various times after radio-immunoconjugate injection.
Counting was performed manually after standard blood
smear hematoxylin and eosin staining. At the end of the
study, animals were euthanized and blood was harvested
for transaminase assays. Throughout the study, the weight
of animals was measured as an indicator of global toxicity.
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Targeted Alpha-Particle Therapy with
212Pb-αVCAM-1

examined at 20x magnification for VCAM-1 and at 40x for
Ki67, γH2AX, CD31, PDGFRβ, CD68, and GFAP using a Leica
DMi8 microscope. BM were identified by Hoechst 33342
counterstaining and through green fluorescent protein expression of MDA-231-Br cells. Whole brain images were
obtained using Metavue software. For quantification of
VCAM-1, CD31, γH2AX, and Ki67, three slices per animal
were used and vessels, foci, and nuclei were automatically counted (ImageJ). Quantitative results of γH2AX and
Ki67 staining are expressed as the percentage area of biomarker expression relative to the total tumor area. Vessel
diameter was quantified as previously described.16
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Results
Whole Body Biodistribution Reveals High Uptake
of 212Pb-αVCAM-1 at Sites of Brain Metastases
A detailed depiction of the biodistribution study, including
number of animals per group, is illustrated in Fig. 1A.
The stability of the 212Pb-αVCAM-1 complex in blood was
evaluated showing that 212Pb-αVCAM-1 remained intact
from 2 to 24 h after injection when 92.78 ± 2.19% of radioactivity present was due to 212Pb-TCMC-αVCAM-1. Whole
body biodistribution in BM-bearing mice revealed that
212Pb-αVCAM-1 was predominantly present in the blood,
liver, kidneys, and spleen up to 24 h p.i. (Fig. 2A). Three
days after injection, 212Pb-αVCAM-1 retention was observed in only the spleen (0.27 ± 0.037% injected dose per
gram tissue). The absorbed dose to all normal organs was
<1 Gy, while blood and kidney received the highest absorbed doses of 0.84 and 0.72 Gy, respectively (Table 1).
Concerning the brain, the uptake of 212Pb-αVCAM-1 by
healthy tissue and at sites of VCAM-1 positive BM was
assessed autoradiographically (Fig. 2B). Four hours after
injection, no significant 212Pb-αVCAM-1 uptake was observed in mouse brain without metastases. Similarly,
in animals with VCAM-1 positive BM that received nonspecific treatment (212Pb-IgG), there was no significant uptake in brain. In contrast, 212Pb-αVCAM-1 uptake
was significantly greater (P < 0.001) in animals with BM
(0.215 ± 0.060 Bq) following 212Pb-αVCAM-1 administration compared with those without BM (0.018 ± 0.014 Bq)
and those with BM that received 212Pb-IgG (0.038 ± 0.009
Bq) (Fig. 2C). Kinetic studies (Fig. 2D) clearly revealed that
the uptake of 212Pb-αVCAM-1 was significantly greater in
BM than in healthy tissues from 2 h to 8 h p.i.; no significant difference was observed at 24 h p.i. These curves
allowed us to calculate the accumulated activity in BM
and healthy brain tissues and revealed a 6-fold greater
accumulated activity in BM (5.52e108 ± 1.41e108 and
0.92e108 ± 0.89e108 disintegrations per gram of BM and
healthy tissue, respectively).
212Pb-αVCAM-1

Reduces the Number and Volume
of Brain Metastases
A detailed schedule of the therapy study is illustrated in
Fig. 1B. As expected, without treatment, the BM group
experienced continuous tumor growth in terms of
both volume (9.05 ± 4.34 mm3 at 24 days) and number

212Pb-αVCAM-1

Increases Overall Survival

To evaluate treatment efficacy, a survival study was conducted (Fig. 3E). Animals in the untreated BM group
reached the tumor volume limit at 23.8 ± 1.3 days after
tumor cell injection. Animals treated with 212Pb-IgG and
208Pb-αVCAM-1 presented similar OS at 24.0 ± 1.0 days and
23.3 ± 1.3 days, respectively (no significant difference compared with untreated controls). In contrast, WBRT significantly improved OS to 27.6 ± 2.4 days (P < 0.05 vs control
groups), while 212Pb-αVCAM-1 treatment further improved
survival to 35.6 ± 2.1 days (P < 0.01 vs BM and BM + WBRT
groups).
To explore the difference in efficacy of the 2 radiation
modalities observed in vivo, in vitro clonogenic assays
were performed. The SF2 was 0.6 ± 0.06 and 0.026 ± 0.001
for X-rays and 212Pb, respectively (P < 0.001; Fig. 3F). The
D50 was 2.41 ± 0.18 and 0.382 ± 0.04 for X-rays and 212Pb,
respectively (P < 0.001). The relative biological effect at 1
and 2 Gy was 4.80 and 23.08, respectively, suggesting a
more pronounced radiosensitivity of MDA-231-Br cells to
212Pb than to X-rays.
212Pb-αVCAM-1 Decreased Cell Proliferation and
Increased DNA DSBs

Staining by γH2AX revealed a significant increase in DNA
DSBs in BM + WBRT and BM + 212Pb-αVCAM-1 groups in
comparison to the BM (no treatment) group (Fig. 4A and
D). Moreover, a significant difference was also observed
between BM + WBRT and BM + 212Pb-αVCAM-1 groups
(P < 0.01), with a greater number of γH2AX-positive cells in
the BM + 212Pb-αVCAM-1 group. Staining for Ki67 demonstrated similar results, with a significant decrease in proliferation following WBRT and 212Pb-αVCAM-1 treatments in
comparison to the BM group, and a significant difference
between the BM + WBRT and BM + 212Pb-αVCAM-1 groups
(Fig. 4B and D).

No Effect of 212Pb-αVCAM-1 on Brain
Vascularization and Microenvironment
VCAM-1 is expressed on the luminal surface of endothelial cells close to early BM. The potential
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All data are expressed as mean ± SD. Student's t-test was
used to compare radiosensitivity of cells to X-rays and
212Pb, and one-way ANOVA followed by Tukey's post-hoc
test was used to compare differences between treatment
groups. Two-way ANOVA (group and time effects) followed
by Tukey's post-hoc test was used to assess differences in
the volume and number of BM between treatment groups.
A log-rank test was used to compare survival. Statistical
analyses were obtained using JMP (SAS Institute).

(40.4 ± 11.3 at 24 days) of metastases (Fig. 3A, C–D). WBRT
reduced both tumor growth and the number of MRIdetectable BM in comparison to the untreated BM group
(5.11 ± 1.49 mm3 and 32.4 ± 9.06 for tumor volume and
number, respectively, at 24 days; P < 0.01 for both parameters; Fig. 3A, C–D). Interestingly, 212Pb-αVCAM-1 treatment significantly reduced tumor growth and number of
BM in comparison to the control group (P < 0.001) and
to the WBRT group (3.04 ± 0.60 mm3 and 18.8 ± 1.64 for
tumor volume and number, respectively, at 24 days;
P < 0.01). Treatment effects were visible as early as 3 days
after the beginning of the treatment (Fig. 3B). Data cutoff
for BM and BM + WBRT groups in Fig. 3B panels C and D
reflects the time at which maximum tumor burden was
reached.

NeuroOncology

Statistical Analyses
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A

  
Inoculation of
tumour cells

D0

Treatments
D20

D22

D21

D24

Biodistribution study

Anatomical MRI

(Biodistribution/autoradiography/
immunohistochemistry (αVCAM-1))

Group 1 (n = 4) No brain metastases 212 Pb-αVCAM-1
Group 2 (n = 4) Brain metastases 212Pb-IgG
Group 3 (n = 4) Brain metastases 212Pb-αVCAM-1

B

Treatments:

Inoculation of
tumour cells

D0

WBRT

208/212

D18-19-20

D16
Anatomical MRI

Pb-X
D24

D21

Anatomical MRI

Inoculation of
tumour cells

D0

D38

Therapy study

3 days post-treatment
Autopsy

Immunohistochemistry
(γ H2AX)

C

D31

Anatomical MRI

4 hours post-treatment
Autopsy

Group 1 (n = 6)
Group 2 (n = 3)
Group 3 (n = 3)
Group 4 (n = 8)
Group 5 (n = 8)

D27

Immunohistochemistry
(Ki67-CD31)

Brain metastases Control
Brain metastases 212Pb-IgG
Brain metastases 208Pb-α VCAM-1
Brain metastases WBRT
Brain metastases 212Pb-αVCAM-1

Treatments
D20

D21

Diffusion MRI

D22 – D24 – D28 – D31 – D35 – D38 – D42

Toxicity study

Diffusion MRI

Plateletand white bloodcell
counts

Group 1 (n = 5)
Group 2 (n = 5)
Group 3 (n = 5)
Group 4 (n = 5)

Transaminase assay

No brain metastases saline solution
No brain metastases 212Pb-αVCAM-1
Brain metastases 212Pb-IgG
Brain metastases 212Pb-αVCAM-1

Fig. 1 Experimental paradigm for (A) biodistribution, (B) therapy, and (C) toxicity studies.
  

toxicity of 212Pb-αVCAM-1 treatment on brain blood
vessels and the brain microenvironment was assessed immunohistochemically by CD31, PDGFRβ,

CD68, and GFAP immunostaining. As expected, vessels close to the tumor (Fig. 4C) appear tortuous, disrupted, and larger in comparison to vessels in healthy
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Fig. 2 Biodistribution of 212Pb-αVCAM-1: whole body and brain metastases. (A) Whole body 212Pb-αVCAM-1 uptake biodistribution at 2, 4, 8,
24, and 72h post-injection. Mean ± SD, n = 4 for all time points. (B) Top: Representative T2-weighted MRI of brain from animals without tumor
(sham + 212Pb-αVCAM-1), with tumor with 212Pb-IgG/αVCAM-1 conjugated (BM + 212Pb-IgG and BM + 212Pb-αVCAM-1, respectively). Brain metastases appear in hyperintensity in T2-weighted (red arrows). Zoom represent VCAM-1 staining (red) in this specific healthy or BM region (blue:
Hoechst staining). Middle: Representative autoradiography of 212Pb-IgG/αVCAM-1 uptake. Bottom: Merged T2-weighted MRI and thresholded
autoradiography pictures (threshold: mean value of healthy tissue + 1.96*SD for P < 0.05). (C) 212Pb-αVCAM-1 brain uptake 4 h post-injection in
animals without BM (sham + 212Pb-αVCAM-1) or with BM with 212Pb-IgG/αVCAM-1 conjugated (BM + 212Pb-IgG and BM + 212Pb-αVCAM-1, respectively). Mean ± SD, n = 4 for all groups, ***P < 0.001 vs sham + 212Pb-αVCAM-1 group and ###P < 0.001 vs BM + 212Pb-IgG group. (D) Quantitative
analyses of 212Pb-αVCAM-1 uptake in BM and healthy brain tissue. Mean ± SD, n = 4 for both groups, ***P < 0.001 vs sham + 212Pb-αVCAM-1 group.
NS = non-significant.
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Table 1 Mean organ radiation absorbed dose estimates
Mean Dose (Gy/MBq)

Blood

0.836

Bone

0.128

Brain

0.008

Heart

0.063

Kidney

0.724

Liver

0.682

Lung

0.075

Muscle

0.046

Spleen

0.781

In a preliminary study, we investigated combining the 2 radiotherapy treatments. As shown in Supplementary Fig. 4,
whereas combined treatment allows better tumor control
(decrease in tumor volume and number of BM) compared
with each treatment alone, it involves significant toxicity
(probably as a result of too much accumulated dose),
which does not allow increased OS. However, the OS is
not worst than that observed with WBRT, as all the animals
died about one week after treatment, as observed in the
animals receiving WBRT.

  
tissue. However, immunostaining quantification of
vessel diameter and surface did not demonstrate an effect of WBRT or 212Pb-αVCAM-1 treatments on vessels
in comparison to the BM (no treatment) control group
(Fig. 4E). From a preliminary study, we also observed
that at 3 days after treatments, pericytes (detected by
the PDGFRβ staining) and astrocyte activation (GFAP)
do not appear to be modified whatever the treatment
(Supplementary Fig. 1A–C). However, for CD68 staining,
there appears to be a trend toward an increase in microglial/macrophage activation in the radiotherapytreated groups compared with the control group (and
no obvious difference between the radiotherapy modalities), but more investigations would be needed to conclude on these effects.

Diffusion Imaging Shows that 212Pb-αVCAM-1
Does Not Affect Brain White Matter and
Cellularity
A detailed schedule of the toxicity study is shown in Fig.
1C. As presented in Supplementary Fig. 2, the integrity
of white matter was preserved after 212Pb-αVCAM-1
treatment compared with the control group. No significant differences were observed for diffusion metrics
between the 3 animal groups (Supplementary Fig. 2E
and F).

212Pb-αVCAM-1

Toxicity

Does Not Induce Major Systemic

Two weeks after treatment, weight loss was: sham + saline solution = 0.85 ± 0.81 g; sham + 212Pb-αVCA
M-1 = 3.68 ± 1.27 g, and BM + 212Pb-αVCAM-1 = 6
.20 ± 3.02 g (P < 0.01 vs sham + saline solution group)
(Supplementary Fig. 3A). To evaluate 212Pb-αVCAM-1
systemic toxicity, platelets and white blood cells were
counted and compared with baseline. Despite a slight decrease 4 to 15 days after treatment, no significant differences were observed between groups (Supplementary
Fig. 3B and C). Concerning liver toxicity, no significant
changes were observed in aspartate and alanine transaminases (Supplementary Fig. 3D and E).

Discussion
A significant proportion of patients with controlled primary
cancer die as a result of BM.3 Current treatment options for
patients with BM from breast cancer remain limited, firstly
because EBRT is performed when BM are already established and, secondly because it may induce a decline in
cognitive ability for long-term survivors. Consequently,
there is a critical need to develop new therapeutic approaches to target the early stages of BM.
In this study, we investigated the therapeutic potential of
a targeted molecular radiotherapeutic using 212Pb, an alpha
emitter, combined with an antibody against an early BM molecular biomarker (VCAM-1). To reflect the clinical situation as
closely as possible, we used a preclinical model of BM using
intracardiac injection of human metastatic breast cancer cells
mimicking the invasion process observed in humans.20 To
the best of our knowledge, this study is the first investigating
the potential of TAT for the treatment of early BM. Uptake
of 212Pb-αVCAM-1 to the region encompassing tumor cells
was combined with a very low healthy brain tissue uptake,
yielding a ratio of BM/healthy brain tissue dose deposition of
~6.This result is similar to findings in a clinical study targeting
BM with 124I-radretumab for dosimetry purposes, which reported a tumor/healthy brain tissue ratio of 4.95.21 This 6-fold
increase in accumulated activity in BM compared with healthy
brain tissue could provide a better therapeutic outcome than
with WBRT, where dose to normal tissue is unavoidable,
leading to cognitive decline. The high uptake at sites of BM
was combined with a marked increase in radiosensitivity of
the human breast cancer cell line used in 212Pb compared
with WBRT. The therapy study revealed better tumor control
with 212Pb-αVCAM-1 in comparison to X-ray treatment, which
could be ascribed to the higher radiosensitivity of cells to the
high linear energy transfer of 212Pb compared with X-rays,
leading to a greater number of irreparable DSBs.22 Another
study, in a glioblastoma model, using an alpha emitter combined with an antibody targeting tumor vessels, 225Ac-E4G10,
showed similar improvements in OS to the current study, but
with a lower injected amount of radioactivity. The observed
differences between these and the current study may reflect
the longer half-life of 225Ac (10 days vs 10.6 h for 212Pb) and
the BBB permeability observed in glioblastoma that is not observed in early stage BM, enabling greater alpha emitter uptake within the tumor area.23
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Fig. 3 Treatment effect on number and volumes of BM and OS. (A) Representative T2-weighted MR images for the 3 treatment groups at the
beginning of EBRT (D16-D17-D19) and TAT (D20) treatments at 4 time points after treatments. (B) Three-dimensional representation of BM (red)
within the brain (gray) in the different groups at D24. (C) Quantitative analyses of tumor volume after treatment normalized to D16. Mean ± SD,
n = 5 for all groups. P < 0.001 for time effect, **P < 0.01 and ***P < 0.001 vs BM and $$P < 0.01 vs WBRT group. (D) Quantitative analyses of number
of BM after treatment normalized to D16. Mean ± SD, n = 5 for all groups. P < 0.001 for time effect, **P < 0.01, and ***P < 0.001 vs BM and $$$P < 0.001
vs WBRT group. (E) Kaplan–Meier curves of survival, n = 5 for BM, n = 3 for 208Pb-αVCAM-1, n = 3 for 212Pb-IgG, n = 5 for WBRT, and n = 5 for
212Pb-αVCAM-1 groups. P < 0.05 between WBRT and BM, 208Pb-αVCAM-1 and 212Pb-IgG and P < 0.01 between 212Pb-αVCAM-1 and all the other
groups. (F) Quantitative analyses of in vitro MDA-231-Br radiosensitivity for X-rays and 212Pb. Mean ± SD, n = 4 for X-rays and 212Pb treatments.
P < 0.001 for dose effect, ***P < 0.001 between 212Pb and X-ray treatment. SF2 = surviving fraction for 2Gy; D50 = dose that gives SF of 50%.
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Fig. 4 Immunohistochemical determination of treatment effect. (A) Representative images of γH2AX immunostaining (DNA DSB damage, red)
with Hoechst 33342 nuclear counterstaining (blue). (B) Representative images of Ki67 immunostaining (cell proliferation, red) with Hoechst
33342 counterstaining (blue). White arrows indicate BM foci. (C) Representative images of CD31 immunostaining (endothelium, red) with Hoechst
33342 nuclear counterstaining (blue). (D) Data represent the mean (+SD) per group for the percentage of γH2AX and Ki67 positive cells. *P < 0.05,
**P < 0.01, ***P < 0.001 vs BM group, $P < 0.05 and $$P < 0.01 vs WBRT group. (E) Data represent the mean (+SD) per group for vessel diameter and
surface analyzed by histology.
  

With regard to systemic toxicity, although weight
was significantly decreased after treatment with
212 Pb-αVCAM-1, no blood or liver toxicity was observed. These findings are consistent with previous reports of intravenously administered 212Pb
radio-immunotherapy.24

In a preliminary study we observed that 212Pb-αVCAM-1
had no effect on this BM microenvironment; pericytes
and astrocyte activation do not appear to be modified
by either form of radiotherapy. Additional studies are
needed to investigate specifically the effect of both treatments on the BM microenvironment and, in particular,
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significant therapeutic effect and no major toxicity. These
findings suggest that early BM, which are normally not accessible to systemic treatment owing to the presence of
the BBB, could be controlled using this novel therapeutic
approach.

NeuroOncology

Supplementary Material
Supplementary data are available at Neuro-Oncology
online.
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on inflammatory processes (eg, microglia/macrophage
phenotype). We found no difference in vessel diameter or
surface area. Interestingly, it has been shown in a model
of glioblastoma with another alpha emitter (225Ac) that
tumor vessel permeability and perfusion were altered,25
and we cannot rule this out here. For BM, a change in
vessel permeability close to the tumor cells would be
of interest in terms of systemic treatment, considering
the constitutively low vessel permeability. This possibility warrants further investigation in future preclinical
studies with more quantitative evaluation of BBB integrity using T1-weighted MRI with gadolinium DOTA contrast. In the clinic, patients with BM are treated mainly
with radiotherapy, and a number of preclinical studies
have highlighted the impact of external radiotherapy
on the tumor microenvironment and inflammatory processes in particular.26 Lugade and colleagues showed an
increase in VCAM-1 on B16 melanoma tumor vessels in
vivo following external radiotherapy.27 Similarly, in the
present study we found an increase in vascular VCAM-1
expression 24 h and 72 h following WBRT in tumor vessels, but not in healthy brain vessels (Supplementary
Fig. 5). On the basis of our findings, we propose that
external radiotherapy prior to 212Pb-αVCAM-1 administration could increase the specificity of our therapeutic
approach by upregulating VCAM-1 locally at brain metastasis sites. This aspect highlights the importance of
evaluating the impact of EBRT and targeted radionuclide
therapy and the schedule of each treatment.9,28 Further
studies are necessary with regard to the combination
and the dose escalation of external radiotherapy and
212Pb-αVCAM-1 in a dose escalation manner, in particular
with regard to balancing healthy tissue preservation and
tumor control. Combining WBRT with 212Pb-αVCAM-1
shows great promise; however, additional studies are
required to optimize the dose prescription of the combined treatments to reduce the toxicity observed in the
present study
In the current study we used the MDA-231-Br cell line,
a metastatic human breast carcinoma. However, further
preclinical studies are necessary to determine whether
the observed effects with 212Pb-αVCAM-1 treatment
are conserved in early BM originating not only from
breast cancer, but also from primary lung cancer and
melanoma, which also have a propensity to spread to
the brain. More generally, VCAM-1 has been shown to
be highly involved in tumor growth in a number of different cancers, including melanoma, leukemia, renal,
osteosarcoma, and gastric cancers, as well as downstream metastatic processes, further increasing the
potential scope of 212Pb-αVCAM-1 therapy. 29 Finally,
the promising results generated using the MDA231-Br model should be supplemented by similar
studies in other tractable models of BM, especially in a
syngeneic model.
In conclusion, we have demonstrated the therapeutic
efficacy of a new TAT for early stage treatment in a preclinical model of breast cancer BM, with this first proofin-principle investigation. 212Pb-αVCAM-1 accumulated
selectively at sites of BM resulting in a favorable metastasis/healthy brain tissue radiation absorbed dose ratio.
Moreover, 212Pb-αVCAM-1 uptake was associated with a

367

368

Corroyer-Dulmont et al. Targeted α-particle therapy for brain metastases

References
1.
2.
3.

5.

6.

7.

8.

9.
10.

11.

12.

13.

14.
15.

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

Downloaded from https://academic.oup.com/neuro-oncology/article/22/3/357/5571872 by guest on 08 December 2020

4.

Ostrom QT, Wright CH, Barnholtz-Sloan JS. Brain metastases: epidemiology. Handb Clin Neurol. 2018;149:27–42.
Cheng X, Hung MC. Breast cancer brain metastases. Cancer Metastasis
Rev. 2007;26(3-4):635–643.
Robinson AG, Young K, Balchin K, Ashworth A, Owen T. Causes of death
and subsequent treatment after initial radical or palliative therapy of
stage III non-small cell lung cancer. Curr Oncol. 2015;22(5):333.
Andrews DW, Scott CB, Sperduto PW, et al. Whole brain radiation
therapy with or without stereotactic radiosurgery boost for patients with
one to three brain metastases: phase III results of the RTOG 9508 randomised trial. Lancet. 2004;363(9422):1665–1672.
Brown PD, Jaeckle K, Ballman KV, et al. Effect of radiosurgery alone vs
radiosurgery with whole brain radiation therapy on cognitive function in
patients with 1 to 3 brain metastases: a randomized clinical trial. JAMA.
2016;316(4):401–409.
Serres S, Soto MS, Hamilton A, et al. Molecular MRI enables early
and sensitive detection of brain metastases. Proc Natl Acad Sci U S A.
2012;109(17):6674–6679.
Soto MS, Serres S, Anthony DC, Sibson NR. Functional role of endothelial adhesion molecules in the early stages of brain metastasis. Neuro
Oncol. 2014;16(4):540–551.
Cheng VWT, Soto MS, Khrapitchev AA, et al. VCAM-1-targeted MRI enables detection of brain micrometastases from different primary tumors.
Clin Cancer Res. 2019;25(2):533–543.
Gill MR, Falzone N, Du Y, Vallis KA. Targeted radionuclide therapy in
combined-modality regimens. Lancet Oncol. 2017;18(7):e414–e423.
Maffioli L, Florimonte L, Costa DC, et al. New radiopharmaceutical
agents for the treatment of castration-resistant prostate cancer. Q J
Nucl Med Mol Imaging. 2015;59(4):420–438.
Ménager J, Gorin JB, Fichou N, et al. [Alpha-radioimmunotherapy:
principle and relevance in anti-tumor immunity]. Med Sci (Paris).
2016;32(4):362–369.
Falzone N, Ackerman NL, Rosales LF, et al. Dosimetric evaluation of
radionuclides for VCAM-1-targeted radionuclide therapy of early brain
metastases. Theranostics. 2018;8(1):292–303.
Corroyer-Dulmont A, Pérès EA, Gérault AN, et al. Multimodal imaging
based on MRI and PET reveals [(18)F]FLT PET as a specific and early indicator of treatment efficacy in a preclinical model of recurrent glioblastoma. Eur J Nucl Med Mol Imaging. 2016;43(4):682–694.
Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor imaging of the
brain. Neurotherapeutics. 2007;4(3):316–329.
Boudousq V, Bobyk L, Busson M, et al. Comparison between internalizing anti-HER2 mAbs and non-internalizing anti-CEA mAbs in

16.

alpha-radioimmunotherapy of small volume peritoneal carcinomatosis
using 212Pb. PLoS One. 2013;8(7):e69613.
Corroyer-Dulmont A, Pérès EA, Petit E, et al. Noninvasive assessment of hypoxia with 3-[18F]-fluoro-1-(2-nitro-1-imidazolyl)-2-propanol
([18F]-FMISO): a PET study in two experimental models of human glioma.
Biol Chem. 2013;394(4):529–539.
Perera M, Ribot EJ, Percy DB, et al. In vivo magnetic resonance imaging
for investigating the development and distribution of experimental brain
metastases due to breast cancer. Transl Oncol. 2012;5(3):217–225.
Jan S, Santin G, Strul D, et al. GATE: a simulation toolkit for PET and
SPECT. Phys Med Biol. 2004;49(19):4543–4561.
Pérès EA, Etienne O, Grigis A, Boumezbeur F, Boussin FD, Le Bihan D.
Longitudinal study of irradiation-induced brain microstructural alterations with S-index, a diffusion MRI biomarker, and MR spectroscopy.
Int J Radiat Oncol Biol Phys. 2018;102(4):1244–1254.
Daphu I, Sundstrøm T, Horn S, et al. In vivo animal models for studying brain
metastasis: value and limitations. Clin Exp Metastasis. 2013;30(5):695–710.
Poli GL, Bianchi C, Virotta G, et al. Radretumab radioimmunotherapy
in patients with brain metastasis: a 124I-L19SIP dosimetric PET study.
Cancer Immunol Res. 2013;1(2):134–143.
Asaithamby A, Chen DJ. Mechanism of cluster DNA damage repair in
response to high-atomic number and energy particles radiation. Mutat
Res. 2011;711(1-2):87–99.
Behling K, Maguire WF, Di Gialleonardo V, et al. Remodeling the vascular microenvironment of glioblastoma with α-particles. J Nucl Med.
2016;57(11):1771–1777.
Tan Z, Chen P, Schneider N, et al. Significant systemic therapeutic effects of high-LET immunoradiation by 212Pb-trastuzumab against prostatic tumors of androgen-independent human prostate cancer in mice.
Int J Oncol. 2012;40(6):1881–1888.
Sattiraju A, Xiong X, Pandya DN, et al. Alpha particle enhanced
blood brain/tumor barrier permeabilization in glioblastomas using
integrin alpha-v beta-3-targeted liposomes. Mol Cancer Ther.
2017;16(10):2191–2200.
Arnold KM, Flynn NJ, Raben A, et al. The impact of radiation on the
tumor microenvironment: effect of dose and fractionation schedules.
Cancer Growth Metastasis. 2018;11:1179064418761639.
Lugade AA, Sorensen EW, Gerber SA, Moran JP, Frelinger JG, Lord EM.
Radiation-induced IFN-gamma production within the tumor microenvironment influences antitumor immunity. J Immunol. 2008;180(5):3132–3139.
Corroyer-Dulmont A, Falzone N, Kersemans V, et al. Improved outcome
of 131I-mIBG treatment through combination with external beam radiotherapy in the SK-N-SH mouse model of neuroblastoma. Radiother
Oncol. 2017;124(3):488–495.
Schlesinger M, Bendas G. Vascular cell adhesion molecule-1 (VCAM1)—an increasing insight into its role in tumorigenicity and metastasis.
Int J Cancer. 2015;136(11):2504–2514.

