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Astatinated trastuzumab, a putative agent for radionuclide
immunotherapy of ErbB2-expressing tumours
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Abstract. The anti-ErbB2 antibody trastuzumab is used for
the treatment of patients with advanced breast cancer,
resulting in a response rate of 40-60%. Coupling with a
cytotoxic nuclide, e.g. a-emitting 2'"At, may further increase
tumour response. The tumour-targeting properties of
trastuzumab, astatinated using N-succinimidyl-para-(tri-n-
methylstannyl)-benzoate, were evaluated and compared with
those of radioiodinated trastuzumab in this study. We found
that astatinated trastuzumab retains high specificity towards
ErbB2. While the immunoreactive fraction of radioiodinated
trastuzumab was higher than that of astatinated trastuzumab
(76+£9% versus 54+28%), both radioconjugates showed high
affinity (K, 0.75+0.16 nM versus 1.8+0.3 nM). A growth
inhibition study indicated a dose-dependent cell deactivation,
in which approximately 74 cell-associated astatine decays per
cell gave a survival fraction of 4.5+0.8x10*. Results of a
comparative animal study on normal mice gave no indication
that astatination would have any adverse effects on the
biodistribution of the antibody. In conclusion, the results of
the study suggest that astatinated trastuzumab is a promising
candidate for treating ErbB2-expressing tumours.

Introduction

Approximately 20% of fatalities in the population of
industrialised countries can be attributed to cancer, which
makes it the second largest cause of death after cardiac
diseases (1). Many tumours are treatable with contemporary
methods, mainly surgery and external radiation therapy.
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However, these methods are unsuitable for micrometastases
and disseminated single cells, which are not detectable due
to their small size. A systemic treatment is required for the
eradication of this type of spread disease, and such treatment
needs to be highly selective to minimise damage to healthy
organs and tissue. One possible approach could be targeting,
a delivery of cytotoxic agents based on molecular recognition
of cellular structures specific for or overexpressed in tumour
cells. Monoclonal antibodies are often considered targeting
vectors, especially when coupled with radionuclides or
cytotoxic drugs (2).

A potential target is ErbB2 (HER-2/neu), which is a
transmembrane protein belonging to the human epidermal
growth factor tyrosine kinase receptor family. Increased ErbB2
activity is associated with increased proliferation and decreased
apoptotic activity (3,4). ErbB2 is often overexpressed in a
number of different tumours, i.e. breast, ovarian, and urinary
bladder (3), but is expressed in normal adult tissues only to a
small extent (5,6). The overexpression of ErbB2 is associated
with short symptom-free survival (7), and often preserved in
metastases (8). These factors together are strong arguments for
a strategy targeting ErbB2.

Trastuzumab, a humanized anti-ErbB2 monoclonal antibody
and active ingredient of the Herceptin® pharmaceutical, is
widely used in a clinical setting and often in combination
with chemotherapy (9-11). Trastuzumab targets a cysteine-
rich part of the extracellular domain of ErbB2 close to the
transmembrane region and is thought to cause homo-
dimerisation and internalisation of ErbB2, especially when the
protein is overexpressed (12). The response rate to Herceptin
therapy varies between 40% and 60%, and coupling a cytotoxic
nuclide to trastuzumab might further increase this response
rate. It has been shown that *°Y-labeled anti-lymphoma
antibody Zevalin is efficient against tumours, which are
resistant to its non-conjugated counterpart Rituximab (13).

For radionuclide targeting of single disseminated cells
and micrometastases, use of an a-emitter is among the more
promising approaches. Due to their short range, a-particles
deposit all of their energy within a few cell diameters from
the location of decay, thus sparing surrounding healthy
tissues. The high linear energy transfer (LET) of a-particles
also gives an almost optimal average distance between
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ionising events. At 100 keV/um, the typical LET value for
emitted a-particles, the distance is about the same as the
distance between DNA strands, thus highly increasing the
probability of a double-strand break (14). A number of
a-emitters were considered for therapy, but only 2'?Bi (T, =
60 min), 2Bi (T,, =45 min) and 2""At (T,, =7.2 h) can be
produced in an economically reasonable way (15). Among
those, only 2''At has a half-life long enough to be considered
for the targeting of solid tumours using an intact antibody as
the targeting vehicle. 2''At produces one a-particle in every
possible decay pathway. The mean LET of these particles is
97 keV/um, which is close to the optimal value (14). Since
we are not aware of any published data on radiolabelled
trastuzumab, a basic characterisation of the conjugated
targeting agent is needed to assess the effect of labelling this
specific antibody.

The goal of this study was to evaluate the tumour-targeting
properties of astatinated trastuzumab. We have coupled 2!'At
to the antibody via the linker molecule N-succinimidyl-para-
(tri-n-methylstannyl) benzoate (SPMB), a variant of the
para-trialkyltin-phenyl compounds suggested by Wilbur et al
(16). A pre-clinical characterisation of this targeting complex,
including issues of binding, specificity, cellular processing,
immunoreactive fraction, affinity, and the results of in vitro
experimental therapy and an in vivo biodistribution study in
NMRI mice, is reported.

Materials and methods

Cell line. The ErbB2-overexpressing breast carcinoma cell
line, SK-BR-3, was obtained from ATCC and grown in
HAM's F-10 media, complemented with 10% (v/v) foetal
bovine serum, 2 mM L-glutamine, and 100 pg/ml penicillin/
streptavidin (all from Biochrome, Berlin), henceforth referred
to as complete media.

Chemicals. Trastuzumab (Herceptin; Genentech, San Francisco,
CA) was obtained from a local pharmacy and purified from
salts and amino acids by size exclusion chromatography on
a PD-10™ column (Amersham Biosciences, Uppsala, Sweden).
In the labelling reactions, Chloramine-T (Merck, Darmstadt,
Germany) and sodium metabisulfite (Aldrich, Steinheim,
Germany) were used together with SPMB, which was
synthesized in our laboratories according to the protocol of
Koziorowski et al (17).

Astatine-211 was produced via the 2”Bi(a, 2n) 2'' At nuclear
reaction. Targets were prepared by evaporating a layer of
18-20 mg/cm? 99.999% pure 2Bi metal onto 30x28x5 mm
aluminium backings at the Department of Physics, Chalmers
University of Technology, Gothenburg, Sweden. An additional
layer of aluminium, 1 mg/cm?, was added on top of the target
to prevent diffusion and evaporation of 2!' At during irradiation.
The targets were irradiated at the Copenhagen University
Hospital, Copenhagen, Denmark, using a Scanditronix MC32
Cyclotron. The a-beam was adjusted to give an entrance
energy of approximately 28 MeV at the 2°Bi layer during all
productions. With a beam energy of 18 yA and an irradiation
time of 4 h, activities of typically 1 GBq ?''At were produced
by the end of the bombardment. After delivery to Uppsala
University, astatine was separated from the target material by
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dry distillation, as described by Sjostrom et al (18), and
recovered as a solution in 200 ml methylene chloride. Control
experiments were performed with an iodine-125 label
(Amersham Biosciences).

Instruments. An automated y-counter with a 3-inch Nal(T1)
detector (1480 Wallac Wizard, Perking-Elmer, Wellesley,
MA) was used. To obtain absolute values of cell-associated
radioactivity, the y-counter was calibrated using astatine
samples with known activity. The activity of these samples
was measured using an ultra-pure germanium detector
(ORTEC) with a multichannel analyser (The Nucleus, Inc.,
Oak Ridge, TN) working online with a PC. The detector was
calibrated for energy and efficiency with a "?Eu standard
source. The y-ray energy and abundance were taken from the
Table of Isotopes (19).

Cells were counted using an electronic cell counter
(Beckman-Coulter, Fullerton, CA). Size exclusion chroma-
tography was performed using disposable NAP-5™ columns
(Amersham Biosciences).

Labelling procedure. For the labelling of trastuzumab, a ‘one-
pot’ labelling in aqueous media was used. Methylene chloride
was evaporated with a gentle stream of argon gas, and astatine
was re-solubilised in 10 u1 0.01 M acetic acid in water. SPMB
(3-5 pg; 1 mg/ml in 5% acetic acid in methanol) was mixed
with the astatine solution. The reaction was started by adding
Chloramine-T (30 pg, 3 mg/ml in water), left for 5 min and
then terminated by adding sodium metabisulphite (80 ug;
6 mg/ml in water). Trastuzumab (300 g g, 10 mg/ml in 0.07 M
borate buffer, pH 9.1) was added to the reaction mixture,
and the coupling reaction proceeded for 30 min at room
temperature with continuous shaking. The labelled antibody
was then separated from reagents by size-exclusion chroma-
tography on an NAP-5 column. An overall yield of 45-60%
was typically obtained. Radioiodination of the antibody for
comparative studies was performed in a similar way with a
typical overall yield of 40-70%.

Cellular accumulation and retention. SK-BR-3 cells were
seeded in @35 mm Nunc A-surface cell dishes (Nunc, Roskilde,
Denmark) and grown for 3 to 4 days, until they reached an
approximate number of 200,000 cells/dish. The cells were
then washed once with complete media before the start of the
experiments.

Cellular accumulation was studied by adding 1 ml 0.65 nM
radiolabelled antibody in complete media. To determine
binding specificity, receptors were blocked in half of the
samples by adding a 1,000 times molar excess of non-labelled
trastuzumab. The dishes were then incubated at 37°C in 5%
CO,, and cells were harvested at 0.5, 1,2,4,7, 14, and 21 h
as follows. The incubation media was collected for radio-
activity measurement, and dishes were washed 6 times with
serum-free media before 500 ul trypsine-EDTA solution
(Biochrome, Berlin, Germany) was added. This was followed
by incubation at 37°C for 10 min, after which 1 ml complete
media was added to inactivate the trypsine. A sample of
0.5 ml cell solution was then taken for cell counting, and the
remaining solution (1 ml) was collected for radioactivity
measurement.
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Cellular retention was studied by first incubating the cells
for 4 h in 1 ml complete media containing 0.65 nM radio-
labelled antibody. The incubation media was then collected
for radioactivity measurement. The cells were washed 6 times
in serum-free media, and three zero-point samples were
harvested. The remainder were given fresh complete media
and left to incubate for 1, 2, 4, 8, and 20 h before being
harvested. Cells were harvested using the acid wash method
to discriminate between internalised and membrane-bound
radioactivity (20). Briefly, the cells were incubated in 0.5 ml
0.1 M HCI on ice for 6 min. The acid was then collected, and
the cells were washed again with ice-cold acid, which was
collected together with the first acid. The radioactivity in these
fractions was considered membrane-bound. After this, 0.5 ml
of 1 M NaOH was added, and the cells were incubated at 37°C
for 1 h to dissolve all cells before the fluid was collected.
The dishes were then washed with 0.5 ml NaOH that was
collected together with the first NaOH. The radioactivity in
these fractions was considered to be internalised.

Immunoreactive fraction. The fraction of antibody that was
still reactive was estimated using a modified version of the
protocol developed by Lindmo et al (21). Briefly, cells were
detached from the culture flask surface by scraping, then
counted in a Coulter Z2 cell counter. Cells were added to
24 Eppendorf tubes in four decreasing concentrations. The
amount of labelled trastuzumab never exceeded 10% the
amount of ErbB2, and the experiment was performed at 4°C
to minimize internalisation. The cells were centrifuged at
2,550 x g, and the media was removed. Half of the samples
received 500 pl of complete media, and the other half received
the same amount of complete media with added non-labelled
trastuzumab (240 pg/ml), the cells were resuspended and
then incubated for 30 min to allow the non-labelled antibody
to block the receptors before 500 pul complete media with
labelled trastuzumab (24 pg/ml) were added to all tubes, and
the samples were left to incubate for 4 h. The cells were then
centrifuged at 2,550 x g a second time, and the media was
collected for y-counter analysis. Complete media (1 ml) was
added, and the cells were again resuspended and centrifuged.
The media was removed and a further 1 ml of complete
media was added without disturbing the pellet. A short
centrifugation was performed, the final media was removed,
and the cell-associated radioactivity was measured in a
y-counter.

Affinity measurements. Cells were seeded in 24-well plates
with a density of 10,000-20,000 cells/well and grown in
complete media for 4-5 days before the experiment. The cells
were washed once with complete media before the start of the
experiment. A dilution series of labelled antibody in complete
media of 1000:1-1:1 antibody/receptor ratio was made, based
on the assumption of 2x10° receptors/cell and 20,000 cells/well.
Complete media with a 100-fold excess of non-labelled
antibody was also prepared to assess specific binding of the
antibodies. Complete media (1 ml) with the appropriate
antibody concentration was added to each well, while the
plates were kept on ice. All samples were made in triplicate.
After the media was added, the samples were left to incubate
for at least 16 h on ice before the cells were harvested. The
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incubation media was collected for later analysis on a y-counter.
The cells were then washed 6 times with ice-cold serum-free
HAM's F-10 media before 500 p1 trypsine was added to each
well. After at least 10 min incubation in 37°C, 1 ml of
complete media was added, and the cells were resuspended
for single cell suspension. A 1-ml cell suspension was then
collected for radioactivity measurement. A subset of cell
suspensions was analysed in a Coulter Z2 cell counter to
obtain the average cell density of the samples.

Determination of cell survival by growth inhibition. The
growth inhibition method, originally used for cells growing
in suspension, was used due to the poor and density-dependent
plating efficiency of SK-BR-3 cells. This method has been
described for use in monolayers (22), and verified to give
results comparable with the clonogenic survival assay (22-24).
Cells were grown in monolayers in @35 mm Nunc A-surface
cell culture dishes. At the start of the experiment, the cells
were washed once with complete media, and between 2.5 to
0.25 nM astatinated trastuzumab in 1 ml complete media was
added to appropriate dishes (control experiments are
described at the end of the paragraph). The dishes were left
to incubate in 37°C, 5% CO, for 24 h before the media was
removed. The cells were then washed 6 more times with
complete media before new media was added. During this
time, sample dishes were harvested at 1, 2,4, 8, 16, and 24 h.
The incubation media was removed for radioactivity
measurement, and the cells were washed 6 times in serum-
free media before being trypsinised and counted in a Coulter
Z1 cell counter, and the cell-associated radioactivity was
measured.

The remaining unharvested cell dishes were counted and
subcloned into Nunc A-surface cell culture flasks on day 3,
and repeatedly subcloned and counted at appropriate times.
Subcloning was aimed at seeding cells at a density of
250,000 cells per flask, but the growth curve was calculated
as if all cells had been saved.

Specificity of the treatment was demonstrated using three
sets of controls. In the first control set, used to detect any
possible effect of non-labelled antibody on cell survival, no
astatinated antibody was added. Instead, an amount of non-
labelled antibody equal to the concentration of the labelled
trastuzumab was added. In the second set of controls, binding
of the astatinated antibody (in an amount corresponding to
the highest sample dose) was blocked by the addition of a
1,000-fold molar excess of non-labelled antibody. These
controls were used to estimate the impact of radioactivity in the
media. To the third set of controls, no antibody was added.
This set was used to estimate influence of cell handling on
their survival. All controls and samples were made in triplicate.

Biodistribution. A total of 20 female NMRI mice (Taconic
M&B A/S, Ry, Denmark) were injected with a 30 g1 cocktail
of radioiodinated (1 xM), and astatinated trastuzumab (1 xM)
via the tail vein. Four mice were sacrificed at 1, 3.5, 7, 14
and 21 h post-injection using an overdose of anaesthesia
followed by heart puncture and removal of blood. Blood and
organs were harvested and weighed, and their radioactivity
was measured in a y-counter. The percentage of injected dose
per gram in the different organs was calculated using a set of
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Figure 1. Cellular accumulation of radiolabelled trastuzumab. The plots
show the accumulation of SK-BR-3 cells associated radioactivity from media
(the rate of antibody to receptor was approximately 1:1). The plots show
results from (a) a radioiodinated and (b) an astatinated antibody.

standards taken out at injection time as the injected dose. The
astatine data were then further compensated for decay during
measurements between, but not within, each set of animal
organs.

Data treatment. Cellular accumulation and retention together
with in vivo biodistribution data were processed with Microsoft
Excel 2000 (Microsoft, Redmond, WA) and are presented as
averages with minimum-maximum error bars. Data from
the immunoreactive fraction, affinity measurements and cell
survival were analysed with GraphPad Prism (GraphPad
Software, San Diego, CA), using built-in non-linear and
linear regression. Regression was calculated with the stricter
convergence criteria set. Values are presented as averages
with error bars showing standard errors.

Results

Cellular accumulation and retention. Fig. 1 describes the
binding pattern of trastuzumab to SK-BR-3 cells. The uptake
of radioactivity was shown to be highly ErbB2-specific, since
it can be suppressed by blocking the binding sites using a
large amount of non-labelled mAb. Unspecific binding was
never higher than 0.48%/100,000 cells for iodine-labelled
mADb or 0.12%/100,000 cells for astatine-labelled mAb. The
binding reached a maximum of ' (28%/100,000 cells) after
7 h, and 2'"At (24 %/100,000 cells) after 14 h, then decreased
to around 15% of added radioactivity per 100,000 cells after
21 h. The total retention pattern was the same with both
compounds, but the astatinated antibody was located on
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Figure 2. Cellular retention of radiolabeled trastuzumab. The plots show
results from (a) a radioiodinated and (b) an astatinated antibody.
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Figure 3. Receptor saturation curves of different affinity measurements.
Plots (a) and (b) depict two experiments using radioiodinated trastuzumab,
and plots (c) and (d) depict two experiments using astatinated trastuzumab.
K, calculated from the experiments were (a) 0.72+0.21 nM; (b) 0.78+0.25 nM;
(c) 2.3£0.6 nM; and (d) 1.4+0.4 nM, respectively.

the membrane of cells to a higher degree, although the
internalised fraction was still larger than the membrane-
bound fraction (Fig. 2). The total retention of iodinated and
astatinated antibody after 20 h was 24.3+0.7% and 26.4+0.6%,
respectively of initially cell-associated radioactivity.

Immunoreactive fraction. The experiment plots suggested an
immunoreactive fraction (percent of antibody that would
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Figure 4. Growth curves of SK-BR-3 cells with different levels of irradiation by astatinated trastuzumab. In (a) and (b), the dotted lines represent the rate of
the exponential phase of growth of the 21 and 23 DPC samples, respectively. In (b), the solid line represents the same for growth of the 80 decays per cell
(DPC) samples. Dashed and dash-dotted lines at the top represent the exponential growth of blocked and control samples. In both charts, error bars represent
standard deviation. When the lower error bar or a whole point is missing, it represents a negative value.

Table I. Surviving fraction of different irradiations and doubling time of exponential growth.

Dose Surviving fraction SE Doubling time SE

Control 1 N/A 2.5 days 0.03 days
21.7 DPC 5.19x107 1.93x107 2.4 days 0.06 days
23.6 DPC 1.11x10! 2.18x102 2.3 days 0.03 days
73.5 DPC 445x10* 7.66x107 2.2 days 0.02 days
156.9 DPC N/A N/A 6.4 days 0.17 days

bind at infinite antigen excess) of 75.7+8.6% and 54+28%
for the radioiodinated and astatinated antibody, respectively.

Affinity measurements. Results of affinity measurements are
graphically presented in Fig. 3. Data concerning iodinated
trastuzumab are in good agreement. Data for astatinated
trastuzumab differ somewhat, which can probably be attributed
to the variation of specific activity at the start of the experiment.
Average K, values calculated from these curves were
0.75+0.16 nM for radioiodinated antibody and 1.8+0.3 nM
for astatinated antibody (Fig. 3). The overall amount of
receptors per cell was estimated to 2.15+0.05x10° receptors/
cell, corresponding well to previously published data (25).

Determination of cell survival by growth inhibition. All cells
treated with antibody (labelled or non-labelled) showed
growth inhibition during the time of antibody treatment (data
not shown). However, only the cells treated with labelled
antibody showed any growth inhibition once the media
containing antibodies had been removed. These cells showed
growth inhibition in a dose-dependent manner (Fig. 4).
The cells that received the highest radiation dose actually
decreased in number during the first month, until there were
so few that the amount went below the detection threshold
of the cell counter. At this point, microscopic inspection
revealed only a few single cells in one sample. However,
variations in background due to bubbles forming during the
resuspension of cells, together with multiplication factors due
to subcloning, combined to cause the average cell number
stay around 10,000/ml in triplicate experiments, as determined

by cell counter measurement. Despite this, 1 or 2 samples at
each data point generally showed a zero or negative amount
of cells (note missing data point in Fig. 4a due to a negative
average amount of cells). After 2 months, the regrowth of
cells was visible upon inspection with a microscope in 2 of 3
samples, and this regrowth could be detected by cell counting
after 4 months. The third sample never showed any remaining
cells. The doubling time for regrowing cells was longer than
that for normal cells, and therefore no extrapolation of the
initial cell number could be made. The implications of this
abnormality are covered in the Discussion. Extrapolation of
normal growth rates suggests surviving fractions, as shown in
Table I.

Biodistribution. Results of the biodistribution studies presented
in Fig. 5 indicate no major adverse effect of astatination.
Biodistributions of the astatinated and radioiodinated antibody
closely resemble one another. Organs with the highest uptake
of both labels were the spleen and liver, and the only organs
where a significant difference was observed between the two
labels were the thyroid and stomach.

Discussion

A large proportion of fatalities from cancer are due to metastatic
growth, even when the primary tumours have been surgically
removed. Suppression of metastatic growth would provide
patients with a longer symptom-free life, but such treatment
needs to be specific in order to not further harm healthy cells.
Targeting a-emitters such as 2''At may help, since the main



678

= N N

©° o N

1 1 )
g

PERSSON et al: ASTATINATED TRASTUZUMAB AND ErbB2-EXPRESSING TUMOURS

C1hpi.
£ 3.5h p.i.
E=7hpii.

14h p.i.
vz 21h p.i.

Percent injected dose per gram tissiue g,

-

o

o
]

-

N

a
1

10.04

C1hpi
§N3.5h p.i.
E=7hp.i.

=5 14h p.i.
w4 21h p.i.

Percent injected dose per gram tissiue

Figure 5. Biodistribution of radiolabelled antibody in NMRI mice. Graphs show the percentage of injected dose per gram in collected tissue at 1, 3.5, 7, 14
and 21 h post-injection. Graph (a) shows radioiodinated antibody, and graph (b) astatinated antibody.

radiation dose they deliver is concentrated in a small volume
around the targeting agent. It is important, however, that the
targeting ability of the antibody is not affected by the chemical
modifications associated with labelling, as well as other
factors, e.g. radiolysis. Indirect astatination of antibodies
using succinimidyl ester of para-astatobenzoate is a well-
established procedure, which usually produces a labelled
antibody with preserved immunoreactivity (26,27). Such
labelling modifies lysine residues, and its safety should be
demonstrated for each antibody. The labelling procedure was
modified in this study with the aim of performing the whole
process in aqueous media, which could also affect the
antibody.

The cellular accumulation and retention experiments
show that the astatinated trastuzumab retained its capability
to bind ErbB2 expressing cells with high specificity. The
affinity of astatinated antibodies, though lower than that of
iodinated ones, was still in the low nanomolar range thus
ensuring efficient targeting. For comparison, coupling the
DOTA chelator with the murine counterpart of trastuzumab,
4D5, lowers affinity to 12.5 nM. Yet, *Y-labeled 4D5 reduces
tumour growth in a mouse xenograft model (28). De Santes
and co-workers have reported a K, value of 1.55 nM for
radioiodinated 4D5 using the Iodo-Gen method (29). Again,
treatment with '3'1-4D5 caused a marked inhibition of tumour
xenograft growth in the cited study. We can suppose that the
labelling method provides an affinity that is adequate for

radionuclide tumour targeting. The lower immunoreactive
fraction and affinity of astatinated trastuzumab, in comparison
with its iodinated counterpart, may be caused by radiolysis. It
has been demonstrated that radiolysis during labelling causes
a decrease in immunoreactivity (30). Protection against
radiolysis should be carefully addressed in future studies. We
hope that the valuable experience of other researchers who
developed radioimmunoconjugates labelled with short-lived
bismuth isotopes can be utilised (31).

Comparative experiments on cellular retention demonstrated
similar patterns for overall cell-associated radioactivity for
radioiodinated and astatinated trastuzumab. However, the
results of the acid wash showed that a larger fraction of
radioiodinated trastuzumab was internalised. Astatination, for
some reason, may slow down internalisation of trastuzumab
or it is also possible that the difference may represent errors
in the method used. The acid wash is an accepted method for
the discrimination of internalised and membrane-bound
antibodies (32), but errors cannot be excluded as it may fail
to remove some membrane-bound antibodies due to the high
affinity of their binding. Should this occur, radioactivity of
the internalised fraction would be overestimated. As a control,
the acid wash method was verified for its ability to discriminate
between internalised and membrane-bound radioiodinated
trastuzumab on ice. It was found that some radioactivity,
although less than in 37°C, was determined as internalised
despite incubation on ice (data not shown).
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In addition to having a high specificity, the metastasis-
controlling agent must be highly cytotoxic, so only a small
number of molecules need to be delivered to the tumour cells
for efficient cell deactivation. In theory, the high LET of a-
particles makes a-emitting nuclides ideal. If only a few a-
tracks traverse the nucleus DNA, double-strand breaks will
be generated and force the cell into repair or apoptosis (33).
Cells that manage to repair the double-strand breaks may lose
their ability to survive or, more importantly, to divide and
thus prevent metastatic growth. The growth inhibition studies
performed point solidly to a dose-related effect that can easily
be blocked by adding an excess of non-labelled antibody,
which competes for the receptors. In the experiment, the
cytotoxicity from antibodies in the media was non-detectable,
but increased rapidly with dose as soon as a number of labelled
antibodies could bind to the cell. The results (survival fraction
of 5% to 10% after about 20 cell-associated decays) correspond
well with data obtained by other researchers. Palm and co-
workers reported that 35 astatine decays are required to
obtain a surviving fraction of 37% Colo-205 cells treated with
astatinated C215 monoclonal antibody (34). The discrepancies
between this result and ours may stem from the fact that
C215 is a non-internalising antibody. This may cause the
secondary a from the 2''Po pathway to be lost due to a
dissociation of the newly formed polonium daughter into the
media, where the daughter of an astatine nuclide coupled to
an internalising antibody might be trapped in the intracellular
compartment (14).

An interesting phenomenon is an increase in the doubling
time of surviving cells in 2 samples (1 of 3 cell dishes were
devoid of cells, dividing or non-dividing). Among several
explanations, we can speculate that the surviving cells belong
to an initially radioresistant subclone, which is not normally
manifested because of the small number of cells, or it might
be that the cell-cycle control machinery slowed proliferation
to provide time for the repair of DNA damage. Before
implementing treatment, the overall toxicity to the patient
must be considered. If the treatment is toxic and reduces the
patient's quality of life, the benefits of treatment must be high
enough to make the cost worthwhile. To make a first stage
assessment of toxicity of the conjugate, a biodistribution in
normal mice was performed, which showed no elevated uptake
of astatine in comparison with iodine except in the thyroid
and stomach. This elevated uptake points to a probable in vivo
deastatination of the antibody conjugate, since free astatine is
known to accumulate in the thyroid and stomach (35). Other
studies using different antibodies revealed the same effect,
which means it is not trastuzumab-related (26). Treatment with
perchlorate could alleviate this problem (35), but if this was
impossible, loss of thyroid function can be alleviated by
modern medicine to a large extent and could be deemed as an
acceptable side effect of tumour treatment in some cases.
Blood levels of radioactivity were high, but the low cytotoxicity
of non-targeted astatine, as demonstrated in the growth curve
experiments, allows us to hope that myelotoxicity will be
moderate. The differences in animal models, as well as data
presentation, make it difficult to perform a strictly quantitative
comparison of our biodistribution data with data from other
studies on targeting ErbB2 (29,32,36). However, a qualitative
assessment shows that the use of halobenzoic acid for the
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labelling of antibody does not deteriorate its biodistribution in
comparison with other methods. The uptake of trastuzumab
in the liver and spleen seems to be somewhat elevated, but
might be caused by the use of a humanized antibody in an
immunocompetent murine model, which may effect a mouse
anti-human antibody response.

In conclusion, the results of this study demonstrate that
astatinated trastuzumab specifically binds ErbB2-expressing
breast cancer cells with nanomolar affinity. In vitro experiments
demonstrated a high and selective cytotoxicity. Besides
elevated radioactivity uptake in the thyroid and stomach, no
adverse effect of astatination on biodistribution was observed
in comparison with radioiodination. These results encourage
further research on the application of astatinated trastuzumab
as a therapy for ErbB2-expressing tumours.
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