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The use of a-particle emitters in radioimmunotherapy (RIT) ap-
pears to be promising. We previously obtained convincing re-
sults in the treatment of microscopic intraperitoneal ovarian
cancer in nude mice by using the a-emitter 2'1At. This study was
performed to evaluate the relative biological effectiveness (RBE)
of 21"At compared with that of 8°Co vy-irradiation in an RIT model.
Our endpoint was growth inhibition (Gl) of subcutaneous xeno-
grafts. Methods: Gl after irradiation was studied with subcuta-
neous xenografts of the human ovarian cancer cell line NIH:
OVCAR-3 implanted in nude mice. The animals received an
intravenous injection of 2''At-labeled monoclonal antibody
MX35 F(ab’), at different levels of radioactivity (0.33, 0.65, and
0.90 MBq). Control mice received unlabeled MX35 F(ab’), only.
To calculate the mean absorbed dose to tumor, a separate
biodistribution study established the uptake of 211At in tumors
and organs at different times after injection. External irradiation
of the tumors was performed with $Co. Tumor growth was
monitored, and the normalized tumor volume (NTV) was calcu-
lated for each tumor. Gl was defined by dividing the NTV values
by the fitted NTV curve obtained from the corresponding control
mice. To compare the biologic effects of the 2 radiation quali-
ties, the mean value for Gl (from day 8 to day 23) was plotted for
each tumor as a function of its corresponding absorbed dose.
From exponential fits of these curves, the doses required for a
Gl of 0.37 (Ds;) were derived, and the RBE of 2''At was calcu-
lated. Results: The biodistribution study showed the uptake of
the immunoconjugate by the tumor (amount of injected radio-
activity per gram) to be 14% after 7 h. At 40 h, the ratio of uptake
in tumors to uptake in blood reached a maximum value of 6.2.
The administered activities of 2''At corresponded to doses ab-
sorbed by tumors of 1.35, 2.65, and 3.70 Gy. The value (mean =
SEM) for Ds; was 1.59 = 0.08 Gy. Tumor growth after 89Co
external irradiation showed a value for Ds; of 7.65 * 1.0 Gy. The
corresponding RBE of 2''At irradiation was 4.8 = 0.7. Conclu-
sion: Using a tumor Gl model in nude mice, we were able to
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derive an RBE of a-particle RIT with 2'1At. The RBE was found
to be 4.8 = 0.7.
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Interest in radioimmunotherapy (RIT) for various cancers
is growing rapidly. The field was clinically established by
the recent introduction of the first 2 U.S. Food and Drug
Administration—approved drugs, ibritumomab tiuxetan
(Zevalin; Biogen Idec Inc.) (/) and tositumomab (Bexxar;
GlaxoSmithKline) (2), for the treatment of non-Hodgkin’s
lymphoma.

The development of strategies with different targeting
agents, that is, antibodies and other ligands, continues. In
the search for increased efficacy and lower toxicity for
normal tissues, a-emitters may play an important role in the
treatment of micrometastases and small tumors. Initial clin-
ical trials have been carried out with the a-emitters 21°Bi (3)
and 21 At (4).

Much effort has been devoted to determining the relative
biological effectiveness (RBE) of a-particle irradiation and
other types of high-LET (linear-energy-transfer) radiation.
Most of these studies have focused on the effect on tumor
cells in vitro, with various endpoints such as cell death and
the induction of double strand breaks. Although a wide
range of RBE (values of 2-20) has been proposed (5), a
number in the interval from 3 to 5 is generally agreed on
(6,7). Vandenbulcke et al. (8) compared the RBE of 23Bi
for tumor and nontumor cells by using an o-emitter RIT
model in vitro, reporting values of 2-5, whereas Thomas et
al. (9) reported a range of 10—13 for the lethality of 2!°Po for
bovine endothelial cells by using cellular damage endpoints.
Reports on the RBE of a-radiation for tumors in vivo are
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very limited, whereas for normal tissues there are some
data. For example, Howell et al. reported values in the range
of 3-9 for various a-particle emitters in their mouse testis
model (/0,11), and Elgqvist et al. (/2) reported an RBE of
3.4-5 for myelotoxicity in nude mice after injection of
2l1At-labeled antibodies. Behr et al. (/3) reported values of
1-2 for myelotoxicity in mice. These data agree with data
reported from clinical human studies with the o-emitter
213Bi using the humanized murine monoclonal antibody
(mAb) HuM195 (74).

Knowledge of the RBE for tumor cells is essential in the
development and validation of tumor-seeking substances for
therapy as well as for prediction of the therapeutic outcome
in clinical practice. In combination with the RBE for normal
tissues, it provides a tool with which a-particle radiation can
be validated, in terms of the width of the therapeutic win-
dow. This window may be broader for high-LET radiation
than for conventional low-LET radiation. Furthermore, this
effect may be especially pronounced for cancer cells with
low radiosensitivity.

In the present work, we sought a clinically relevant model
for determination of the RBE in vivo of a-particle irradia-
tion by using a human ovarian cancer cell line previously
studied in vitro for determination of the RBE of 2!'At (15).
Subcutaneous tumors were established in nude mice, and
tumor growth was monitored over time after treatment. The
biologic endpoint used for calculations of the RBE was
growth inhibition (GI). The reference low-LET irradiation
was external ®Co irradiation. A custom-built mouse cage
ensured a homogeneous dose distribution within the tumors.
Intravenously injected 2!'At-labeled MX35 F(ab'), frag-
ments were used for a-particle irradiation. Dosimetry was
based on separate experiments on tumor uptake at various
times after injection.

MATERIALS AND METHODS

Production and Distillation of 211At

211At, with a half-life of 7.2 h and a-particle energies of 5.9
(42%) and 7.5 (58%) MeV, was produced by irradiating a stable
209Bj target at the cyclotron and PET unit, Rigshospitalet, Copen-
hagen, Denmark. The astatine, about 600 MBq, was isolated from
the activated target by dry distillation as previously described (16),
with a typical yield of 90%.

mAbs and Cell Lines

mAb MX35 recognizes a cell surface antigen, a glycoprotein of
95 kDa, expressed homogeneously on approximately 90% of hu-
man epithelial ovarian cancers (17). F(ab’), fragments of mAb
MX35 were kindly provided by K.O. Lloyd and C.R. Divgi at the
Memorial Sloan—Kettering Cancer Center. The ovarian cancer cell
line NIH:OVCAR-3 was obtained from the American Type Cul-
ture Collection and cultured at 37°C in cell culture medium (RPMI
1640 supplemented with 10% fetal calf serum, L-glutamine at 2
mmol/L, and 1% penicillin—streptomycin).

Radiolabeling with 21'At and Conjugation of Antibody
2HAt was coupled to MX35 F(ab'), fragments by intermediate
labeling with N-succinimidyl 3-(trimethylstannyl)benzoate (m-
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MeATE). Conjugate labeling was performed as described previ-
ously (/8), except that sodium ascorbate was introduced as a
reducing agent after the labeling reaction. Briefly, 100 MBq of
2HAt was oxidized in situ by N-iodosuccinimide and reacted with
m-MeATE in methanol:1% acetic acid for 10 min. Sodium ascor-
bate (2.5 pmol) was added to the labeling mixture, and the meth-
anol was evaporated. MX35 F(ab’), fragments (150 pg) were
added to the crude labeling residue, and conjugation was allowed
to proceed for 20 min. The antibody fraction was finally isolated
by passage over an NAP-5 column (Amersham Biosciences).

Immunoreactivity

The immunoreactivity of the radiolabeled mAb was analyzed in
vitro by determination of the immunoreactive fraction. A fixed
amount of antibody (10 ng in 0.040 mL of medium) was added to
single-cell suspensions of NIH:OVCAR-3 in duplicate to a final
volume of 0.540 mL. The cells were suspended in supplemented
medium at 7 different concentrations, obtained by serial 1:2-fold
dilutions, with resulting concentrations ranging from 5 X 10° to
0.078 X 10°¢ cells per milliliter. After incubation with gentle
agitation for 2 h at room temperature, the cells were centrifuged
and rinsed twice in phosphate-buffered saline (PBS). Specific
binding to the cells was determined by radioactivity measurements
of the rinsed pellets in a y-counter (Wizard 1480; Perkin—Elmer
Life Sciences). Levels of the immunoreactive fraction, represent-
ing conditions of infinite antigen excess, were derived from a
double-inverse plot of the total applied radioactivity divided by the
cell-bound radioactivity as a function of the inverse of the cell
concentration, as described by Lindmo et al. (19).

Tumors and Animals

Subcutaneously growing tumors were established as xenografts
on female nude mice (BALB/c nu/nu; Charles River Breeding
Laboratories) by inoculation of 2 X 107 NIH:OVCAR-3 cells in
0.4 mL of PBS. Each animal received 2 subcutaneous injections of
cells in the scapula region at the age of 5-8 wk. Tumors were
allowed to grow for 10—14 d, reaching a volume of approximately
100 mm?, at which point the irradiation procedure was performed.
With a slide caliper, tumor volumes were determined by measure-
ments of the larger tumor diameter (a) and the perpendicular
diameter (b), from which the volume (V) was calculated with the
following formula (20): V = (a X b?)/2.

This study was approved by the Ethics Committee for Animal
Experiments of Goteborg University. The animals were fed ad
libitum and housed according to directives of the Swedish Agency
for Animal Welfare.

Irradiation with 211At

Tumor irradiation with the high-LET a-emitter >''At was per-
formed systemically as RIT. The animals received a single injec-
tion in the tail vein of 2!'At-labeled F(ab’), fragments of mAb
MX35 (3, 6, and 9 pg) in PBS (0.10 mL). The levels of radioac-
tivity administered were 0.33, 0.65, and 0.90 MBq. Each radioac-
tivity group included 7 animals (14 tumors), that is, 42 tumors in
total. The animals in the nonirradiated control group received
unlabeled antibody only (9 pg in 0.10 mL of PBS). This group
included 8 animals (16 tumors).

Irradiation with €°Co

Low-LET +vy-irradiation of the tumors was performed as whole-
body external ®*Co beam irradiation at a low dose rate. All animals
in the same dose group were treated simultaneously. The animals
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were placed in a plastic cage (polymethylmetaacrylate; 5S-mm wall
thickness to ensure a sufficient buildup area), wherein each animal
was allowed to move freely in a separate corridor during irradia-
tion. The center of each 3-cm-wide corridor was placed at a
distance of 150 cm from the *°Co radiation source. Six different
absorbed doses to tumor, ranging from 1.4 to 5.8 Gy, were
achieved by varying the time of irradiation (43—153 min). Each of
the 6 dose groups included 7 animals (14 tumors), corresponding
to 84 tumors in total. The 2 untreated control groups included 8
animals (16 tumors) each. The dose rate corresponding to the mean
position of the animal during irradiation (~2 Gy/h) was checked
by ion chamber measurements. The behavior and weight of the
animals were unaffected by either irradiation procedure, except for
5 animals subjected to the highest level (5.8 Gy) of external %°Co
irradiation. These animals failed to maintain nutrition and were put
to death at 11 d after treatment.

Gl and RBE

Tumor growth was monitored by volume measurements every
second day up to 60 d after treatment. The normalized tumor
volume (NTV) was established from each tumor measurement by
dividing the tumor volume on that day by its initial volume. The
endpoint GI was defined by dividing the NTV for each tumor
measurement within a treatment group by a value derived from an
exponential fit of the NTV curve obtained from the corresponding
control group.

Finally, to compare the biologic effects of the 2 radiation
qualities, the mean value for GI (from day 8 to day 23) was plotted
for each tumor as a function of its corresponding absorbed dose.
From monoexponential fits of these curves, the absorbed doses
required for a GI corresponding to 0.37 (D3;) were derived, and
the RBE (37%) was calculated by dividing D3; for ®Co by that
for 21At.

Biodistribution Study and Dosimetry

A separate in vivo biodistribution study was performed to
estimate the mean absorbed dose to tumor for 2!'At irradiation.
This study was performed under the same conditions as those used
in the GI study. Animals bearing tumors with a volume of approx-
imately 100 mm? received an intravenous injection of radiolabeled
(*"At, 0.56 MBq) antibody (MX35 F(ab'),, 11 pg) in 0.10 mL of
PBS. The animals were sacrificed by cervical dislocation at various
times after injection (0.5-45 h), and blood, organs, and tumors
were removed. The tissues were weighed, and the radioactivity
was measured (corrections were made for decay and background).
From these data, mean concentrations of the radionuclide in tissues
at various times after injection were calculated and related to the
amount of injected radioactivity per gram (%IA/g). The mean
values for %IA/g in the tumors at various times were used to
calculate the cumulated activity concentration (C) for each tumor
in the GI study. The mean absorbed dose to tumor (D) was
calculated with the formula D = € X A, where A is the mean
energy per decay.

RESULTS

Tumors and Animals

At 2 wk after cell inoculation, the mean tumor volume
(mean = SEM) in the 2!!At irradiation groups was 44 *+ 24
mm?, whereas in the groups subjected to *°Co irradiation,
the mean tumor volume was 56 * 23 mm?. At dissection, all
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tumors in the biodistribution study appeared macroscopi-
cally homogeneous, with no signs of necrosis. When some
of these tumors (n = 10) were divided into peripheral and
central parts, y-counting did not reveal any significant dif-
ferences (less than 20%) in the uptake of the ?''At-labeled
antibody within these tumor parts.

The behavior and weight of the animals were unaffected
by the irradiation procedures, apart from 5 animals sub-
jected to the highest level (5.8 Gy) of external ®Co irradi-
ation. These animals failed to maintain nutrition and were
put to death at the first sign of abnormal behavior.

Radiolabeling and Immunoreactivity of Antibody

Radiolabeling with 2''At and subsequent antibody conju-
gation were performed by the m-MeATE method, with total
yields of 30%—-35%. Radiochemical analysis by methanol
precipitation showed a protein-bound fraction of 0.95-0.98.
The immunoreactive fraction of the radiolabeled antibody in
NIH:OVCAR-3 cells was found to be >0.85 for all prepa-
rations used in this study.

Biodistribution Study and Dosimetry

Clearance of the immunoconjugate from the circulation
showed an initial half-life of ~4 h. At 40 h after injection,
less than 1 %IA/g was detected in the blood. The uptake in
the tumor was 10 %IA/g at 10 h after injection, after which
the concentration was maintained until 21 h after injection.
The uptake reached a maximum at 7-9 h after injection, at
14 %IA/g, followed by a decrease corresponding to a bio-
logic half-life of about 10 h (Fig. 1A). No statistical corre-
lation was found between tumor uptake (%I1A/g) and tumor
weight.

When analyzed in relation to blood content (Fig. 1B), the
ratio of uptake in tumors to uptake in blood showed a linear
increase, reaching a level of 1.0 at 6 h after injection and
reaching a maximum level (6.2) at 40 h after injection.
Table 1 summarizes the biodistribution data for the ana-
lyzed tissues. The uptake in organs was in general low. As
is often observed for astatine-labeled substances (27), some
organs showed an uptake greater than the general extracel-
lular distribution. This finding was most significant for the
thyroid (throat), stomach, lungs, and salivary glands.

Using the tumor uptake (%IA/g at various hours after
injection) obtained from the biodistribution study, the mean
absorbed doses to tumor were calculated for each level of
radioactivity administered in the GI study. The injected
amounts of 0.33, 0.65, and 0.90 MBq of ?'! At corresponded
to mean absorbed doses to tumor of 1.35, 2.65, and 3.70 Gy,
respectively.

Gl After Internal Irradiation with 211At

After intravenous injection of the immunoconjugate at 3
levels of radioactivity, the inhibition of tumor growth after
treatment was studied by volume measurements. The NTV
was calculated for each group and plotted versus time. As
shown in Figure 2, the untreated control tumors showed
clear exponential growth, whereas those irradiated showed
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RBE of 2''At In Vivo
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FIGURE 2. Tumor growth after internal irradiation with 2"1At-
labeled MX35 F(Ab’), at 3 levels of radioactivity. NTV is shown
as function of time after treatment. Dashed line represents
exponential fit of control group. Data are given as mean = SEM.
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FIGURE 3. Gl for 2 radiation qualities. Mean value (from day 8
to day 23) of Gl for each tumor as function of its corresponding
mean absorbed dose is shown. Solid lines represent monoex-
ponential fits from which absorbed doses required for Ds; were
derived. For 211At irradiation, extrapolation number was 1.04; for
60Co, extrapolation number was forced to 1.0. Dashed lines
indicate 67% confidence limits for regression fit.
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FIGURE 4. Tumor growth after external irradiation with 6°Co.
NTV is shown as function of time after treatment. Irradiation was
performed on 2 different occasions (A and B), each with its own
corresponding control group. Data are given as mean = SEM.

also strongly recommended for internal radionuclide ther-
apy. For low-LET radiation, there is a great deal of clinical
experience of tumor response and normal tissue toxicity at
various dose levels, making the absorbed dose concept
clinically relevant. However, for high-LET radiation, clini-
cal experience so far is very limited. The biologic effective-
ness in vivo, expressed as the RBE, has not been thoroughly
studied for any high-LET radiation. Behr et al. found an
RBE value of 2-3 with respect to antitumor efficacy in a
xenograft model (22). In vitro studies have shown RBE
values ranging from 2 to 10 for high-LET radiation (23-25).
In the context of radiation protection, a radiation weighting
factor of 20 is used, but this value is based on estimations of
the risk of carcinogenesis. A recent study with 2''At RIT in
nude mice showed an RBE of 3.4-5 for myelotoxicity (/2).
The value of 4.8 £ 0.7 for tumors presented here would
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FIGURE 5. Variation in RBE over time when derived from Gl
data at 1- or 2-d intervals, between day 8 and day 23 after
treatment.

imply no extra gain in the therapeutic window by use of
high-LET radiation, because the enhancement of thera-
peutic efficacy is similar to that of toxicity. Even so, there
are potential advantages of using high-LET radiation, in
that the dependency of hypoxia and cell cycle phase on
cell survival is much smaller than that for low-LET
radiation (26).

We previously studied the effect of 2!'!At RIT on micro-
scopic tumors of ovarian cancer in the peritoneal cavity
(27). Although clinically relevant, that model is not useful
for RBE studies because of difficulties in observing tumor
development and estimating the absorbed dose to tumor.
The macroscopic subcutaneous tumor model used in this
study makes it possible to quantify tumor GI and to corre-
late this quantity to absorbed dose. A therapeutic disadvan-
tage of this model is the slow diffusion of the immunocon-
jugate into the macroscopic tumor. The maximum
achievable absorbed dose to tumor is limited because of the
moderate ratio of uptake in tumors to uptake in blood
achieved during the time of irradiation (=24 h). The slow
diffusion in combination with the short particle range also
may result in a heterogeneous dose distribution, reducing
the overall tumor cell eradication effect.

Although the microdistribution of doses within the tu-
mors was not determined in this work, the tumors seemed to
be macroscopically homogeneous at dissection, with no
signs of necrosis. This finding was supported by the fact that
when tumors were divided into peripheral and central parts,
no significant differences in the uptake of the ?'!At-labeled
antibody could be detected by y-counting of these samples.
Despite the fact that this study did not include any analysis
of the distribution of the radiopharmaceutical compound at
the cellular level, it seems reasonable to assume from our
data that substantial amounts of the antibody complex did
indeed reach the antigen target on tumor cells. Some of the
complex also would have been in the vicinity of the cells
while diffusing through the extracellular matrix or while
present in the intratumoral capillaries. Taking into account
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the distances (capillary to tumor cell) generally relevant for
tumors (0—100 pm) (28-30) and the range of a-particles
(~60 wm), decays in the vicinity of the tumor cells also
would have contributed to cell irradiation. However, the
dose distribution at the cellular level was almost certainly
rather nonhomogeneous, resulting in a lower level of cell
death. This, in turn, would imply an RBE higher than that
presented here.

Even though the dose rate for ®°Co irradiation was kept
low (2 Gy/h), it was not possible in this study to mimic the
dose rate pattern of 2! At irradiation. The possibility that this
factor would influence the RBE cannot be excluded.

CONCLUSION

The RBE for 2!'At a-particle irradiation was derived on
the macroscopic scale for solid tumors in vivo. Through the
use of a tumor GI model and low-dose-rate ®°Co +y-irradia-
tion for comparison, the RBE was found to be 4.8 = 0.7.
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