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The purpose of this study was to investigate the therapeutic
efficacy of—and to estimate the absorbed dose to—tumor cells
from radioimmunotherapy (RIT) in an ovarian cancer model
using the a-particle-emitting nuclide 2'At labeled to monoclo-
nal antibody (mAb) MX35. Previous studies on mAb MOv18 did
not allow for dosimetry because of antigen shedding in vitro.
Methods: Five-week-old female nude BALB/c nu/nu mice were
inoculated intraperitoneally with 1 X 107 cells of the human
tumor cell line OVCAR-3. Three weeks later, the animals were
given approximately 400, 800, or 1,200 kBqg of 2''At-labeled
mAb MX35 intraperitoneally. As controls, one group of animals
was injected with unlabeled mAb and another group was in-
jected with phosphate-buffered saline (PBS). Another group
was given approximately 400 kBq of 2'1At labeled to the previ-
ously investigated mAb MOv18 for efficacy comparison. Two
months after treatment, the animals were sacrificed and the
presence of macroscopic and microscopic tumors, as well as
ascites, was determined. The absorbed dose to tumor cells on
the peritoneal surface was estimated in terms of the sum of a
specific and a nonspecific contribution. The specific contribu-
tion, arising from mAbs binding to the antigenic sites on the cell
membrane, was calculated using a dynamic compartment
model developed in-house and Monte Carlo software. The
model used as input values the number of mAbs injected into
the abdominal cavity, Npap, the specific activity, A, the asso-
ciation rate constant, k,,, and the maximal number of mAbs
bound per cell, B,.x—all determined by in vitro experiments.
This specific component of the absorbed dose was calculated
for assumed cell cluster sizes with radii of 25, 50, and 100 pm.
The nonspecific contribution to the absorbed dose was derived
from unbound mAbs freely circulating in the abdominal cavity,
also using the Monte Carlo software. Results: In the control

Received Jan. 25, 2005; revision accepted Aug. 1, 2005.

For correspondence or reprints contact: Jérgen Elgqvist, MSc, Department
of Radiation Physics, The Sahlgrenska Academy at Goteborg University,
SE-413 45 Goteborg, Sweden.

E-mail: jorgen.elgqvist@radfys.gu.se

INTRAPERITONEAL RIT witH 2''AT-MX35 « Elgqvist et al.

groups given unlabeled MX35 or PBS, all 18 animals had as-
cites, 6 of 9 animals in each group had macroscopic tumors,
and all animals had microscopic growth. In the 3 groups given
different amounts of 211At-MX35, only 3 of 25 animals developed
ascites. None of these animals had any sign of macroscopic
tumors, but 8 had microscopic growth. In the group given
211At-MOv18, no animals had ascites or macroscopic tumors,
but 3 of 10 animals had microscopic tumors. After injecting 400
kBq of 211At-MX35, the absorbed dose due to specific binding,
for a cell cluster with a radius of 50 um, ranged from 413 to 223
Gy between 0- and 45-pm distance from the cluster center,
assuming a homogeneous distribution of 2''At-MX35 in the
cluster. The contribution from unbound 2'1At-MX35 and 2"1At-
MX35 only distributed on the cluster surface, for this cluster
size, ranged from 7 to 14 Gy and from 29 to 94 Gy, between 0-
and 45-pm distance from the cluster center, respectively. The
calculated total absorbed doses are in a clinically relevant range
and were effective as verified in the nude mice with subclinical
intraperitoneal growth of OVCAR-3 cells. Conclusion: 21'At-
MX35 injected intraperitoneally exhibits a high efficacy when
treating micrometastatic growth of the ovarian cancer cell line
OVCAR-3 on the peritoneum of nude mice.
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Radioimmunotherapy (RIT) is attracting increasing in-
terest as new monoclonal antibodies (mAbs) are being in-
troduced for clinical use. Ovarian cancer is usually limited
to the peritoneal cavity, which allows a regional, intraperi-
toneal approach, lessening side effects.

Several studies have been performed on the therapeutic
efficacy of B-emitters—primarily *°Y- and '3'I-labeled to
mAbs—in animals and humans with rather poor results
(I-38). In nude mice with intraperitoneal growth of ovarian
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cancer, a delay in tumor progression or prolonged survival
has been observed after intraperitoneal injection of anti-CA
125 mAb labeled to °Y-labeled biotinylated liposomes (1),
murine mAb HMFG]1 labeled with 0Y, 186Re, or 3T (2),
and *Y-labeled human IgM (3). However, there were no
signs of complete remission of long-term duration in these
studies. In clinical studies (4-38), the therapeutic response
has been moderate; however, indications of some benefit to
patients with minimal disease at the time of RIT have been
reported (7).

Because of the fact that the PB-emitting radionuclides
mentioned have a range that is too long for the treatment of
microscopic tumors, we believe it is of great interest to
thoroughly investigate the therapeutic efficacy using a-par-
ticle emitters labeled to mAbs when treating microscopic
disease on the peritoneum. In this study we used the a-par-
ticle emitter 2! At, with a half-life of 7.2 h, a mean range in
tissue of 62 wm, and a mean linear energy transfer (LET) of
111 keV/pm. The short half-life of this radionuclide makes
it ideal for local treatment, as the target cells are easily
reached and the transfer of the radiotracer to the systemic
circulation is delayed. Also, the short range ensures a sig-
nificant absorbed dose to very small cell clusters or even
single cells (9). The high LET of the a-particles implies a
higher relative biological effectiveness (RBE) than low-
LET radiation. Therefore, 2!' At seems to be an appropriate
radionuclide, when labeled to tumor-specific mAbs, for the
treatment of micrometastatic growth on the peritoneum. We
have previously demonstrated the high efficacy of 2!'At-
labeled MOV 18 on the ovarian cancer cell line OVCAR-3 in
vitro and in vivo in a micrometastic model (/0-13).

In the present study we used mAb MX35, which binds to
a 95-kDa glycoprotein, expressed strongly and homoge-
neously on 90% of human epithelial ovarian cancers (/4).
The object of the study was to establish a basis for clinical
studies with this antibody, labeled to 2!'At. Thus, the main
aim was to determine the therapeutic efficacy of 2''At-
MX35 in our established micrometastatic model, in com-
parison with the previously studied MOv18. The second
aim was to estimate the absorbed dose to the micrometas-
tases, to understand the therapeutic outcome. Absorbed dose
calculations are generally based on repeated measurements
of the radionuclide content in the tissue of interest; however,
when such measurements are technically difficult or impos-
sible, biokinetic models may be used. This is obviously the
case for single cells and small cell clusters in the peritoneal
cavity.

The parameters used in our biokinetic model, a dynamic
compartment model, were determined by in vitro measure-
ments of the association rate constant, k,,, and the maximal
number of mAbs bound per cell, B, for MX35 and the
OVCAR-3 cells. These 2 parameters, together with knowl-
edge of the specific activity, Ag,—that is, the fraction of
mADs carrying 2! At atoms—were then used in the dynamic
compartment model in which the cumulated activity, A
[Bq X s], at the surface of the tumor cells was calculated.
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To be able to estimate the absorbed dose, software described
previously (/5) was modified for dosimetry on and within
cell clusters. The software uses stopping-power values of
a-particles in liquid water (/6) for Monte Carlo—derived
microdosimetry. The absorbed dose resulting from 2!'At-
labeled mAbs not bound to the tumor cells, but circulating
free in the abdominal fluid and phosphate-buffered saline
(PBS) surrounding the cells, was also calculated.

MATERIALS AND METHODS

Radionuclide

2IAt was produced by the 2Bi(a,2n)?!' At reaction in a cyclo-
tron (Scanditronix MC32 at the PET and Cyclotron Unit, Rigshos-
pitalet, Copenhagen, Denmark) by irradiating a >Bi target with
28-MeV a-particles for 4 h with a beam current of approximately
18 WA, resulting in an 2!'At activity of 900-1,100 MBq at the end
of the irradiation. The target was prepared on 30 X 28 X 5 mm
aluminum backings at the Department of Physics, Chalmers Uni-
versity of Technology, Goteborg, Sweden, and had a 2%Bi layer
thickness of 19-24 pm. To stabilize this 2*Bi layer and to prevent
diffusion of the 2''At produced during irradiation, an additional
layer of 4- to 7-pm aluminum was added on top of the 2°Bi layer.
After irradiation, the target was transported to the Department of
Radiation Physics, The Sahlgrenska Academy at Goteborg
University, Sweden, by car within 4 h for the final refinement of
2ITAt. Upon arrival in Goteborg, the 2''At was isolated using a
dry-distillation procedure previously described by Lindegren
et al. (17).

mAbs

Two mAbs were used: MX35 and MOv18. MX35 is a murine
IgGl1 class mAD of about 150 kDa, developed and characterized at
the Sloan-Kettering Institute (New York, NY), directed toward a
cell-surface glycoprotein of about 95 kDa expressed by OVCAR-3
cells (/8). The antigen is expressed strongly and homogeneously
on 90% of human epithelial ovarian cancers (/4). The mAb was
provided by Dr. Kenneth Lloyd (Memorial Sloan-Kettering Cancer
Center, New York, NY). MOv18 is also a murine IgG1 class mAb
of about 150 kDa first characterized by Miotti et al. (/9). It
recognizes a membrane folate-binding glycoprotein of about 38
kDa and reacts with about 90% of human ovarian carcinomas (20).
The antibody was provided by Professor S.O. Warnar (Centocor
B/V, Leyden, The Netherlands).

Antibody Labeling

mAbs were labeled with 2!'At using the intermediate labeling
reagent N-succinimidyl-3-(trimethylstannyl)benzoate (m-MeATE)
essentially as previously described (27). Briefly, the 2!'At, in 10
mmol/L. NaOH, isolated from the irradiated target was added to a
mixture of m-MeATE and N-iodosuccinimide in methanol:1%
acetic acid. This solution was then incubated for 10 min at room
temperature and the labeling reaction was stopped by adding
sodium ascorbate. The mAb, MX35 or MOv18, was then added to
the labeling mixture and conjugation was allowed to proceed for
20 min at room temperature. Finally, the mAb fraction was iso-
lated using a NAP-5 column (Amersham Biosciences), resulting in
a specific activity of 134 = 25 kBq/iwg mAb. The radiochemical
yields were in the range of 25%—-40%, and the radiochemical
purity was always >95% as determined by methanol precipitation
and gel-permeability chromatography.
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Cell Line

The cell line OVCAR-3 (NIH:OVCAR-3: National Institutes of
Health ovarian cancer cell line 3) was derived from the ascites of
a patient with a poorly differentiated serous ovarian cancer by
Hamilton et al. (22). In nude mice, it grows both subcutaneously
and intraperitoneally, the latter closely mimicking the human dis-
ease, with peritoneal carcinomatosis and ascites. The cell line was
obtained from the American Type Culture Collection. The cells
were cultured in T-75 culture flasks at 37°C in a humidified
atmosphere with RPMI 1640 cell culture medium supplemented
with 10% fetal calf serum, 1% L-glutamine, and 1% penicillin—
streptomycin. The medium was changed twice weekly and the
cells were passaged at confluency and harvested during the expo-
nential growth phase. Cells between passages 15 and 25 were
selected by rinsing the monolayer with 0.02% ethylenediaminetet-
raacetic acid solution in PBS. After removing the rinsing fluid, the
cells were incubated with 0.25% trypsin for approximately 3 min
and then resuspended in culture medium and centrifuged at 170g
for 3 min. The supernatant was removed, and the cells were
resuspended in fresh medium. A Biirker hemacytometer was used
for cell counting. The cells were then used either for in vitro
binding studies or intraperitoneally injected into the nude mice.

Immunoreactive Fraction

After radiolabeling, the immunoreactivity of the mAbs was
analyzed in vitro by determination of the immunoreactive fraction,
r. A fixed amount of MX35 (10 ng in 0.040 mL medium [1.7
nmol/L]) was added to single-cell suspensions of OVCAR-3 cells,
in duplicate, to a final volume of 0.540 mL. The cells were
suspended in supplemented cell culture medium at 7 different
concentrations, ranging from 5 to 0.078 million per mL. After
incubation with gentle agitation for 2 h at room temperature, the
cells were centrifuged and rinsed twice in PBS. Specific binding to
the cells was determined by radioactivity measurements of the
rinsed pellets in a vy-counter (Wizard 1480; Wallace Oy). The
value of r, representing conditions of infinite antigen excess, was
finally derived from a plot of total applied radioactivity divided by
cell-bound radioactivity as a function of the inverse of the cell
concentration, as described by Lindmo et al. (23). The analysis of
MOv18 was performed as described above but fixed cells were
used due to shedding of the antigen, as described previously (/2).

Kinetic and Equilibrium Constants

To determine the apparent equilibrium association constant, K,
and By, Scatchard analysis assays were set up as described by
Lindmo et al. (23). Increasing amounts of mAbs were added to a
fixed amount of cells in suspension. The radiolabeled mAbs were
serially diluted (1:2) in culture medium at 7 concentrations (rang-
ing from 4,000 to 62.5 ng/mL [668—-10.4 nmol/L]), 0.040 mL of
which was added to the cells in duplicate (100,000 cells in 0.010
mL). Incubation was allowed to proceed for 3 h under the condi-
tions mentioned. Values of K, and B,,,, were determined from the
Scatchard plots, in which corrections had been made for the
corresponding value of r.

The k,, was determined by adding 10 ng (0.067 pmol) of radiola-
beled mAbs, in duplicate, to 2.5 million cells, in a final volume of
0.140 mL (conditions as for the assay of the r). The incubation time
ranged from 0.5 to 570 min and was interrupted by the removal of
unbound radioactivity from the cells, using the centrifugation and
rinsing procedure described above. Specific binding to the cells was
measured and plotted as the amount of cell-bound radioactivity di-
vided by the amount added as a function of incubation time. The
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binding data were then globally fitted to the reaction mechanism
equation [B] = r- [T] - (1 — exp(—ko, - [F] - 1)), where [B] and [T] are
the concentrations of bound and total amount of mAbs (mol/L),
respectively; r is the immunoreactive fraction; k,, is the association
rate constant (1/[mol/L] X 1/s); [F] is the concentration of free
antigen (mol/L); and 7 is the incubation time (s).

Dosimetric Calculations

The absorbed dose to tumor cells on the peritoneal surface was
calculated for various assumed cluster sizes and radionuclide dis-
tributions. The clusters were assumed to be spheric, with a packing
ratio of 1. For cell clusters of the selected radii, 25, 50, and 100
pm, the number of cells, n.y, will then be 46, 364, and 2,915,
respectively (re; = 7.0 pm). Consequently, the number of anti-
genic sites in the whole cluster volume was assumed to be B, X
neenr, and the number of sites on the cluster surface was assumed to
be Buax X (cluster sphere area/cell area).

To be able to calculate the absorbed dose, a dynamic compart-
ment model was constructed, which enabled the computation of
the cumulated activity on 1 tumor cell. The model was constructed
in the commercially available software STELLA (ISEE Systems
Inc.). Two compartments were defined: one representing the in-
jected volume and the number of mAbs in the abdominal cavity,
and one representing the number of mAbs bound to the antigenic
sites of one selected tumor cell (Fig. 1). The initial value in the first
compartment was Npyap—that is, the total number of intraperito-
neally injected mAbs at + = 0. The transition of mAbs from the
first compartment to the second compartment was determined
using the in vitro measured k,,—that is, the rate at which mAbs are
bound to the antigenic sites on the cell surface per unit time for a
specific antigen concentration. The effect of the gradual saturation
of the antigenic sites with time was considered by introducing a
gradual reduction in the number of free sites from B, to zero into
the calculations. According to the conditions during the determi-
nation of the kinetic and equilibrium constants, the dissociation
rate constant, kg, was negligible. During the period of binding and
irradiation, a constant concentration of mAbs in the abdominal
fluid was assumed. For determination of the cumulated activity of
surface-bound mAbs, the number of 2!! At atoms on the cell surface
at different times was calculated using the Ay, of the labeled mAbs
(134 kBq/pg [1 labeled mAb out of 800 mAbs] at # = 0). The same
procedure was adopted for the unbound mAbs in the abdominal
fluid, also contributing to the irradiation of the cells.

Previously described software (/5) was modified for dosimetry
on cell clusters. This software uses stopping-power values of
a-particles in liquid water (/6) for Monte Carlo—derived microdo-
simetry. The 2 main a-particle energies were taken into consider-
ation—that is, the 5.87-MeV a-particle (41.7% probability per
21 At decay) released instantaneously on the decay of 21! At, and the
7.45-MeV (58.3%) a-particle from the decay of the daughter >!'Po.
The direction of the a-particles was selected using a random
number generator (0 = R < 1) for 2 angles in spheric coordinates,
® = 27R and ©® = arccos(1 — 2R). The software was designed to
simulate the energy deposition and a-particle track length for each
0.01 pm in a defined target volume—here a 5.6-pwm-radius
sphere—simulating a single tumor cell nucleus embedded at var-
ious depths in the tumor cell cluster.

Spheric cell clusters of 25-, 50-, and 100-pm radius were
simulated. The first 2 cluster simulations were set in (256 pum)?3
cubic matrices, and the last one was set in a (350 wm)?® matrix. The
target, the cell nucleus, remained at the center of this matrix to

1909



FIGURE 1. Schematic illustration of dy-
namic compartment model and cumulated
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activity [Bg X s] curves for 1 tumor cell. (A
and B) Compartments A and B represent
the number of mAbs in the abdominal cav-
ity and the number of mAbs bound to the
cell surface of 1 tumor cell, respectively.
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the case of 1,200 (curve 1), 800 (curve 2), and 400 (curve 3) kBq of 2'1At-MX35 injected. (D-F) Curve 2 shows the cumulated activity
on 1 tumor cell surface as a function of time after injecting 400 kBq of 2"At-MX35. Curves 1 and 3 show the effect on the cumulated
activity for a change of +50% and —50%, respectively, in the in vitro determined parameters Agp, Kon, and Bpay, a situation not

unlikely to occur in an in vivo situation.

include the full range of those a-particles that could contribute to
the number of events in the target. To simulate the differing
positions in the nucleus of interest, the coordinates for the sur-
rounding cell cluster were then placed correspondingly off-center.
For each cell cluster size, at least 5 target positions were selected
along the central axis of the sphere. The software was run for at
least 1,000 recorded a-particle events in each target. The mean
specific energy at each target position was assigned the corre-
sponding cluster shell. Separate simulations were made to calcu-
late the specific-energy contribution of surrounding unbound
2ITAt-mAbs circulating freely in the abdominal fluid.

Animals and Study Groups

Fifty-three female nude BALB/c nu/nu mice (Mollegaard &
Bomholtgaard) were used. The animals were housed at 22°C and
50%—-60% humidity with a light/dark cycle of 12 h. They were
given standard autoclaved pellets and water ad libitum. The ani-
mals were allowed to adapt for at least 1 wk after purchase and
were then divided into 6 groups and treated as shown in Table 1.

The experiments were approved by the Ethics Committee of Gote-
borg University.

Procedures

At the age of 5 wk, the animals were inoculated intraperitone-
ally with 1 X 107 OVCAR-3 cells suspended in 0.2 mL medium.
Three weeks later, still without macroscopic tumors (i.e., tumors
visible to the naked eye) on the peritoneum, the animals were
injected intraperitoneally with 0.7 mL PBS with or without 2!'At-
mAbs as indicated in Table 1. The choice of the activity levels in
this study was based on a previous study (24) in which the
myelotoxicity was investigated during intraperitoneal and intrave-
nous injections of 2! At-mAbs. In that study a myelotoxic limit was
reached at about 1,300 kBq of 2! At-mAbs injected intraperitone-
ally, above which the animals succumbed to severe myelosupres-
sion. Therefore, the highest activity level used in this study was set
to 1,200 kBq (range, 1,167-1,211 kBq). Also, the lowest activity
level used in this study was set to 400 kBq (MX35: range,
389-422 kBq; MOv18: range, 377-419 kBq) because we wanted

TABLE 1
Study Groups and Number of Mice with Macroscopic and Microscopic Tumors and Ascites
Activity Macroscopic Microscopic TFF*
Group n Treatment (kBq) tumor tumor Ascites (%)
1 9 PBS — 6/9 9/9 9/9 0
2 9 MX35 in PBS — 6/9 9/9 9/9 0
3 10 211At-MOv18 in PBS 377-419 0/10 3/10 0/10 70
4 10 21TAt-MX35 in PBS 389-422 0/10 2/10 1/10 80
5 10 211AL-MX35 in PBS 774-808 0/10 4/10 2/10 50
6 5 211At-MX35 in PBS 1,167-1,211 0/5 2/5 0/5 60

*TFF = tumor-free fraction (i.e., no macroscopic and microscopic tumors and no ascites).
The presence of macroscopic tumors and ascites was assessed by careful ocular inspection during dissection 2 mo after administration
of the different regimes. Microscopic tumor growth was assessed by histopathologic methods using paraffin-embedded biopsies stained
with eosin—hematoxylin and microscopy at 40X magnification.

1910

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 46 ¢ No. 11 ¢ November 2005



to compare the therapeutic efficacy of our new mAb, MX35, with
that used in our previous studies, MOv18 (//-13). Finally, one
additional activity level was selected at 800 kBq (range, 774—808
kBq) lying in between these 2 levels. After the injection the
general condition of the animals was followed daily. Two months
after treatment they were sacrificed and dissected. The presence of
ascites and macroscopic tumors was assessed by careful ocular
inspection of each animal. Multiple biopsies were taken from the
peritoneal surface from all mice and fixed in formalin. These were
then dehydrated with xylene, embedded in paraffin, cut into 4-pm-
thick slices, and stained with eosin—hematoxylin for conventional
histopathologic examination. The presence of microscopic tumor
growth was rigorously estimated for all biopsies by light micros-
copy with a magnification of up to 40X. The estimation of ascites
and macroscopic and microscopic tumors was performed without
knowledge of the treatment administered.

RESULTS

All animals in the 2 control groups (groups 1 and 2)
developed ascites and microscopic tumor growth, and 12 of
18 (67%) also had macroscopic peritoneal tumor nodules
(Table 1). Thus, there is no evidence of an antineoplastic
effect of the nonastatinated mAb. Mice treated with 389—
422 kBq (group 4), 774—808 kBq (group 5), or 1,167-1,211
kBq (group 6) ?''At-MX35 did not develop macroscopic
tumors, and only 10%, 20%, and 0% of the animals devel-
oped ascites in these groups, respectively. Also, micro-
scopic growth was seen in 20%, 40%, and 40% of the
animals in these groups, respectively. No relationship be-
tween administered activity and response was evident.
Treatment with 2HAt-MOv18 (377-419 kBq [group 3])
resulted in the same inhibition of growth as the same
amount of activity bound to MX35. The general condition
of all animals seemed unaffected by the different treatment
regimes, although the weights of the treated animals dif-
fered significantly from those of the control animals. The
mean values = SEM at the time of dissection were 27.1 =
0.8, 28.0 = 0.9, 234 = 0.5, 22.1 = 0.6, 23.8 £ 0.4, and
24.2 = 0.6 g for groups 1-6, respectively.

The r, the association rate constant, k,,, and B, the
maximal number of mAbs bound to an OVCAR-3 cell, for
the mAb MX35 were determined to be (mean = SEM)
0.82 = 0.03 (MOv138: 0.80 * 0.06), 4.4 X 10* = 0.3 X 10*
1/[mol/L] X 1/s and 9.2 X 10° £ 2.1 X 10, respectively.
During the long-term binding tests (9.5 h), the off-rate was
<2%/h. No such data were obtained from mAb MOvI18
because of shedding of the antigen in vitro.

The result of the calculations using the dynamic compart-
ment model and the experimentally determined values of
Agps kon» and By, are shown in Figure 1. The number of
2HAt-mAbs bound to 1 tumor cell increases for 2—4 h until
a maximum is reached because of saturation and decay of
the radionuclide (Fig. 1C). Also, the increase of the reaction
rate (i.e., the number of cell-bound >'! At-mAbs [N mab] per
time interval) as the injected activity is increased is also
illustrated, resulting in an increased maximal value of Ny
mab: 560, 730, and 820 for 400 (Fig. 1C, curve 3), 800 (Fig.
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1C, curve 2), and 1,200 kBq injected (Fig. 1C, curve 1),
respectively.

Figures 1D-1F (curve 2) show the cumulated activity
calculated for 400-kBq of 2''At-mAb and the experimen-
tally obtained values for A, ko, and By, Almost all 2!'At
atoms decay within 24 h, resulting in a cumulated activity of
about 800 Bq X s on the cell surface after 24 h. Figure 1
also illustrates calculations of the cumulated activity for
other values of Ay, ko, and By, For example, an increase
in A, of 50% increases the cumulated activity by ~30%
(Fig. 1D, curve 1), whereas an increase in k,, of 50% has
very little influence (Fig. 1E, curve 1).

The absorbed dose originating from mAbs bound to the
antigenic sites on the tumor cells (the specific contribution)
and that originating from mAbs not bound to the tumor cells
but freely circulating in the abdominal cavity (the nonspe-
cific contribution) are presented in Figure 2. In the case in
which the 2''At-mAbs are assumed to be homogeneously
distributed throughout the whole cell cluster, the absorbed
dose is very high and varies between 126 and 731 Gy for
400 kBq of 2" At-MX35 (Feuster = 25 pm) and 1,200 kBq of
2HAt-MX35 (reuser = 100 wm), respectively. The absorbed
dose in situations in which the 2! At-mAbs are only situated
on the surface of the cell cluster or freely circulating around
the cluster is considerably lower but, in most cases, still
high. For example, for the cluster-surface distributed 2!'At-
MX35, the absorbed dose never falls below 29 Gy for the
cell cluster with 25-pum radius. The minimum value for the
nonspecific absorbed dose contribution for this cell cluster
never falls below 16 Gy, as can be estimated from Figure 2.

DISCUSSION

Primary tumors frequently disseminate long before being
diagnosed and, thus, local therapy will fail. Therefore, ad-
juvant systemic therapy for occult micrometastatic disease
has become routine in clinical oncology. Standard chemo-
therapy currently used is not specific to tumor cells and is
frequently ineffective because of cellular resistance mech-
anisms. Targeted therapy not hampered by resistance to
cytotoxic drugs has long been the goal of oncologists, and
the advent of mAbs seems to provide a suitable tool. Cyto-
toxicity can be mediated either by direct immunotoxicity or
by binding radionuclides to mAbs.

In the present study we used a tumor model relevant in
clinical oncology—ovarian cancer, most frequently lethal
in spite of complete clinical remission after surgery and
chemotherapy. The model is of particular interest because
the disease is usually restricted to the peritoneal surfaces
and the patient succumbs because of advanced peritoneal
tumor growth, including ascites. A model in mice mimick-
ing the human disease is available and has often been used
for the development of new therapeutic strategies (/7-13).
Thus, the clinical disease and the model allow regional
treatment, sparing the subject from myelotoxicity.
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Several studies with 20Y-, 13![-, 177Lu-, or !86Re-labeled

mAbs have been performed both in animals and in humans
with rather poor results (/—8). McQuarrie et al. (/) recently
performed studies in nude mice xenografted with
OVCAR-3 cells using intraperitoneal regimens with the
combination of a bispecific anti-CA 125 mAb and Y-
labeled biotinylated long-circulating liposomes as a poten-
tial adjuvant treatment. A median tumor growth delay of
91 d compared with 77 d for the control group was ob-
served. Janssen et al. (2) studied the therapeutic efficacy of
RIT using the murine mAb HMFG1 labeled with %Y, 131,
or '%Re in nude mice with intraperitoneally growing
OVCAR-3 ovarian carcinoma xenografts. Each of the 3
regimens caused a delay in ascites formation and mortality
as compared with the control groups treated with 0Y-
labeled irrelevant mAb, nonradiolabeled HMFG1, or PBS.

1912

They also concluded that intraperitoneally administered
0Y-HMFGI more effectively inhibited tumor growth than
intravenously administered *°Y-HMFG1. Borchardt et al.
(3) studied the therapeutic efficacy in nude mice bearing
intraperitoneal nodules of SK-OV-3 NMP2 by intraperito-
neal administration of an *°Y-labeled human IgM. The mice
received a single administration or fractionated administra-
tions of *°Y-2B12. Untreated mice and mice treated with
unlabeled immunoconjugates served as controls. The con-
trols had a mean survival time of 20 and 17 d, respectively.
Treatment with °Y-2B12 increased median survival by
11-12 d per 3.7 MBq (100 w.Ci) for a single administration
(~1.8-14.8 MBq [50-400 p.Ci]) and fractionated admin-
istrations (~5.6-18.9 MBq [150-510 wCi]). Rather good
therapeutic results were achieved by Horak et al. (25) using
the a-emitter 2'2Pb on intraperitoneally injected SK-OV-3
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cells. Three days after cell inoculation, 2!2Pb-labeled anti-
HER2/neu mAb AEl was administered intravenously. A
prolonged tumor-free survival was noted in the mice com-
pared with those given no treatment or those treated with the
unlabeled mAb.

However, conventional 3-emitting radionuclides used in
the cited studies have a range that is too long to effectively
irradiate microscopic tumors but also have a half-life that is
too long to be optimal for intraperitoneal use. 2!'At, with its
short particle range and relatively short half-life, seems to
be an ideal radionuclide when the tumors are microscopic
and restricted to the peritoneal surfaces. Therefore, we
believe it is of outmost importance to thoroughly investigate
the therapeutic efficacy using this a-particle emitter labeled
to mAbs when treating microscopic disease on the perito-
neum. To understand and predict the degree of efficacy in
our therapy study, the experiments were complemented
with dosimetric estimations.

Because it is very difficult to quantify the uptake of
2HAt-MX35 in the microscopic tumors in vivo, the dosim-
etry was based on assumed tumor cluster sizes and on
studies of the binding kinetics of the radioimmunocom-
plexes in vitro. The study of binding kinetics could not be
done for mAb MOv18 because its antigen sheds in vitro.
From the determined values of the parameters k,, and B,
theoretic uptake curves could be constructed and used for
the dosimetry. A constant concentration of the mAbs in the
abdominal fluid was assumed during the binding period in
vivo. This may not be the case in vivo because the higher
diffusion and convection of water molecules (~18 Da)
through the peritoneum rather than the lymphatic drainage
of macromolecules (~150 kDa) can lead to an increase in
mADb concentration and, thus, increased specific and non-
specific absorbed dose contributions. Thus, the calculations
based on constant activity concentration give a lower limit
of the absorbed dose. However, it should also be noted that
a reduction in the mAb concentration with time might be
possible. If the number of tumor cells capable of binding the
mAbs is very large and if the number of mAbs that can bind
to a cell in vivo is in the order of B,,,, measured in vitro, the
mAbs will be consumed and the concentration decreased.
Preliminary calculations indicate that a successive increase
or decrease of the mAb concentration in the abdominal
cavity has little effect on the cumulated activity on a tumor
cell, justifying our assumption of a constant mAb concen-
tration.

Calculations of the absorbed dose originating from spe-
cific binding of the mAbs to the antigenic sites of the tumor
cells were performed for optimal conditions—that is, as-
suming that all tumor cells and antigenic sites in a tumor
cell cluster are available to the mAb and that immediate
mixing in the abdominal cavity and free diffusion of the
mAbs into the tumor tissue occur. This situation may not
occur in vivo but was assumed for the purpose of estimating
the maximal attainable absorbed dose to the tumor cells.
Further studies must investigate the diffusion and distribu-
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tion of mAbs in microscopic tumor clusters. The absorbed
dose contribution to a cell cluster was also calculated for the
other extreme—no diffusion into the tumor—resulting in an
2HAt-mAD distribution only on the surface of the cluster.
This means that the radiation will not reach the inner part
when the cluster is greater than ~71 wm in radius, corre-
sponding to the maximal pathlength of the a-particles in
tissue. However, for smaller tumors, the mean absorbed
dose is surprisingly high, indicating that there is no absolute
need for the mAbs to penetrate the tumor. An absorbed dose
of >15 Gy can be regarded as high, considering the high
biologic effect of the a-particles. In a previous study (/0), in
vitro irradiation of OVCAR-3 cells using ?''At gave a Dy
(mean absorbed dose required for 37% cell survival) of 0.56
Gy, indicating a very high probability of tumor eradication
at 15 Gy. Internalization of the mAb into the tumor cell
alters the dosimetric estimates, especially for the single cell
situation. However, the results of the long-term in vitro
binding test show a stable cell uptake of 2!'At during 9.5 h,
indicating insignificant internalization (26).

The dissection of the animals 2 mo after the injection of
approximately 400-1,200 kBq of *''At-MX35 showed a
tumor-free fraction (TFF)—that is, no macroscopic and
microscopic tumors and no ascites—of 50%—80%. It is not
possible to administer higher activity because of the irradi-
ation of the bone marrow, resulting in severe hematologic
toxicity (24). However, the TFF was not correlated with the
administered activity. This can be explained by the satura-
tion of antigenic sites, which—according to our dynamic
compartment model—occurs within a few hours after the
injection, resulting in a similar absorbed dose for the 3
activity levels. The results using 2'!At-MOv18 showed a
similar TFF, 70%. This value is also in agreement with the
results of a previous study using ?''!At-MOv18 and the same
tumor model (17). In that study, a nonspecific 2! At-mAb
was also used (C242), showing some therapeutic effect.
According to the dose calculations in the present study, the
absorbed dose from a nonspecific (unbound) mAb is at least
7 Gy for 400 kBq of 2! At-mAb, for cell clusters <71 pwm
in radius. Considering the high radiosensitivity of the tumor
cells to the a-particle irradiation, the effect of a nonspecific
mADb is expected to be considerable.

The dynamic compartment model was used to illustrate
how the cumulated activity is affected by the k,, and B,,,,.
The results showed that B,,,, was most critical. An increase
in B,y of 50%, from 9.2 X 103 to 1.38 X 10° mAbs bound
per cell, would result in an increase in the cumulated activ-
ity of ~25%. This can be compared with an increase in k,,
of 50%, from 4.4 X 10* to 6.6 X 10* 1/[mol/L] X 1/s,
yielding an increase in the cumulated activity of only ~10%
(Fig. 1). Also, if Ay, could be increased 50%, from 1
2HAt-mAD in every 800 mAbs (1:800) to 1:533, this would
increase the cumulated activity by ~30% (Fig. 1), indicat-
ing a possibility to improve the therapeutic outcome.

Considering the absorbed doses presented in Figure 2,
they are generally high, especially when an RBE of 3-5 is
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considered. However, as it was seen in the case of the cell
cluster with a radius of 100 pm, the absorbed dose falls to
zero at a distance of ~30 wm from the center of the cluster,
when the 2!"At-mAb is assumed to be located only at the
surface of the tumor cell cluster or circulating in the fluid
surrounding it (nonspecific contribution). This could par-
tially explain the number of unsuccessfully treated mice,
indicating the presence of large cell clusters—that is, clus-
ters with radii exceeding the maximum range of the a-par-
ticles (~71 pwm), at the time of treatment—together with
poor penetration of the mAbs. This will be investigated
further in a forthcoming study in which treatment will be
given at different times after tumor cell inoculation accom-
panied by a microscopic analysis of tumor size. For large
cell clusters that have developed blood vessels, there may
also be a radiation effect from 2!' At-mAbs that have passed
into the circulation. This contribution to the tumor dose was
not considered in our dose calculation, as it is difficult to
estimate the mAb uptake in these small tumors. However,
preliminary studies indicate no vascularization of micro-
scopic tumor clusters (radii, <60 wm) of OVCAR-3 cells in
nude mice. If 2! At is to be used for macroscopic tumors, a
pretargeting approach seems to be necessary, as fast tumor
uptake is mandatory for a short-lived radionuclide.

Another concern regarding intraperitoneal RIT is the dis-
tribution of the injected activity in the abdominal cavity. It
is uncertain whether the injected solution will gain access to
the entire abdominal cavity. Adhesion between peritoneal
surfaces including tumor cells, as well as resulting compart-
mentalization, may result in areas and volumes inaccessible
to the mAbs. This is not unlikely in the clinical situation in
which prior surgery could compartmentalize the abdominal
cavity, making the therapeutic outcome more uncertain.
Another problem in the animal model, although rather un-
likely, is unintentional intraintestinal injections. However, if
this should happen, the absorbed dose would be reduced
because of rapid drainage of the injected activity through
the intestines.

CONCLUSION

The use of the high-LET, short-range a-particle emitter
2l1At labeled to the mAb MX35 and intraperitoneally in-
jected exhibits a high efficacy when treating micrometa-
static growth of the ovarian cancer cell line OVCAR-3 on
the peritoneum of nude mice. The TFF was in the mean 64%
after the injection of ~400-1,200 kBq of 2'' At-MX35. The
result is comparable with the present as well the previous
studies using 2'"At-MOv18. The calculated absorbed doses,
based on the biokinetic model and Monte Carlo simulation,
are high for tumor sizes less than ~71 pm in radius,
explaining the favorable therapeutic outcome. The lack of
an activity-response relationship between 400 and 1,200
kBq is explained by antigenic site saturation of unlabeled
mAbs. Consequently, increased specific activity could be a
way to further improve the therapeutic outcome.
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The results obtained in this study, together with those
obtained earlier, indicate that a phase I clinical study is
justified and, consequently, will soon be initiated.
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