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ABSTRACT

Advanced ovarian cancer is largely incurable, but initially it is fre-
quently confined to the i.p. space. We explored i.p. radioimmunotherapy
in a mouse model of human ovarian cancer. Use of a targeted actinium-
225 (225Ac) in vivo generator of � particles exploits the extreme, selective
cytotoxicity of � particles, while providing a feasible half-life to enable
delivery to tumor. 225Ac chelated with 2-(p-isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10 tetraacetic acid was conjugated to trastu-
zumab, an anti-HER-2/neu antibody. The radioimmunoconjugate was
tested for immunoreactivity, internalization, and cytotoxicity using a hu-
man ovarian carcinoma cell line, SKOV3. 225Ac-labeled trastuzumab
retained immunoreactivity (50–90%), rapidly internalized into cells (50%
at 2 h), and had an ED50 of 1.3 nCi/ml after 4 days of incubation in vitro.
i.p. administered 225Ac- or 111In-labeled trastuzumab behaved similarly
with high tumor uptake [56–60% injected dose per gram (% ID/g) at 4 h,
which increased to 65–70% ID/g at 24 h]. Tumor uptake was 3–5-fold
higher than liver and spleen, the normal organs with the highest uptake.
i.v. administration of 111In-labeled trastuzumab produced slightly higher
normal organ uptake compared with i.p.-administered 111In-labeled tras-
tuzumab. However, tumor uptake was low, 5%–26% ID/g. Therapy was
examined with native trastuzumab and 220, 330, and 450 nCi of 225Ac-
labeled trastuzumab or 225Ac-labeled control antibody at different dosing
schedules. Therapy was initiated 9 days after tumor seeding. Groups of
control mice and those administered native trastuzumab had median
survivals of 33 and 37 or 44 days, respectively. Median survival was
52–126 days with 225Ac-labeled trastuzumab at various doses and sched-
ules, and 48–64 days for 225Ac-labeled control the same schedules. Deaths
from toxicity occurred with the highest activity levels. In conclusion, i.p.
administration with a 225Ac-labeled internalizing anti-HER-2/neu anti-
body can extend survival significantly in a nude mouse model of human
ovarian cancer at levels that produce no apparent gross toxicity.

INTRODUCTION

� particle emitting radioisotopes are attractive for RIT3 of micro-
metastases because of the extreme cytotoxicity and short path length
(40–80 �m, roughly 2–5 cell diameters) of the � particles. Cell death
may result from as few as one � particle traversal through the nucleus
(1). The much shorter average path length of � compared with �
particles (average ranges, 0.8–5 mm) largely eliminates nonspecific
irradiation to surrounding tissue (2). However, these attributes are
countered by the short half-lives of the best studied radioisotopes,
which include astatine-211 (211At), T1/2 � 7 h, bismuth-212 (212Bi),
T1/2 � 60 min, and bismuth-213 (213Bi), T1/2 � 46 min (3). The short
half-lives prohibit the synthesis of radioimmunoconjugates from these
isotopes at a central radiopharmacy distant from the patient and
reduce their applicability for i.v.-administered RIT of bulky solid
tumors, where peak tumor uptake is usually delayed for hours to days
after administration.

To overcome the limitations imposed by the short half-lives of the

isotopes we developed an in vivo generator of � particles based on the
� emitter actinium-225 (225Ac), which has a 10-day half-life (4). It is
a parent in a decay cascade that produces three additional � particle
emitting radioisotopes including 213Bi. (Fig. 1; Ref. 5). The resultant
in vivo generator system has an ED50 on cellular proliferation in the
range of 8–2000 pCi/ml and produces long-term remissions and cures
in mouse models of disseminated lymphoma and localized prostate
carcinoma (4).

Late-stage ovarian cancer is often characterized by metastatic seed-
ing of the peritoneal surface and accounts for 75–85% of all of the
newly diagnosed ovarian cancer patients (6). Standard therapy for
patients with peritoneal implants is cytoreductive surgery and combi-
nation chemotherapy, which produces up to a 50% complete response
rate (7); half of these patients later relapse with chemoresistant disease
and are not adequately rescued by additional therapy (6, 7).

The regional localization of ovarian cancer prompted the develop-
ment of i.p. RIT with � emitting radioisotopes (8–13). The adminis-
tration of radiolabeled antibody into the tumor compartment provides
direct access to tumor antigen with higher initial antibody concentra-
tions that favor tumor binding. Moreover, the slow egress of radiola-
beled antibody from the peritoneal cavity to the circulatory system
reduces peak and accumulative blood radioactivity compared with i.v.
administration (10, 12). Higher activities can be administered with i.p.
RIT before the induction of myelotoxicity, the dose-limiting toxicity
(10, 12). Clinical studies demonstrate some therapeutic advantages for
i.p. administration in an adjuvant setting and in the treatment of
minimal residual disease, but the results with bulky disease are dis-
appointing (8, 9, 13).

In this study, we have now tested a 225Ac-based in vivo generator
in a mouse model of advanced ovarian cancer. We found that 225Ac-
labeled immunoconjugates can treat regional disease in this model
and, therefore, provide an expanded possible use of the in vivo
generator technology (4). These studies seek to expand the possible
use of in vivo generators beyond our previous examples (4).

MATERIALS AND METHODS

Monoclonal Antibodies. Trastuzumab (Herceptin; Genentech, South San
Francisco, CA) is a humanized IgG1 that recognizes the extracellular domain
of the HER-2/neu oncoprotein (14). The antibody was washed with 0.1 M PBS
(pH 7.3) before labeling using a centrifugal concentrator (Centriplus; Milli-
pore, Bedford, MA) to remove formulating agents.

HuM195 (Protein Design Labs, Fremont, CA) is a humanized IgG1 that
recognizes an extracellular domain on CD33 and served as an isotype-matched
nonspecific antibody control (15).

Cell Line. The human epithelial ovarian carcinoma cell line SKOV3-
NMP2 was derived from serial passage of the parental SKOV3 cell line in nude
mice (16). It was grown in McCoy’s 5A medium supplemented with 1.5 g/liter
NaHCO3, 10% fetal bovine serum, nonessential amino acids, and penicillin (10
units/ml)/streptomycin (10 �g/ml) at 37°C in 5% CO2. Cells were detached
with 0.25% trypsin/0.1% EDTA in PBS.

Preparation of Radioimmunoconjugates. Briefly, a two-step radiolabel-
ing protocol was used where the radiometals, 225Ac and 111In, were first
chelated with 2-(p-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-
1,4,7,10 tetraacetic acid and then conjugated to an antibody. After column
purification, the radioimmunoconjugates were quality controlled before use
(17). The two-step protocol was developed to overcome the very low radio-
labeling efficiency, �1%, and poor in vitro stability that results from radio-
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labeling a DOTA-derived immunoconjugate with 225Ac using a conventional
one-step methodology (4).

Either 225AcNO3 (Oak Ridge National Labs, Oak Ridge, TN) dissolved in
0.1 M HCl or 111InCl (NEN Life Science Products, Inc., Boston, MA) was
added to 10 �l of 2-(p-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-
1,4,7,10 tetraacetic acid, 10 mg/ml (Macrocyclics, Richardson, TX). Typically,
0.5–1 mCi of 225Ac, 8–100 �l, or 0.5–1 mCi 111In, 1–5 �l, was used with the
activity of the 225Ac determined using a drop well dose calibrator (CRC-17;
E.R. Squibb and Sons, Inc., Princeton, NJ) set at 775 and the reading multi-
plied by 5. After the addition of the radiometal to the chelate, the pH of the
solution was raised to 4.5–5.5 with the addition of 10–75 �l of 1 M tetramethyl
ammonium acetate (Aldrich Chemical Co., Milwaukee, WI). Ascorbic acid, 5
�l, 150 g/liter, was added as a radioprotectant, and the pH checked again and
adjusted if necessary with additional 1 M tetramethyl ammonium acetate. The
solution was incubated at 56°C for 1 h.

The percentage of incorporation of the radiometal by the chelate was
determined by loading 0.5–1 �l of the solution onto a 1-ml cation exchange
resin (Sephadex C-25; Amersham Pharmacia Biotech Inc., Piscataway, NJ)
equilibrated with 0.9% saline and eluting the column with 3 ml of saline. The
eluate was collected, and the activity of the eluate and the column measured
immediately and then again the next day in case of 225Ac, using a Na-I detector
(Canberra Industries, Meriden, CT). Chelated radiometals elute, whereas
the free radiometals are retained on the column. To label the antibodies, the
chelated radiometal was then added to 200 �g of antibody, 16–204 �l, and the
pH raised to 8.0–9.0 with the addition of 10–40 �l of 1 M NaHCO2/Na2CO2

buffer (pH 9.5). The solution was incubated for 30 min at 36°C. To complex
any loosely bound radiometal before purification 10–40 �l of 10 mM EDTA
was added and the solution incubated for 5–10 min.

The radioimmunoconjugate was loaded onto a 10-ml size exclusion column
(10DG; Bio-Rad, Hercules, CA) that was equilibrated previously with 1%

HSA in saline. The radioimmunoconjugate was eluted with 1% HSA, and 1 ml
fractions were collected and assayed for activity using a drop well dose
calibrator. The measured activities of 225Ac are initially inaccurate because of
the retention of 225Ac daughter radioisotopes on the column and disruption of
the secular equilibrium. This does not impede running the quality control tests
but requires that accurate dosing of the drugs and measuring the activity of
assay samples wait until secular equilibrium is achieved, �5 h.

The radiochemical purity of the radioimmunoconjugates was determined by
instant TLC (SG ITLC plates; Gelman Science Inc., Ann Arbor, MI; Ref. 18).
The strips were analyzed immediately in the case of 111In or allowed to sit
overnight for 225Ac. Analysis was performed using a gas ionization detector
(Ambis 4000; Ambis, San Diego, CA).

The immunoreactivity of the purified, radiolabeled trastuzumab was deter-
mined by incubating the radiolabeled trastuzumab with SKOV3-NMP2 cells.
First, cells were washed twice with ice-cold PBS and then blocked by incu-
bation on ice with 2% rabbit serum. Then 5 ng of the radiolabeled antibody in
1–3 �l of 1% HSA was added to 107 cells, and the cell pellets incubated on ice
for 30 min. The cells were washed twice with ice-cold PBS, and the washes
were saved and counted by scintigraphy along with the cells after 20-h time
elapsed.

Internalization Study. Harvested SKOV3-NMP2 cells were washed twice
with ice-cold PBS and then incubated on ice with 2% rabbit serum for 20 min.
After a wash with ice-cold PBS the cells were resuspended in medium at a
density of 107 cells/ml. Trastuzumab radiolabeled with 225Ac, 10 ng/ml, was
added, and two 400 �l samples were immediately taken and processed as
described below. The cells were then placed in a humidified, 37°C incubator
with 5% CO2 where they were periodically swirled and sampled at 0.5, 1, 2,
and 4 h. The cells were centrifuged, washed twice with 1 ml of ice-cold PBS,
and then 1 ml of an acidic stripping buffer [50 mM glycine/150 mM NaCl (pH
2.8)] was added. The cells were incubated for 10 min at room temperature,
centrifuged, and the supernatant removed and saved for counting. The pellet
was then transferred to a separate scintillation vial for counting. The vials were
counted the following day, and the percentages of membrane-bound (acid-
strippable) and internalized counts were then determined.

In Vitro Cell Cytotoxicity. SKOV3-NMP2 cells were washed twice with
PBS and seeded into 96-well flat-bottomed plates at a density of 2.5 � 103

cells in 100 �l of medium. Serial dilutions of 225Ac-labeled trastuzumab were
made using a starting activity concentration of 10 nCi/ml and a specific activity
of 0.4 �Ci/�g. One-hundred �l of the 225Ac-labeled trastuzumab was added to
half of the wells, whereas the other half received 100 �l of the 225Ac-labeled
trastuzumab supplemented with native trastuzumab at a concentration of
5 � 10�7 M to block binding of the radiolabeled antibody. The 96-well plates
were placed into a humidified 37°C incubator with 5% CO2. After 3, 4, or 5
days of incubation, cell viability was determined by tritiated thymidine incor-
poration (Perkin-Elmer Life Sciences, Boston, MA). Cells that received no
antibody or unlabeled antibody served as controls.

Mouse Model. Female athymic nude mice, 4–8 weeks of age (Taconic,
Germantown, NY) were inoculated i.p. with 5 � 106 SKOV3-NMP2 cells in
a volume of 500 �l of medium. For the biodistribution experiments, mice were
treated with radioimmunoconjugate 19 days after inoculation. For the therapy
experiments, mice were treated 9 days after inoculation.

Mice were housed in filter-top cages and provided with sterile food, water,
and bedding. Animal protocols were approved by the Animal Care and Use
Committee at Memorial Sloan-Kettering Cancer Center.

Radioimmunoconjugate Administration to Nude Mice. The radioimmu-
noconjugates were diluted with 1% HSA in saline to the appropriate activities.
For i.p. administration, mice were first anesthetized with an i.m. injection of 30
�l of a 4.3:1 ratio of ketamine, 100 mg/ml: xylazine, 20 mg/ml. After
administration of the radioimmunoconjugate the mice were placed on their
backs. Mice that received i.v. administration received the same quantity of
anesthesia by i.p. administration after dilution to 500 �l in saline. Injection
volumes were 200 �l for i.p. administration and 150 �l for i.v. administration
via the retro-orbital route. The syringes were weighed before and after injec-
tion to determine the administered activity.

Biodistributions. Mice were administered i.p. 225Ac-labeled trastuzumab,
111In-labeled trastuzumab, or 111In-labeled HuM195, or received i.v. 111In-
labeled trastuzumab. Groups of mice were sacrificed at 1, 4, 24, 48, and 120 h
after administration by CO2 asphyxiation except for mice that received i.v.
111In-labeled trastuzumab. These were sacrificed at 4 and 24 h after adminis-

Fig. 1. 225Ac decay cascade with particulate emissions, half-lives, and abundance.
Transformations with �0.1% occurrence omitted.
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tration. Blood, tumor, and the major organs: heart, lung, stomach, intestine,
spleen, muscle, bone, liver, and kidney, were sampled with whole organs
collected where possible. The samples were rinsed in saline, blotted dry,
weighed, and then counted using a gamma counter (Cobra II; Packard Instru-
ments, Meriden, CT). The energy windows used were 15–550 keV for 111In
and 150–600 keV for 225Ac, which encompasses the chief 221Fr and 213Bi
photopeaks. Samples of the injectates were used as decay correction standards.
Data were expressed as % ID/g.

Therapy Studies. For the first therapy study, mice were randomized and
placed into 6 treatment groups (n � 7–9). Groups consisted of growth control
(no treatment) or i.p. administration of either native trastuzumab 2.5 �g,
225Ac-labeled trastuzumab, 220 nCi or 110 nCi �2 separated by 14 days, or
225Ac-labeled HuM195, 220 nCi or 110 nCi �2 separated by 14 days (specific
activities were between 0.04 and 0.08 Ci/g).

In the second therapy study, mice were randomized and placed into 5
different treatment groups (n � 10). Groups consisted of growth control or i.p.
administration of either 225Ac-labeled trastuzumab, 225 nCi �2 separated by
14 days or 110 nCi �3 separated by 7 days, or 225Ac-labeled HuM195, 225
nCi �2 separated by 14 days or 110 nCi �3 separated by 7 days. For both
experiments treatment began 9 days after tumor implantation, and radiolabeled
antibody concentrations were adjusted with native antibody to 2.5 �g/dose. In
the second therapy experiment, the second administration to mice in the 110
nCi �3 groups consisted of radioimmunoconjugate that was produced the
preceding week. The radiochemical purity and immunoreactivity of the radio-
immunoconjugates were unchanged after storage at 7 �Ci/ml in 1% HSA
at 4°C.

Mice were monitored daily and weighed twice weekly for evidence of
treatment induced toxicity and disease progression. In this model, disease
progression manifests as either extensive peritoneal ascites or severe weight
loss.

Statistical Analysis. Survival curves were constructed using a Prism soft-
ware package (Graphpad Software Inc., San Diego, CA) based on the method
of Kaplan-Meier. Statistical comparisons among the different treatment groups
were performed using the Mann-Whitney rank sum test. All tests were two-
tailed with the level of statistical significance set at P � 0.05.

RESULTS

Radiolabeling and Quality Control. The radiochemical yields,
radiochemical purities, and antigen binding activities of radioimmu-
noconjugates are summarized in Table 1. Greater than 99% of the
radiometal is chelated by the DOTA derivative in the first step (data
not shown), but the efficiency of the conjugation step is low, resulting
in radiochemical yields of 7–17%. The radiochemical purities were
good, at 93.8 � 3.7%, but with low specific activities, 0.3–0.08
�Ci/�g. Trastuzumab antigen binding activity was 72.0 � 14.5%, but
the variability between batches was large. This variance did not
appear to be related to the different batches of antibody or the result
of radiolysis, as the 111In-labeled trastuzumab had as large a varia-
bility as the 225Ac-labeled trastuzumab.

Internalization. Total cell-associated radioactivity increased over
time of incubation reaching a 10-fold increase at 4 h (Fig. 2). The cell

surface radioactivity increased 6-fold within the first 0.5 h and then
remained constant. Internalized radioactivity increased 16-fold over
4 h and did not plateau. The constant membrane-bound activity
implies that the HER-2/neu target receptor was being replaced at the
cell membrane as the receptor was being internalized.

Cell Cytotoxicity. The 225Ac-labeled trastuzumab demonstrated
specific cell killing with the ED50, as measured by [3H]thymidine
uptake, being �2.4 nCi/ml, 1.2 nCi/ml, and 2.8 nCi/ml after incuba-
tion, respectively, for 3, 4, and 5 days (Fig. 3). With a 10-day half-life
only 19% of the 225Ac would have decayed in 3 days, 24% in 4 days,
and 29% in 5 days.

These ED50 values are an order of magnitude smaller than the
values seen with other solid tumor cell lines (BT-474 and MCF7,

Fig. 3. Cell kill assay of 225Ac-labeled trastuzumab in SKOV3-NMP2 cells. Serial
dilutions of 225Ac-labeled trastuzumab were added to SKOV3-NMP2 cells, 2.5 � 103

cells, in 96-well plates. Cell viability was determined by dividing the mean counts of the
treated wells by the mean counts from control wells and multiplying by 100, n � 3. Half
of the experiments were blocked with excess native trastuzumab. After 3, 4, or 5 days of
incubation at 37°C, [3H]thymidine was added and the plates were incubated overnight.
The cells were collected and washed on filter paper and then counted in a scintillation
counter. Data show means. Cell viability was determined by dividing the counts of the
treated wells by the counts from control wells.

Table 1 Summary of radiolabeling quality control results

Radiochemical yield determined by dividing purified activity by the total activity
applied to the chromatography column and then multiplying the result by 100. Radio-
chemical purity determined by instant TLC followed by analysis with a gas ionization
detector. Binding activity determined by incubating 5 ng of radioimmunoconjugate with
107 SKOV3-NMP2 cells, then washing the cells with PBS, and collecting and counting
the wash and cell pellet. Cell pellet cpm was then divided by the total cpm and multiplied
by 100.

Radioimmunoconjugate n
Radiochemical

yield
Radiochemical

purity
Antigen
binding

225Ac-trastuzumab 5 17.0 � 6.8% 95 � 2% 69 � 14%
225Ac-HuM195 4 11.1 � 2.1% 92 � 5% N/Aa

111In-trastuzumab 3 10.4 � 1.6% 94 � 4% 76 � 17%
111In-HuM195 1 7% 99% N/A
a N/A, not applicable.

Fig. 2. Internalization time course of 225Ac-labeled trastuzumab in SKOV3-NMP2
cells. 225Ac-labeled trastuzumab, 10 ng/ml, was added to ice cold, blocked SKOV3-
NMP2 cells, 107 cells/ml. Samples were removed and the cells transferred to a 37°C
incubator where they were sampled at 0.5, 1, 2, and 4 h. Sampled cells were washed twice
with ice-cold PBS and then an acidic stripping buffer [50 mM glycine/150 mM NaCl (pH
2.8)] was added. The cells were incubated for 10 min at room temperature and then
centrifuged. The supernatants and cell pellets were transferred to scintillation vials for
counting. The percentage of membrane bound (acid-strippable) and internalized counts
were then determined.
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breast; NMB7, neuroblastoma; and LNCaP, prostate) and probably
reflect an intrinsic radioresistance to � radiation. The SKOV3 cell line
is radioresistant with respect to � radiation, null for p53, and resistant
to chemotherapeutic drugs (19).

Biodistribution of Antibody. Nineteen days after inoculation, tu-
mor cells in mice formed distinct tumor nodules spread throughout the
peritoneal cavity, with most nodules concentrated in the area around
the spleen, stomach, pancreas, and the junction of the lobes of the
liver. Removable tumor weight (mean of all of the mice sacrificed at
1- and 4-h time points) was 0.092 � 0.025 g (n � 29).

i.p. administration of radioconstructs demonstrated high initial tu-
mor uptake of 111In-labeled trastuzumab, 56.0 � 14.7% ID/g, at 4 h,
which increased to 65.1 � 17.1% ID/g at 24 h (Fig. 4). In contrast, i.v.
administration demonstrated low initial tumor uptake (5.2 � 1.7%
ID/g at 4 h), which increased to 26.2 � 5.9% ID/g at 24 h. The 11-fold
higher initial tumor uptake after i.p. administration reflects ready
accessibility of the radioimmunoconjugate to the periphery of tumor
masses. The continued tumor uptake seen at the later time points
probably indicated the added contribution from radioimmunoconju-
gate in blood. Normal organ values were similar at both time points
with a slight elevation in most organs at 4 h after administration for
the mice that received i.v. administration reflecting the higher initial
blood activity. Normal organs with the highest uptake of radioimmu-
noconjugate were liver with 12.1 � 2.5% ID/g for i.v. and
11.8 � 0.7% ID/g for i.p. at 4 h, which decreased, respectively, to
8.7 � 3.0% ID/g and 8.8 � 2.8% ID/g at 24 h, and spleen with
19.7 � 7.8% ID/g for i.v. and 15.8 � 6.0% ID/g for i.p. at 4 h, which
remained elevated at 14.9 � 7.5% ID/g for i.v. and 16.2 � 6.2% ID/g
for i.p. at 24 h. These organ values probably reflect catabolism and
uptake of radiometal rather than antibody targeting (20).

Comparison of i.p. Administration of 111In-labeled Trastu-
zumab to 111In-labeled HuM195 in Mice with i.p. SKOV3 Xe-
nografts. The initial time points of 1 and 4 h show rapid tumor uptake
of 111In-labeled trastuzumab with 36.0 � 11.4% ID/g at 1 h and
56.0 � 14.7% ID/g at 4 h. Control 111In-labeled HuM195 showed
13.0 � 0.8% ID/g at 1 h and 18.6 � 6.8% ID/g at 4 h (Fig. 5). The
tumor uptake of 111In-labeled HuM195 peaked at 4 h, which coincides
with peak blood radioactivity, 27.8 � 2.9% ID/g. Tumor and blood

radioactivity of 111In-labeled HuM195 declined at 24 h to 7.0 � 3.9%
ID/g and 12.3 � 8.7% ID/g, respectively. In contrast, tumor uptake of
111In-labeled trastuzumab continued to rise at 24 h, 65.08 � 17.1,
whereas blood radioactivity declined to 11.4 � 6.4% ID/g. Peak
normal organ radioactivity for both antibodies mirrored peak blood
radioactivity with the spleen and liver the highest with 15.8 � 5.6%
ID/g and 11.8 � 4.5% ID/g, respectively, for 111In-labeled trastu-
zumab, and 9.7 � 1.5% ID/g and 9.5 � 2.1% ID/g, respectively, for
111In-labeled HuM195.

Tumor radioactivity continued to increase through 48 h with 111In-
labeled trastuzumab, 71.4 � 16.7% ID/g, whereas it decreased for
111In-labeled HuM195 to 6.3 � 1.2% ID/g. Blood radioactivity con-
tinued to decrease, and this drop was reflected in normal organs
values.

Comparison of i.p. Administration of 111In-labeled Trastu-
zumab to 225Ac-labeled Trastuzumab in Mice with i.p. SKOV3
Xenografts. Tumor uptake and retention of 225Ac- and 111In-labeled
trastuzumab was similar (Fig. 6). The major difference was lower
peak blood radioactivity for the 225Ac-labeled trastuzumab at 4 h and
consequently lower normal organ uptake of radioactivity. The biodis-
tribution studies demonstrate that 111In is a useful surrogate for
225Ac-labeled antibodies.

Therapy Studies. Tumor burden was estimated by sacrifice of 6
untreated control animals at the initiation of the therapy experiments.
The tumor mass was 0.032 � 0.004 g (n � 6) with tumor nodules
recovered primarily around the spleen, stomach, and pancreas.

Toxicity, as defined as a �10% weight loss, was not observed in
the first therapy experiment. Additionally, there were no early, treat-
ment-related deaths.

The median survival times for growth control mice and mice treated
with a single dose of 2.5 �g of native trastuzumab were 33 and 37
days, respectively, after inoculation of tumor cells (Fig. 7). The
difference between these two groups was not statistically significant.
Mice treated with 220 nCi of 225Ac-labeled trastuzumab and those

Fig. 5. Comparative biodistributions of i.p. administered 111In-labeled trastuzumab and
111In-labeled HuM195. Female athymic nude mice bearing 19-day-old i.p. xenografts of
SKOV3-NMP2 cells were administered i.p. 111In-labeled trastuzumab (n � 6–7) or
111In-labeled HuM195 (n � 3–4). Mice were sacrificed at 1, 4, 24, 48, and 120 h after
administration, and blood, tumor, heart, lung, stomach, intestine, spleen, muscle, bone,
liver, and kidney were sampled, weighed, and then counted with a gamma counter. The
% ID/g for each sample was then determined; bars, � SE. For clarity, values for heart,
lung, stomach, intestine, muscle, and femur are not shown. These tissues have �5% ID/g
for all time points with the exception of lung (8.9% ID/g at 4 h for 111In-labeled
trastuzumab and 8.6% ID/g, 5.6% ID/g, and 5.7% ID/g at 4, 24, and 48 h for 111In-labeled
HuM195).

Fig. 4. Comparative biodistributions of i.p. and i.v. administered 111In-labeled trastu-
zumab. Female athymic nude mice bearing 19-day-old i.p. xenografts of SKOV3-NMP2
cells were administered i.p. 111In-labeled trastuzumab (n � 6–7) or i.v. 111In-labeled
trastuzumab (n � 4). Mice were sacrificed at 4 and 24 h after administration, and blood,
tumor, heart, lung, stomach, intestine, spleen, muscle, bone, liver, and kidney were
sampled, weighed, and then counted with a gamma counter. The % ID/g for each sample
was then determined; bars, �SE.
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treated with 220 nCi or 110 nCi �2 225Ac-labeled HuM195, fractions
separated by 14 days, had median survival times of 52, 50, and 50
days, respectively, after inoculation of tumor cells. The difference
between groups was not statistically significant. The difference be-
tween these groups and the mice that received either no treatment or
native trastuzumab was statistically significant (P � 0.0002). Mice
that received 110 nCi �2 of 225Ac-labeled trastuzumab fractions
separated by 14 days had a median survival time of 65 days, which
was statistically significant when compared against all of the other
treatment groups except mice that received 200 nCi of 225Ac-labeled
trastuzumab (P � 0.297).

In the second therapy experiment, 10–12% weight loss was ob-
served 1 day after the third administration of 110 nCi and the second
administration of 225 nCi, respectively, of 225Ac-labeled HuM195.
These groups did not recover their weight before succumbing to
disease progression or treatment-related death. Mice that received 110

nCi �3 of 225Ac-labeled trastuzumab experienced 10% weight loss
after the first and third administration, but recovered to pretreatment
weight within 2 weeks of their last administration. Mice that received
225 nCi �2 of 225Ac-labeled trastuzumab never lost �6% of their
pretreatment weight.

Petechia appeared in mice 11–15 days after the last administration
of radioimmunoconjugate. The frequency was 2 of 10 mice treated
with 110 nCi �3 of 225Ac-labeled HuM195, 2 of 10 mice treated with
225 nCi �2 of 225Ac-labeled HuM195, and 3 of 10 mice treated with
225 nCi �2 of 225Ac-labeled trastuzumab. All of the mice died within
4–8 days of the appearance of petechia.

Two additional mice in each of the 110 nCi �3 and 225 nCi �2
225Ac-labeled HuM195 groups presented with anemia caused by
massive, bloody ascites. Necropsy of sacrificed mice demonstrated
the occurrence of tumor in all of the mice. Bloody ascites is an end
point for this tumor model, but it is possible that the loss of platelets
may have accelerated the appearance of ascites.

The median survival time for growth control mice was 44 days (Fig.
8). Mice that received 225Ac-labeled HuM195, 225 nCi �2 separated
by 14 days had a medium survival of 48 days. The difference in
median survival between these groups was not significant. Mice that
received 225Ac-labeled HuM195, 110 nCi �3 separated by 7 days had
a median survival of 64 days. The difference in median survival
between this group and growth control was significant, P � 0.033, as
was the difference between this group and the mice that received
225Ac-labeled HuM195, 225 nCi �2 (P � 0.049).

Mice that received 225Ac-labeled trastuzumab,110 nCi �3, sepa-
rated by 7 days had a median survival time of 124 days. Mice that
received 225Ac-labeled trastuzumab, 225 nCi �2 separated by 14 days
had an overall median survival time of 126 days. However, 3 mice in
this treatment group died early with anemia, petechiae, or bleeding,
suggesting bone marrow failure. The median survival times for the
225Ac-labeled trastuzumab treatment groups were significantly differ-
ent from all of the other treatment groups (P � 0.043), but they were
not significantly different between themselves.

The first therapy study demonstrates a survival advantage for mice
that received i.p.-administered 225Ac-labeled HuM195. This advan-
tage from nonspecific irradiation by the radioimmunoconjugate is
abrogated in the second therapy study by the increased toxicity
incurred from the increased accumulative administered activity and
decreased time interval between fractions. The 225Ac-labeled trastu-
zumab continued to demonstrate a survival advantage in the second
therapy study, but toxicity was evident at the 225 nCi �2 activity
level.

Fig. 6. Comparative biodistributions of i.p. administered 225Ac- and 111In-labeled
trastuzumab. Female athymic nude mice bearing 19-day-old i.p. xenografts of SKOV3-
NMP2 cells were administered i.p. 225Ac-labeled trastuzumab (n � 5) or 111In-labeled
trastuzumab (n � 6–7). Mice were sacrificed at 1, 4, 24, 48, and 120 h after administra-
tion, and blood, tumor, heart, lung, stomach, intestine, spleen, muscle, bone, liver, and
kidney were sampled, weighed, and then counted with a gamma counter. The % ID/g for
each sample was then determined. For clarity, values for heart, lung, stomach, intestine,
muscle, and femur are not shown. These tissues have �5% ID/g for all time points with
the exception of lung (111In-labeled trastuzumab, 8.9% ID/g at 4 h); bars, �SE.

Fig. 7. Kaplan-Meier plot showing survival of mice bearing i.p. SKOV3-NMP2
xenografts. In this therapy experiment, treatment of mice (groups n � 7–9) was given 9
and 23 days after tumor inoculation with i.p.-administered antibody or radioimmunocon-
jugate. Treatment times marked by arrows on plot. Mice were monitored for signs of
morbidity, at which time they were sacrificed.

Fig. 8. Kaplan-Meier plot showing survival of mice bearing i.p. SKOV3-NMP2
xenografts. In this therapy experiment, mice (groups n � 10) were treated 9, 16, and 23
days after tumor inoculation with i.p.-administered radioimmunoconjugate. Mice were
monitored for signs of morbidity, at which time they were sacrificed.
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DISCUSSION

For RIT of micrometastatic disease � particle emitters have several
advantages over � emitters. Unlike � emitters, � emitters do not rely
on a radiation field effect for cytotoxicity. Their high linear energy
transfer, 80–100 keV/�m, compared with 0.2 keV/�m for � emitters,
allows isolated single cells to be killed by the radioimmunoconjugate
targeted to those cells. � particle path lengths are also roughly the
same dimension as small clusters of target cells. A higher percentage
of the energy of the decays will be deposited within these clusters than
can be achieved with � particle emitters, reducing damage to the
surrounding normal tissue. Additionally, preclinical and clinical re-
sults support higher relative biological effect (RBE) values for �
emitters and, therefore, suggest that an enhanced therapeutic ratio may
exist with � emitters (21–24). Furthermore, unlike � emitters, the
clustered, double-strand DNA breaks induced by � emitters are inde-
pendent of the dose rate, which decreases exponentially as radioiso-
topes decay (25).

These experiments demonstrated the efficacy of regional RIT with
an internalizing antibody coupled to a 225Ac in vivo generator in a
model of ovarian peritoneal carcinomatosis. With the appropriate
dosing schedule, prolonged survival was achieved without apparent
gross toxicity in a model of advanced chemotherapy and radiation-
resistant disease.

The two-step labeling methodology produces radioimmunoconju-
gates with suitable radiochemical purity and immunoreactivity. The
radiochemical yields were low but sufficient for preclinical and clin-
ical trials, as the extreme potency of these reagents allows studies to
commence with 50–200 nCi activity. Human doses would be ex-
pected to be in the 10–100 �Ci range. One shortcoming to this
radiolabeling methodology is the low specific activity of the radio-
immunoconjugates, wherein only one antibody of �1000 is radiola-
beled. This may preclude the use of these reagents in diseases with
relatively low antigen expression.

The tumor uptake is quite high in this model and exceeds that of
other published i.p. xenograft/i.p. administration models (26–29). The
high uptake may result from the high expression and internalization
rate of the HER-2/neu antigen and also the large surface area that
results from having many small tumor nodules. Larger nodules are
known in preclinical (26) and in clinical studies (30) to have lower
uptake of activity, which may relate to a smaller surface area to
volume ratio. The tumor and normal organ biodistribution of 225Ac-
labeled trastuzumab was similar to 111In-labeled trastuzumab and
suggests that 111In-labeled antibodies can serve as surrogates for
determining the pharmacokinetics and biodistribution of 225Ac-
labeled antibodies. This allows dosimetric calculations to be per-
formed on data from previous animal models and clinical trials with
111In-labeled antibody studies. However, as discussed below, the
biodistribution of some 225Ac daughters may not be modeled by
111In-labeled antibodies.

The first therapy study suggests that fractionated therapy with
225Ac-labeled trastuzumab may be more effective than a single ad-
ministration of 225Ac-labeled trastuzumab. The median survival is
longer with fractionated therapy, but the two populations are not
distinct. In the second therapy study using two different fractionation
activities and schedules, the smaller, more frequent activity, 110 nCi
�3, weekly, had an equivalent median survival as 225 nCi �2
administered 14 days apart. More importantly, the 110 nCi �3 sched-
ule was without the early mortality seen with the higher activity.

Repeat administration may be necessary to treat large clusters of
tumor cells, as spheroid studies demonstrate that the distribution of
radioimmunoconjugates is restricted to the outer cell layers (31). An
adequate time interval may be required to clear dead cells and expose

viable cells underneath. Fortunately, the required number of fractions
may be low, as spheroids up to 20–30 cells in diameter can be killed
by the small radiation field effect generated by � particle emitting
radioimmunoconjugates (31).

An internalizing antibody was used in these studies to increase
cytotoxicity toward targeted cells. � particles originating on the cell
surface have an estimated 30% probability of traversing a cell (1).
Internalizing antibodies increase this likelihood of decays traversing
the cell and the probability of hitting the nucleus. Internalization rate
can be increased through two modifications of antibody structure,
dimerization and cationization. Dimerization increases avidity thereby
decreasing the dissociation rate, resulting in higher cell membrane
antibody concentration (32). Internalization rates increased 2–4-fold
through clustering of antigen or Fc receptors (32, 33). For i.p. admin-
istration, dimerization is of particular interest, as the larger size of the
radioimmunoconjugate should slow the egress of the drug from the
peritoneal cavity. Cationization increases the isoelectric point of an
antibody, and can markedly increase binding and internalization rates
through absorptive-mediated endocytosis (34).

Internalizing antibodies may be crucial for the use of 225Ac, as the
first radioactive daughter, francium-221 (221Fr) is not bound by the
chelate after the change in periodicity and the nuclear recoil that
accompanies the � particle emission. Whereas the prospect of un-
bound radiometals is worrisome, our data suggests that 225Ac daugh-
ters are sequestered inside cells after internalization of 225Ac-labeled
antibodies and that 225Ac daughters from untargeted radioimmuno-
conjugate may not represent an insurmountable problem (4).4

As opposed to mice where peak blood radioactivity is seen at 4 h,
clinical studies demonstrate that i.p. administration results in the slow
release of radioactivity into the blood with peak serum radioactivity
occurring �2 days after administration, representing 13–30% of the
total administered activity (10, 13). With rhenium-186, i.p. adminis-
tration can increase the maximum tolerated dose by 2/3 over i.v.
administration (10). Rhenium-186 has a 3.7-day half-life, so by 48 h
31% of the radioisotope has decayed. In contrast, with 225Ac only
13% of the radioisotope would have decayed. However, the longer
half-life of Ac-225 may result in greater biological clearance, partic-
ularly of chelated Ac-225 before appreciable decay occurs.

Trastuzumab and the SKOV3 animal model were selected for proof
of principle of regional therapy with an 225Ac in vivo generator
because of the aggressive growth, high antigen expression, and high
degree of internalization of the antibody/antigen complex of the target
cells. However, for clinical development, other antibodies may be
more appropriate as the incidence of HER-2/neu overexpression in
ovarian cancer is relatively low, 25–30% (35, 36). A more appropriate
target may be the internalizing, high affinity folate receptor, overex-
pressed in �90% of nonmucinous epithelial ovarian tumors (37).
Moreover, these data suggests a possibility of treating other cancers
with i.p. carcinomatosis, such as colon cancer.

In summary, we have tested the use of internalizing in vivo �
particle generators in a regional model of advanced ovarian cancer.
Long-term survival was achieved. The results suggest that i.p. RIT
with 225Ac is feasible for the treatment of micrometastatic disease and
that additional development of this modality is warranted.
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