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Abstract

Introduction—Carcinomatous meningitis (CM) is a devastating disease characterized by the
dissemination of malignant tumor cells into the subarachnoid space along the brain and spine.
Systemic treatment with monoclonal antibody (mAb) trastuzumab can be effective against HER2-
positive systemic breast carcinoma but like other therapies, is ineffective against CM. The goal of
this study was to evaluate the therapeutic effect of a-particle emitting 211At-labeled trastuzumab
following intrathecal administration in a rat model of breast carcinoma CM.

Methods—Athymic rats were injected intrathecally with MCF-7/HER2-18 breast carcinoma cells
through a surgically-implanted indwelling intrathecal catheter. In Experiment 1, animals received
33 or 66 pCi 211 At-labeled trastuzumab, cold trastuzumab, or saline. In Experiment 2, animals were
inoculated with a lower tumor burden and received 46 or 92 pCi 211 At-labeled trastuzumab, or saline.
In Experiment 3, animals received 28 pCi 211At-labeled trastuzumab, 30 pCi 21At-labeled TPS3.2
control mAb or saline. Histopathological analysis of the neuroaxis was performed at the end of the
study.

Results—In Experiment 1, median survival increased from 21 days for the saline and cold
trastuzumab groups to 45 and 48 days for 33 and 66 pCi 211 At-labeled trastuzumab, respectively. In
Experiment 2, median survival increased from 23 days for saline controls to 68 and 92 days for 46
and 92 pCi 21 At-labeled trastuzumab, respectively. In Experiment 3, median survival increased
from 20 days to 29 and 36 days for animals treated with 211 At-labeled TPS3.2 and 211At-labeled
trastuzumab, respectively. Long-term survivors were observed exclusively in the 211 At-trastuzumab-
treated groups.

Conclusion—Intrathecal 211 At-labeled trastuzumab shows promise as a treatment for patients with
HER2-positive breast CM.
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1. Introduction

Carcinomatous meningitis (CM) is a devastating disease characterized by the dissemination of
malignant tumor cells within the leptomeningeal space and metastatic spread throughout the
cerebrospinal fluid compartment along the brain and spine. The disease occurs in
approximately 4 to 15% of patients with solid tumors and is most frequently diagnosed in
patients with breast carcinoma (27 to 50%), lung carcinoma (22 to 36%), lymphoma or
leukemia (5 to 15%) as well as tumors of the central nervous system (CNS), mostly notably,
medulloblastoma (30%) [1,2]. Developing better treatments for CM accompanying breast
cancer is particularly important not only because of its relative frequency but also due to the
fact that its incidence appears to be increasing, in part because systemic disease has become
more effectively managed [3]. The prognosis for patients with CM is grim with a median
survival of only 2 to 6 months. This is due in large part to the fact that external beam
radiotherapy and chemotherapy are generally self-limited in this setting by their cytotoxicity
to normal tissues, particularly those of the CNS. An attractive approach to increasing the
specificity of CM treatment is targeted radiotherapy, in which a vector such as a monoclonal
antibody (mADb) is utilized to selectively deliver a radionuclide to cancer cells.

With regard to the choice of vehicle for this purpose, the epidermal growth factor receptor
(EGFR) tyrosine kinase known as both ErbB2 and HER2/neu is a potentially valuable target
for cancer therapeutics. The p185 trans-membrane protein HER2 oncogene product is over
expressed on about 25% of breast carcinomas and other malignancies but only at low levels
on normal tissues [4—6]. Trastuzumab (Herceptin, Genentech, South San Francisco, CA) is a
humanized mADb that specifically binds to a cysteine rich motif within the extracellular domain
of this p185 protein [7]. Systemically administered Trastuzumab is broadly utilized, primarily
in combination with chemotherapy, for the treatment of patients with HER2-positive breast
carcinoma with responses observed in about half of the time [8,9].

For unknown reasons, HER2 positive breast carcinoma patients have a relatively high
incidence of CM [3]. The impermeability of the blood-brain barrier (BBB) hinders the delivery
of systemically administered macromolecules to lesions located within the CNS, such as brain
metastasis or CM, in a therapeutically-significant manner: following intravenous
administration, the CSF concentration of trastuzumab remains 300-fold lower than its systemic
concentration [10]. Compartmental administration (intratumoral, intrathecal) by-passes the
BBB, thereby allowing for significantly higher doses available for binding to HER2-positive
tumor cells. This has lead to a number of case reports investigating the therapeutic effectiveness
of high-dose intrathecal trastuzumab, with 2 of 5 patients treated surviving for more than 6
months [11-15].

We hypothesize that the efficacy of intrathecal trastuzumab could be enhanced by combining
the mAb with a radionuclide possessing emission characteristics that are well matched to the
geometrical features of CM. Because leptomeningeal spread of malignancies present as free
floating cancer cells in the CSF and sheet-like deposits on compartmental walls, radionuclides
emitting short range radiation are recommended to minimize radiation dose to the spinal cord,
[16]. Alpha particles such as those emitted by 211At have a range in tissue of only a few cell
diameters and thus might be ideally suited to this purpose. In addition the 7.2-h half life of this
radiohalogen reduces the risk of systemic toxicity after CSF protein resorbtion into the general
circulation. Finally, as a consequence of the high linear energy transfer nature of a-particles,
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the cytotoxicity of 211At-labeled compounds is considerably higher than those labeled with p-
emitters such as 1311 and 90Y in routine use for clinical radioimmunotherapy [17].

In the present study, we describe a rat model for HER2-positive breast carcinoma CM. This
model was utilized to evaluate the therapeutic potential of 211At-labeled trastuzumab and our
results indicate that significant survival prolongation could be obtained after intrathecal
administration of this targeted radiotherapeutic.

2. Materials and methods

2.1 Antibodies

Trastuzumab was obtained from the Duke University Medical Center hospital pharmacy and
was dialyzed overnight into 100 mM pH 8.5 borate buffer prior to labeling. The chimeric
human/murine TPS3.2 mAb, produced as described previously [18], was treated in similar
fashion and served as a control. Fluorescence activated cell sorting analysis of this anti-dansyl
1gG, mAD confirmed its lack of reactivity to the HER2-expressing cell line used in these studies
(data not shown).

2.2 Labeling mAbs with 211At

Astatine-211 was produced on the Duke University Medical Center CS-30 cyclotron by
bombarding natural bismuth targets with 28-MeV a-particles via the 209Bi(a,2n)211 At reaction.
The 211 At was isolated from the cyclotron target into chilled chloroform using a dry distillation
procedure. Trastuzumab and TPS3.2 were labeled at a specific activity of about 5 mCi/mg
with 211At using the N-succinimidyl 3-[211At]astatobenzoate reagent as described [19] and
then diluted as needed for the radioimmunotherapy studies. The integrity of the labeled mAbs
was evaluated by size exclusion HPLC, which indicated that greater than 98% of the 211At
activity eluted with a retention time corresponding to that of intact IgG. The immunoreactive
fraction of 211At-labeled trastuzumab, determined by incubation with 50, 100 and 200 ng of
HER2 extracellular domain, was 80-90% for the preparations used in these studies.

2.3 Cell line and culture

The MCF-7/HER2-18 cell line [20] is the stable HER2-transfected version of the human breast
carcinoma MCF-7 cell line, which was provided by Genentech. All cell culture reagents were
obtained from Gibco (Grand Island, NY). Cells were grown in DMEM:Ham’s F-12 (50:50)
media enriched with 10% inactivated fetal bovine serum and 400 mg/ml G418 (geneticin) to
select for HER2-expressing cells. Cells were cultured at 37°C in a 5% CO, atmosphere. Prior
to intrathecal inoculation, cells were detached from culture flasks using rubber cell scrapers,
washed three times, and suspended in PBS at a concentration of 1.25 x 108 cells/ml for use in
Experiment 1, and 6.25 x 107 cells/ml for use in Experiment 2 and 3. The cell suspension
solution was then loaded into 1000 pl Hamilton syringes and injectors (Hamilton Co., Reno,
NV).

2.4 Athymic rat model of breast carcinomatous meningitis

All procedures involving animals were performed in accordance with protocols approved by
the Duke University Institutional Animal Care and Use Committee. Female athymic rats
(Big:NIMR™MY/MU) wejghing 350-450 g and 5-6 months of age were maintained in the Duke
University Cancer Center Isolation Facility. Animals were anesthetized with a mixture of
ketamine (55 mg/ml) and xylazine (9 mg/ml) given intraperitoneally in a total volume of 1 ml/
kg body weight. Intrathecal catheters were placed using the procedures described by Fuchs et
al. [21]. Briefly, rats were placed in a Kopf stereotactic frame (David Kopf Instruments,
Tujunga, CA) with the neck flexed at 90°. A midline sagittal incision was made from the inion

Nucl Med Biol. Author manuscript; available in PMC 2010 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boskovitz et al.

Page 4

to the arch of C1 lamina. The atlanto-occipital membrane was then exposed, and the underlying
cisterna magna dura was opened. A PE-10 catheter (Intramedic; Clay Adams, Franklin Lakes,
NJ) with a 5-0 stainless steel wire stylet was inserted into the subarachnoid space and passed
along the posterior aspect of the spinal cord so that the tip rested in the lumbar region (8.5 cm)
as illustrated in Figure 1. A loose knot was tied in the catheter and fixed with dental epoxy
(Lang Dental Manufacturing Co., Chicago, IL). The catheter was passed through the skin lateral
to the incision, and the wound was closed with surgical staples. The animals were allowed to
recover for 10-14 days. Beginning 8-10 days before tumor inoculation, a 1.6 mg continuous
release 17B-estradiol pellet (Innovative Research, Toledo, OH) was placed subcutaneously.
Animals were anesthetized by inhalation of isoflurane and CM was initiated by a single bolus
of tumor cells (0.5-1.25 x 107 in 80-100 ul) via the indwelling catheter using the Hamilton
syringe and injector. The catheter was flushed with 20 pl of saline and the catheter was re-
occluded using a small piece of 2-0 stainless steel wire.

2.5 Targeted radiotherapy studies

A total of three experiments were performed. In each case, treatment was initiated three days
after tumor inoculation. Treatment solutions were injected in volumes of 40 pl, followed by a
20 pl flush, via the indwelling catheter using the Hamilton syringe and injector. The tumor
inoculum in the first experiment was 1.25 x 107 cells and was 5 x 106 cells in the other two
experiments. In Experiment 1, animals received 33 puCi/14 ug 211At-labeled trastuzumab
(n=8), 66 UCi/14 pg 211 At-labeled trastuzumab (n=9), 14 ug cold trastuzumab (n=10), or saline
(n=9). In Experiment 2, animals were treated with 46 puCi/19 pg 21 At-labeled trastuzumab
(n=10), 92 UCi/19 ug 211At-labeled trastuzumab (n=11), or saline (n=10). In Experiment 3,
animals received 28 pCi//20 pg 211 At-labeled trastuzumab (n=10), 30 uCi/20 ug 211 At-labeled
TPS3.2 (n=9), or saline (n=11). Following treatment administration, animals were examined
daily for neurological status and survival, and were weighed twice weekly. Median survival
was determined using the Kaplan-Meier plot method. The Wilcox rank sum test was used to
analyze the statistical significance of differences among groups, with a P < 0.05 considered to
be significant.

2.6 Histopathological analysis

3. Results

Within 24 h of death or, for survivors, at the end of the experiment, animals were necropsied
in order to perform a histopathological analysis of the neuroaxis. The skull and spine were
removed, fixed in 10% buffered neutral formalin for 7-10 days and treated with a decalcifying
solution for 1-2 days. Sections from the brain, at the level of the bregma (A) and lambda suture
(B), and the spine at the cervical (C), thoracic (D), lumbar (E) and sacral (F) levels were
obtained (Figure 1). The tissues were embedded in paraffin, cut at 6-um sections, and stained
with hematoxylin and eosin-Luxol fast blue for light microscopic examination by a
neuropathologist.

3.1 Breast carcinomatous meningitis model

The effect of altering the number and volume of inoculated cells was evaluated in preliminary
experiments where it was found that CM could be established reproducibly with volumes of
80-100 pl and 0.5-1.25 x 10’ MCF-7/HER2-18 cells. As observed previously, in order to use
this cell line to establish intracerebral xenografts in this rat strain [22], consistent tumor growth
required use of a continuous-release 173-estradiol pellet. At these cell doses, animals developed
progressive neurological deficits and died on Days 18-24. Histological analysis revealed the
presence of leptomeningeal tumor extension from the base of the brain to the cauda equina
(Figure 2).
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3.2 Targeted radiotherapy studies

Details, including tumor inoculum, number of animals in each treatment group and the protein
doses of trastuzumab, for the three radioimmunotherapy experiments are summarized in Table
1.

Experiment 1—As shown in Figure 3A, animals treated with saline or cold trastuzumab had
a median survival of 21 days. Median survival was more than doubled to 45 and 48 days for
groups that received 33 and 66 uCi 211At-labeled trastuzumab, respectively; one long-term
survivor was observed in each radiolabeled trastuzumab-treated group. Doubling the level

of 211At on the mAb did not result in asignificant increase in survival (P =0.252). The incidence
of tumor in histopathological sections of the brain (A, B) and spine (C-F) was significantly
reduced among animals treated with 211 At-labeled trastuzumab, compared to those treated with
saline or cold trastuzumab (Figure 3B). Histopathological analysis reveal that 60% and 67%
of the animals treated with saline or cold trastuzumab, respectively, were diagnosed with
intracranial tumor growth, in comparison with 25% and 11% for those treated with the low and
high dose of 211At-labeled trastuzumab, respectively. Along the spine, tumor was found in 78—
100% of the control animals and in 38-63% and 33-78% of those treated with 21 At-labeled
trastuzumab at the low and high doses, respectively.

Experiment 2—Animals in this and the following experiment were inoculated with a tumor
burden of 5 x 10° cells compared with 1.25 x 107 cells used in Experiment 1. The median
survival of the saline group was 23 days in this study, longer than observed in Experiment 1
(21 days); however, the difference was not statistically significant. As shown in Figure 4A,
treatment with 46 pCi and 92 pCi 211At-labeled trastuzumab increased median survival to 68
and 92 days, respectively, equivalent to a three and four fold survival prolongation advantage
compared with saline. Nonetheless, according to the Wilcox rank sum test, the difference in
median survival between the high and low dose groups was not statistically significant (P =
0.20). There were 3 long term survivors out of 11 animals in the high dose group and one long
term survivor out of 10 animals in the low dose 211 At-labeled trastuzumab group. For animals
receiving both the low and high dose of 211 At-labeled trastuzumab, histopathological analysis
documented the presence of tumor in 0-20% of animals in all regions except the lumbar spine
(Figure 4B). In comparison, 40-100% of animals in the saline group had evidence of tumor in
these regions.

Experiment 3—The third experiment was performed to evaluate the specificity of the 211At-
labeled trastuzumab therapeutic effect. Animals treated with saline had a median survival of
20 days, compared to 29 and 36 days for those treated with 211At-labeled TPS3.2 (30 uCi)
and 211 At-labeled trastuzumab (28 uCi), respectively (Figure 5A). The median survival for
both 211 At-labeled mAb groups was significantly longer than that of the saline control, and the
median survival for the 211 At-labeled trastuzumab group was significantly longer than that for
the group treated with the HER2 nonreactive 211At-labeled TPS3.2 mAb. One long-term
survivor was observed in the 211 At-labeled trastuzumab-treated group. Tumor was found in
82-100% of brain sections in the saline group compared with 67-100% and 60-80% in the
TPS3.2 and trastuzumab groups, respectively (Figure 5B). Likewise, tumor was found in 91—
100% of spine sections in the saline group compared with 89-100% and 50-90% in the TPS3.2
and trastuzumab groups, respectively.

3.3 Histopathological analysis for benign pathological changes

In addition to evaluation of the presence of tumor, sections of the neuraxis were assessed for
toxic effects potentially associated with 211At-labeled mAb treatment. The percentages of

animals in each group in which hemorrhage, necrosis, demyelination (defined as demyelination
of the long tracts of the cord found along the subarachnoid space), massive spinal edema and
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meningeal inflammation or fibrosis were found in at least one section of an animal are
summarized in Table 2. In the first experiment performed with the higher tumor inoculum, the
percentage of animals exhibiting necrosis, edema and hemorrhage in the 211At-labeled
trastuzumab groups was 0-38%, comparable to those seen in the saline and cold trastuzumab
groups. Demyelination was only observed in the high dose 211 At-labeled trastuzumab group
(44%) while fibrosis was only seen in the low dose group (38%). With the exception of the
observation of demyelination in 3/10 animals in Experiment 2, the percentages of animals
exhibiting pathological signs in the experiments performed with the lower initial tumor burden
were lower than in those receiving the higher burden. In Experiment 2, particularly in the 92
UCi 211 At-labeled trastuzumab group, the percentage of animals with necrosis, edema, fibrosis
and demyelination was 36, 45, 55, and 64%, respectively. However, in the 3 long term survivors
in this group, the pathological observations were limited to demyelination in 1 or 2 of 7 sections
in each animal, fibrosis in the cervical spine section of one animal and the sacral spine section
of one animal, and edema in the cervical spine section of one animal. The only toxicity observed
in Experiment 3 was demyelination in 1-3 sections of 3/10 animals receiving the 28 pCi dose
of 211At-labeled trastuzumab.

4. Discussion

Better treatments for malignancies that metastasize to the subarachnoid space are critically
needed because current therapies are largely ineffective [1,2]. Although radiation has been
utilized in patients with CM, external beam therapy can rarely achieve a meaningful therapeutic
effect because of dose-limiting toxicity to the normal neuraxis [3]. Targeted radiotherapy is
attractive in this setting because of the potential for achieving high levels of tumor cell
irradiation while sparing normal tissues. The feasibility of this approach has been demonstrated
in pilot clinical studies performed in CM patients with glioma, melanoma and neuroblastoma,
all utilizing mAbs labeled with the p-particle emitter 131| [23-25]. Although responses were
observed in some patients, in others, significant toxicities were seen [26].

A more effective strategy might be to utilize radionuclides emitting radiation with a range in
tissue that is better matched to the geometry of CM, which frequently is characterized by 5 to
10 cell thick layers of tumor cells and free floating cancer cells within the CSF [27]. Dosimetry
calculations suggest that using a shorter range B-particle emitter such as 19Au (Pgg 280 pm)
would increase CSF:spinal cord dose ratios by a factor of three [16]. A further enhancement
in the selectivity of CM irradiation would be reasonable to expect based on the 55-80 pum range
of 211At o-particles. This feature, combined with the radiobiological advantages in utilizing
high linear energy transfer radiation for targeted radiotherapy, provided motivation for the
current study investigating the therapeutic efficacy of a single dose of 211At-labeled
trastuzumab in an athymic rat model of CM.

A HER-2 expressing CM model was established in athymic rats and histopathological analyses
documented the presence of leptomeningeal tumor extension from the base of the brain to the
cauda equina. Fluorescence activated cell sorting analysis of the MCF-7/HER2-18 line in
vitro indicated that receptor expression on this cell line was heterogeneous with a bimodal
distribution of receptors per cell observed [28]. Heterogeneous receptor expression is one of
the major hurdles to molecularly targeted cancer therapy [29] and thus a CM model with
varying levels of HER-2 provides a realistic setting for the evaluation of therapeutic agents
that target the p185 trans-membrane protein HER2 oncogene product. The existence of
subpopulations of cancer cells with low receptor number is particularly problematic for
treatments with short-range radionuclides such as a-particles because killing of non-targeted
cells by physical cross fire will be limited.
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The cytotoxicity of 211At-labeled trastuzumab for MCF-7/HER2-18 cells has been evaluated
in vitro [28]. When survival fraction was plotted against activity concentration, a two phase
relationship was observed, consistent with the bimodal HER2 receptor concentration on this
line. The intrinsic cell sensitivity for 211At-labeled trastuzumab was measured to be 0.36 Gy
compared with a D37 value of 3.1 Gy for external beam radiation, indicating a relative
biological effectiveness of 8.6, consistent with the high linear energy transfer characteristic of
a-particles. As observed with other 211 At-labeled targeted radiotherapeutics, a significant
reduction in tumor cell survival could be achieved with less than 10 211At decays per cell
[17], making 211At-labeled trastuzumab an attractive reagent for the treatment of HER2
expressing malignancies.

Our results demonstrate that a single dose of 21 At-labeled trastuzumab was effective in the
treatment of MCF-7/HER2-18 breast CM in the athymic rat. In the first experiment, performed
3 days after injection of 1.25 x 107 tumor cells, intrathecal administration of 211At-labeled
trastuzumab more than doubled median survival compared with untreated controls as well as
a group of animals receiving unlabeled trastuzumab at the same protein dose present in

the 211At-labeled mAb preparations. Thus, the tumor response observed with 211At-labeled
trastuzumab resulted solely from the radiation emitted by 211 At and not the mAb. Higher doses
of cold trastuzumab were not evaluated in the CM model; however, in a previous study
evaluating the therapeutic potential of trastuzumab administered by convection enhanced
delivery to rats with intracerebral MCF-7/HER2-18 xenografts, a 7-day infusion of 16 mg/kg
trastuzumab was required to increase median survival by 181% [22].

Because no dose-related differences in median survival were seen between the lower (33 uCi)
and higher (66 PCi) doses of 211At-labeled trastuzumab, the animals were inoculated with a
lower tumor burden, 5 x 10 cells in further experiments. Administration of 46 uCi and 92 uCi
of 211At-labeled trastuzumab increased median survival to 296% and 400% of that observed
in the saline group and there were 1/10 and 3/11 long term survivors, respectively. The more
pronounced therapeutic response along with the emergence of a dose-response pattern suggest
that the more advanced stage of disease at the time when treatment was administered in the
first experiment might have interfered with uniform delivery of the labeled mAb throughout
the neuraxis. Comparison of the percentage of animals with tumor detected on
histopathological analysis following radiolabeled mAb treatment at similar dose suggests that
this might indeed be the case.

Comparisons were made to the therapeutic effectiveness of a 211At-labeled HER2 nonreactive
mADb in order to determine the specificity of the 211At-labeled trastuzumab treatment. Because
the small size of the intrathecal compartment in the rat could lead to considerable irradiation
of tumor from unbound labeled mAb in the CSF, it would be expected that demonstrating
specificity might be difficult in this setting. The 211At-labeled control mAb did result in a 45%
increase in median survival compared with saline while 211At-labeled trastuzumab resulted in
an 80% increase in median survival. In addition, histopathological analysis revealed a higher
incidence of tumor in sections from animals receiving labeled control mAb compared with
labeled trastuzumab. Presumably, these differences reflect binding of 211 At-trastuzumab to
receptors on cancer cell surface coupled with the rapid clearance of 1gG from the rat intrathecal
space [30].

One of the mativations for performing histopathological analysis of the neuroaxis was to
determine whether regional differences occurred with regard to therapeutic effect. This was
indeed the case because in animals receiving 211 At-labeled trastuzumab treatment, tumor foci
were most effectively eliminated from the regions rostral to the injection site (brain at the level
of the bregma and lambda, cervical spine). The region of the neuroaxis with the highest
percentage of animals with tumor foci was the lumbar spine. This pattern of tumor after 211At-
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labeled mAb treatment is the opposite of that observed in a prior study in which rats with
TE-671 rhabdomyosarcoma neoplastic meningitis were treated 8 days after receiving an
inoculation of 5 x 10° cancer cells [31]. Although the reason for this difference is not known,
differences in tumor cell inoculation number, interval before initiation of radioimmunotherapy
and nature of the cell line are all possible contributing factors.

Histopathological analyses also were performed in order to get a preliminary indication of the
toxicities associated with intrathecal administration of 211At-labeled mAbs. Because these
were tumor bearing animals, the effects of 211At-labeled mAb therapy were considered to be
those pathological alterations in the treated animals but not the saline controls. Animals
receiving saline in the experiment with the higher initial tumor burden had a higher incidence
of CNS necrosis, edema and hemorrhage than the saline groups in experiments with the lower
initial tumor burden. In animals receiving the lower initial tumor burden, those receiving the
highest dose (92 uCi) of 211 At-labeled trastuzumab had the highest incidence of CNS necrosis,
edema and fibrosis. However, there were 3 long term survivors in this group and in these,
benign pathological changes were limited to one or two of seven sections from each animal.
It should be noted that because of the small size of the intrathecal compartment in the rat, the
neuroaxis likely is within range of a greater fraction of a-particles emitted by unbound 211At-
labeled mAb in the CSF than in the human. For this reason, it is possible that the pathological
changes observed in the rat model may over emphasize those that might occur in the human.

The survival advantage resultant from 211 At-labled trastuzumab treatment compares favorably
with those reported in two previous studies evaluating mAbs labeled with a-particle emitters
for the treatment of leptomeningeal carcinomatosis in the athymic rat. Using the anti-
disialoganglioside GD2 mAb 3F8 labeled with 10-day half life 22°Ac, median survival in rats
with neuroblastoma meningeal carcinomatosis could be increased twofold from 16 to 34 days
[27]. And treatment of rats with TE-671 rhabdomyosarcoma neoplastic meningitis with only
18 uCi of 211At-labeled anti-tenascin mAb 81C6 increased median survival from 23.5 days to
84 days, a 357% survival prolongation [31]. Although comparison of results obtained with
different animal models and mAbs must be done with caution, we note that achieving similar
therapeutic benefit required at least three times higher activity with 211 At-labeled trastuzumab.
This may reflect differences in the pattern of radionuclide delivery along the neuroaxis as
suggested by the histopathological analyses noted above, or perhaps the more rapid degradation
of an internalizing mAb [28] compared with one binding to a molecular target found in the
extracellular matrix.

In this study, a 400% increase in median survival was obtained after injection of 92 uCi

of 211 At-labeled trastuzumab in 350-450 g rats. Assuming a body weight of 58 kg for females,
this would scale a dose of 13.3 mCi in humans. An alternative approach for estimating the
corresponding human dose would be to scale according to the volume of the cerebrospinal fluid
compartment, which are estimated to be 350 pl in the rat [32] and 125 ml in the human [33].
On this basis, a 32.9 mCi dose of 211 At-labeled trastuzumab would be estimated in humans.
The radiotoxicity of intrathecally administered 211 At-labeled trastuzumab has not been
determined. In the past, the radiotoxicity of systemically administered 211At-labeled chimeric
81C6 mAb [34] was determined over one year prior to initiating its clinical evaluation after
injection into surgically created brain tumor resection cavities [35]. Systemic administration
was utilized to represent the worst possible case scenario, i.e. total and immediate release

of 211At from the resection cavity. The lethal dose in 10% of animals (LD1q) measured for
intravenously administered 211At-labeled chimeric 81C6 mAb in normal mice was 46 kBg/g
in females (102 kBg/g in males), equivalent to a dose of 72 mCi in humans [34]. Thus, the
projected therapeutically relevant doses in humans for intrathecal 211At-labeled trastuzumab
based both on body weight and CSF volume, are less than the extrapolated LD1q determined
after systemic administration of another 211At-labeled chimeric 81C6.
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In summary, the data presented here have demonstrated that significant prolongation in median
survival, and in some animals, cure of a HER2-expressing breast CM could be achieved
following intrathecal administration of 211At-labeled trastuzumab. Future studies to define the
pharmacokinetics and regional distribution of radiolabeled trastuzumab in larger animals or
humans will be critical for optimizing the efficacy of this promising targeted radiotherapeutic
approach. It is envisioned that more homogeneous delivery of radiation dose and enhanced
therapeutic effectiveness might be possible through the use of fractionated delivery, smaller
fragments of trastuzumab [36] and 211At labeling methods designed for maximizing tumor
retention of label with internalizing mAbs [37].
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Figure 1.

(Top) An intrathecal catheter was surgically implanted in athymic female rats to permit
intrathecal tumor cell inoculation and development of carcinomatous meningitis as well as
intrathecal treatment administration. The PE-10 14-cm long catheter was inserted into the
subarachnoid space and passed along the posterior aspect of the spinal cord to reach the lumbar
area. (Bottom) In order to perform a histopathological analysis of the neuroaxis, animals were
necropsied and sections from the brain, at the level of the bregma (A) and lambda (B), and the
spine at the cervical (C), thoracic (D), lumbar (E) and sacral (F) levels were obtained; tissues,
previously fixed in 10% formalin, were embedded in paraffin, sectioned and stained with H&E.
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Figure 2.

Carcinomatous meningitis model in the athymic rat resulting from the intrathecal
administration of MCF7/HER2-18 breast carcinoma cells. Arrows indicate the presence of
tumor in histopathological sections obtained from the neuroaxis at the levels indicated in Figure
1, bottom.
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Figure 3.

(A) Percentage of athymic rats with MCF7/HER2-18 breast carcinoma carcinomatous
meningitis surviving after intrathecal administration of 33 or 66 uCi 211 At-labeled trastuzumab
(14 pg), cold trastuzumab (14 pg), or saline 3 days after intrathecal injection of 1.25 x 107
tumor cells. (B) Percentage of animals having evidence of tumor in sections of the neuroaxis
after treatment, as determined by histopathologial analysis. Location of sections as indicated
in Figure 1, bottom.
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Figure 4.

(A) Percentage of athymic rats with MCF7/HER2-18 breast carcinoma carcinomatous
meningitis surviving after intrathecal administration of 46 or 92 pCi 211At-labeled
trastuzumab, or saline 3 days after intrathecal injection of 5 x 10° tumor cells. (B) Percentage
of animals having evidence of tumor in sections of the neuroaxis after treatment, as determined
by histopathologial analysis. Location of sections as indicated in Figure 1, bottom.
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Figure 5.

(A) Percentage of athymic rats with MCF7/HER2-18 breast carcinoma carcinomatous
meningitis surviving after intrathecal administration of 28 puCi 211 At-labeled trastuzumab, 30
UCi 211At-labeled TPS3.2 control mAb or saline 3 days after intrathecal injection of 5 x 106
tumor cells. (B) Percentage of animals having evidence of tumor in sections of the neuroaxis
after treatment, as determined by histopathologial analysis. Location of sections as indicated
in Figure 1, bottom.
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