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ABSTRACT

Purpose: Control of micrometastatic ovarian cancer in the peritoneal cavity remains a
major objective in post-surgical treatment. The purpose of this project was to investigate
the efficacy and toxicity of targeted alpha therapy (TAT) for ovarian cancer in vitro and
in vivo in animal models and to select the optimal targeting vector for an ovarian cancer
clinical trial. Animal models of ovarian, breast and prostate cancer were developed and
for further TAT; a phase I melanoma clinical trial was supported, paving the way for an
ovarian cancer clinical trial.

Methods: The expression of the tumor-associated antigens (Her2, MUC1, uPA/uPAR)
on cancer cell line, animal model xenografts and human ovarian cancer tissue was tested
by immunostaining. MTS and TUNEL assays were used to evaluate cell killing of alpha
conjugates in monolayer and spheroids. Toxicity and maximum tolerance doses for
different vectors were tested and determined in vivo. Pharmacokinetics was studied for
different time points and different parameters. The antiproliferative effect of 213g;.
C595 and 2’Bi-PAI2 was tested at 9 days post-peritoneal cell inoculation of the ovarian
cancer cell line OVCAR3. The treatment efficacy of *"*Bi-Herceptin was tested at a 2
days post-subcutaneous breast cancer cell BT474 inoculation. Mice were injected (i.p)
with various concentrations of alpha conjugates (AC). Changes in cancer progression
were assessed by girth size and tumor size.

Results: uPA/uPAR and MUC] are expressed on ovarian cancer cell lines and more
than 45% ovarian cancer tissue, while HER2 was only positive in one cell line and was
positive in less than 15% of ovarian cancer tissues. The ACs can target and kill cancer

cells in vitro in a dose dependent fashion. TUNEL positive cells were found after
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incubation with the different ACs. PAI2 and C595 vectors were selected for in vivo
ascites model study of OVCAR3 cell with high expression. Delayed and acute toxicity
in animal models showed that radiation nephropathy was the cause of body weight loss.
Biodistribution studies showed that kidney was the major uptake organ. L-lysine can
reduce kidney uptake for 2°Bi-PAI2, but no significant differences were found. A
single ip injection of 2383595 or 2’Bi-PAI2 can inhibit ascites growth, whereas,
213Bj-Herceptin can inhibit breast cancer growth in a nude mice model.

Conclusion: 2"’Bi labelled targeting vectors can specifically target ovarian cancer cells
in vitro and inhibit tumor growth in vivo. These ACs may be useful agents for the

treatment of ovarian cancer at the minimum residual disease stage.
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Chapter 1 Introduction

1.1 Current problems of ovarian cancer

Ovarian cancer is the most lethal of the gynecological cancers. This is due to late
detection and the fact that most patients have disease outside the pelvis at diagnosis.
Cytoreductive, surgery and systemic therapy have improved the overall survival of
these patients. However, relapses occur even after apparent complete remission because
of an occult spread of single tumor cells or small tumor cell clusters. Late-stage ovarian
cancer i1s often characterized by metastatic seeding of the peritoneal surface and
accounts for 75-85% of all of the newly diagnosed ovarian cancer patient (McGuire,
1993). Peritoneal spread is an important feature in the natural history of the disease.
Failure to control disease within the peritoneal cavity is a major cause of treatment
failure. Half of those patients later relapse with chemoresistant disease and are not
adequately rescued by additional therapy (Creemers et al., 1996). Therefore, there is an
urgent need for new therapeutic approaches for metastatic ovarian cancer. To kill single
tumor cellsin the peritoneal cavity, a new locoregional radioimmunotherapeutic strategy
based on tumor-specific MAbs conjugated to high linear energy transfer a-emitters

seems highly promising (Aurlien et al., 2000; Imam, 2001; McDevitt et al., 1998).
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1.2 Radioimmunotherapy

Interests in radioimmunotherapy (RIT) for various cancers are growing rapidly. The
field was clinically established by the recent introduction of the first two U.S. Food and
Drug Administration—approved drugs, ibritumomab tiuxetan (Zevalin; Biogen Idec Inc.)
(Wiseman et al., 1999) and tositumomab (Bexxar; GlaxoSmithKline) (Press et al.,

2000), for the treatment of non-Hodgkin’s lymphoma.

The development of strategies with different targeting agents, such as antibodies and
other ligands, continues. In the search for increased efficacy and lower toxicity for
normal tissues, o-emitters may play an important role in the treatment of
micrometastases and small tumors. Initial clinical trials have been carried out with the
o-emitters 2"Bi (Jurcic et al., 2002), (Allen et al., 2005) and 2''At (Zalutsky, 2005).
Novel therapeutic approaches are urgently needed that can kill cancer cells in transit or
at the pre-angiogenic stage and so change the course of the disease. One potential
approach is the use of radiolabelled antibodies that can target metastatic as well as
primary tumor sites with minimal reactivity to normal tissues. Radiolabelled antibodies
have been used with some success in different cancers (Allen et al., 2001; Couturier et
al., 2005), such as leukemia (Couturier et al., 1999; Goldenberg & Sharkey, 2005;
Jurcic et al., 1995; Sgouros & Scheinberg, 1993; Zhang et al., 2002), melanoma
(Hamby et al., 1998; Liewendahl & Pyrhonen, 1993; Rizvi et al., 2000; Safa & Foon,
2001), metastatic colorectal and pancreatic cancer (Almqvist et al., 2005; Behr et al.,
2002; Gold et al., 2004; Liersch et al., 2005; Song et al., 2006; Wong et al., 2003);
ovarian cancer (Back et al., 2005; Song et al., 2006). Specific MAbs against an
appropriate molecular target can potentially be employed as delivery vehicles for

radioactivity, drugs, or toxins. Antibodies that recognize tumor-associated antigens are

)



Chapter 1 Introduction

conjugated to potent beta and alpha emitting radionuclides can provide selective
systemic radiotherapy to primary and metastatic tumor sides. This approach has already
achieved success in highly radiation-sensitive disease such as lymphoma, leukaemia and

melanoma (Allen et al., 2005; DeNardo et al., 1999; Jurcic et al., 2002).
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1.3« particles

Alpha particles are of considerable interest for radioimmunotherapy applications since
their short range in soft tissue is limited to only a few cell diameters. The delivery of
such high energy in such a small volume, or high-linear-energy-transfer (LET), makes
alpha particles especially well suited for targeting micrometastatic disease and single

cancer cells such as leukaemia and other blood-borne disease.

1.3.1 Bismuth-213

The bismuth-213 radioisotope is of special interest because of its unique nuclear
properties, which include a short 46 minute half-life and high energy (8.4 MeV) alpha-
particle emission. Its availability from the actinium-225/bismuth-213 generator system
makes this radioisotope particularly well suited for medical use. Bismuth —213 is
produced from decay of Ac-225, as shown in Figure 1-1. Actinium-225 is formed from
radioactive decay of radium-225, the decay product of thorium-229, which is obtained

from decay of uranium-233.
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Figure 1-1 Bi-213 generation scheme

Ac-225
a 100d
a 4.8 min
a 0.032s
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Figure 1-1 The diagram shows the decay steps and energy emitted from Ac-225 via Bi-
213 to stable Bi-209.
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The very short 46 minutes half-life of bismuth-213 limits its use, however, only when
attachment to a carrier molecule can be conducted very quickly and the targeting is
rapid following intravenous administration, such as the clinical treatment of acute
myeloid leukemia, where trials are being conducted at the Memorial Sloan Kettering
Cancer Center in New York. Radioimmunotherapy with alpha particles has the
advantages of high energy deposition (~ 100 keV/um) in a short path length (80 pm),

which produces significant cellular damage close to the site of radioisotope deposition.

For an equivalent quantity of radio-immunoconjugate fixed on cancer cells, the
cytotoxicity of a-particles is 5-100 times that of {8 -particles: a-particles have a mean
path length of 50-100 pm in biological tissue and a linear energy transfer (LET) of
~100 keV/um, resulting in a higher absorbed activity and a larger number of ionisations
in a range corresponding to cell diameter (Figure 1-2). The result is cell-specific
targeting with a high probability of non-repairable DNA double-stranded breaks,
because of the high density of ionisation across the double strand of DNA. Thus, the
cytotoxicity of a-particles may be extremely effective and less activity dependent than
that of B-particles, and cell death may occur after a single or a few a-particle emissions

(Raju et al., 1991).
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Figure 1-2 alpha versus beta radiation

Energy loss :
Path length 70 fJ m

1000 *m

A Short path length of a-particles, in the range of a few cell diameters, compared with b

the longer path length of p -particles. (Couturier et al., 2005)
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1.3.2 Chemistry of Bi(IIl)

The chemistry of Bi(IIl) has been reviewed recently (Briand & Burford, 1999; Hassfjell
& Brechbiel, 2001). Bismuth is the heaviest stable element in the periodic table with an
ionic radius of 103 pm, with a normal oxidation state of 3+, although 5+ species are
well-known as oxidative reagents. Stable bismuth is widely used in antiulcer and
antibacterial drugs. Besides having a string affinity for oxygen and nitrogen donors, Bi
forms very stable complexes with sulphur and halogens, especially iodide. Chelating
agents with oxygen and nitrogen donors or compounds with thiolate donors form very
stable complexes with Bi(IlI) and the coordination number varies from 3 to 9. Bi (IIl) is
known to bind to Zn(II) sites (e.g..metallothionein) and Fe(IIl) sites (e.g. trasferrin) in
proteins. Free Bi(IIl) is excreted relatively quickly through the renal clearance system

with the kidneys being a temporary deposit organ.

1.3.3 Physical and Biological Dosimetry

1.3.3.1 Physical Dosimetry

The absorbed dose (D), defined as average absorbed energy of alpha radiation per unit
mass, is an important parameter in conventional radiotherapy. Both tumor response and
normal tissue damage are reported as a function of activity. In targeted radionuclide
therapy, dosimetry is complicated by several factors:

(i) heterogeneous radionuclide distribution,

(ii)  short-range particulate radiation, and

(ili) few radioactive events per cell (Zanzonico, 2000).
The first factor results from several biological and chemical variables, i.e.,

heterogeneous radionuclide conjugation, heterogeneous antigen (target molecule)
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expression, antibody avidity, poor tumor vascularization, and high interstitial pressure
in the tumor (Adams & Schier, 1999). Very often the targeting agent is not able to
penetrate multiple layers of tumor cells (Kennel et al., 1990).

The second factor is that a-particles have a mean path length of 50-100 um in
biological tissue and a linear energy transfer (LET) of ~100 keV/um, resulting in a
higher absorbed activity (Allen & Blagojevic, 1996).

The third factor is that small numbers of a-particle traversals of cell nuclei result in a
broad distribution of specific energies individual cell “dose”, with some cell nuclei
receiving very few or even zero a-particle traversals (Humm, 1987). To achieve
curative cancer treatment, very low survival probability for all cancer cells should be
obtained, otherwise undamaged cells will lead to repopulation of cancer cells.

The Medical Internal Radiation Activity (MIRD) committee produced principles for
activity calculations in radionuclide therapy (Howell et al., 1999). The absorbed dose
fraction is the fraction of energy absorbed in the organ. The mean absorbed activity
from given radionuclides from a source to a target region was calculated, assuming
homogeneous radionuclide distribution within a region. The concept of region extends
to the subcellular level (Howell et al., 1999). Some models for inhomogeneous
radionuclide distribution in tumors have also been proposed (Goddu et al., 1994). The
MIRD model and a Monte Carlo transport code for electrons and photons have been
used in in vivo experiments for activity determination after a-particle irradiation (Behr
et al., 1999b; Gratz et al., 1999; Kennel et al., 1999b). None of the above models take
into account the width of the specific energy distribution and hence cannot provide the
probability of zero hit cells for a specific treatment plan. In microdosimetry, the
stochastic variations of energy deposited within small targets (e.g., cell nuclei) are

considered (Humm et al., 1993; Stinchcomb & Roeske, 1992). Estimates of the average
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activity and the fraction of cells receiving zero (or any number of) a-particle traversals
may be obtained from microdosimetric calculation of the specific energy distribution.
Cells with zero or low traversal rates will survive for tumor regression. Since such
microdosimetric computations for actual clinical situations may be difficult to perform
due to the unknown cellular microdistribution of the radionuclide, a dosimetric
framework is required where microdosimetric moments are implemented in the MIRD
formalism (Roeske & Stinchcomb, 1997).

To improve current dosimetry models, more accurate estimates of the radionuclide
microdistribution should be provided. Autoradiography and histological samples of
tumor models and normal tissue would improve on this (Devys et al., 1996; Yokota et
al., 1992). Along with improvement of dosimetry for the clinical situation, cell survival
probabilities for given numbers of a-particle traversals require a more accurate

determination.
1.3.3.2 RBE

Much effort has been devoted to determining the relative biological effectiveness (RBE)
of a-particle irradiation and other types of high-LET (linear-energy-transfer) radiation.
RBE (relative biological effectiveness) is a factor used to compare the biological
effectiveness of absorbed radiation activities from different types of ionizing radiation;
more specifically, the experimentally determined ratio of an absorbed activity of a
radiation in question to the absorbed activity of a reference radiation (250 kV X ray)
required produce an identical biological effect in a particular experimental organism or
tissue. For example, if 10 mGy of fast neutrons equaled in lethality 20 mGy of 250 kVp
x-rays, the RBE of fast neutrons would be two. Most studies have focused on the effect

on cancer cells in vitro, with various endpoints such as cell death or the induction of
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double strand breaks. Although a wide range of RBE values (from 1 to 20) has been
proposed (Andersson et al., 1993; Barendsen, 1994), a number in the interval from 3 to
5 is generally agreed on (Aurlien et al., 2000; Ballangrud et al., 2001). Barendsen et al
(Barendsen, 1994) reported that single-track lethal damage was composed in part of a
type of damage that was not repaired by delayed plating and was very strongly
dependent on LET with maximum RBE values up to 20. Another component consists of
potentially lethal damage that was weakly dependent on LET with maximum RBE
values less than 3. Azere et al reported that the RBE of Pb-212 for 37% cancer cell
survival in vitro is 2-4 (Azure et al., 1994). Vandenbulcke et al. (Vandenbulcke et al.,
2003) compared the RBE of ?"’Bi for cancer and non-cancer cells by using an a-emitter
RIT model in vitro, reporting values of 2—5, whereas Thomas et al. (Thomas et al.,
2003) reported a range of 7-14 for the lethality of 2'°Po for bovine endothelial cells by
using cellular damage endpoints. The RBE of 4.3 was reported for the induction of
micronuclei of **'Am for rat alveolar epithelial cell line (SV40T2) (Yamada et al.,

2002).

Reports on the RBE of a-radiation for tumors in vivo are very limited, whereas for
normal tissues there are some data. For example, Howell et al. (Howell et al., 1997)
reported values in the range of 3-9 for various a-particle emitters in their mouse testis
model, and Elgqvist et al. (Elgqvist et al., 2005) reported an RBE of 3.4-5 for
myelotoxicity in nude mice after injection of 211 At-labeled antibodies. The RBE in a
tumour growth inhibition model was 4 — 5.5 (Back et al., 2005), and reported values of
1-2 for myelotoxicity in mice (Behr et al., 2002) . These data are consistent with data
reported from clinical human studies with the a-emitter *"’Bi using the humanized

murine monoclonal antibody (mAb) HuM195 (Palm et al., 2000).
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Knowledge of the RBE for cancer cells is essential in the development and validation of
cancer-seeking substances for therapy as well as for prediction of the therapeutic
outcome in clinical practice. In combination with the RBE for normal tissues, it
provides a tool with which a-particle radiation can be validated, in terms of the width of
the therapeutic window. This window may be broader for high-LET radiation than for
conventional low-LET radiation (Back et al., 2005). Furthermore, this effect may be

especially pronounced for cancer cells with low radiosensitivity.

1.3.3.3 Biological Dosimetry with Micronuclei

A micronucleus (MN) is formed during the metaphase/anaphase transition of mitosis
(cell division). It may arise from a whole lagging chromosome (aneugenic event leading
to chromosome loss) or an acentric chromosome fragment detaching from a
chromosome after breakage (clastogenic event) which do not integrate in the daughter
nuclei. MN are a direct measure of the biological effective dose (is RBE x absorbed
dose) as the induced radiation damage (in the number of MN) is a biological end point.

Direct exposure to alpha particles induced an increase in the frequency of apoptosis and
micronucleus formation (Azzam et al., 2002; Seidl et al., 2005; Zhu et al., 2005).
Scoring of micronuclei can be performed relatively easily and on different cell types
relevant for human biomonitoring: lymphocytes, fibroblasts and exfoliated epithelial
cells, without extra in vitro cultivation step. MN observed in exfoliated cells are not
induced when the cells are at the epithelial surface, but when they are in the basal layer.

An ex vivo/in vitro analysis of lymphocytes in the presence of cytochalasin-B (added 44
hours after the start of cultivation), an inhibitor of actins, can distinguish easily between
mononucleated cells which do not divide and binucleated cells which have completed

nuclear division during in vitro culture. Indeed, in these conditions the frequencies of
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mononucleated cells provide an indication of the background level of
chromosome/genome mutations accumulated in vivo and the frequencies of binucleated
cells with MN a measure of the damage accumulated before cultivation plus mutations

expressed during the first in vitro mitosis.
1.3.4 Toxicity to normal tissue

1.3.4.1 Bone marrow

Usually, the red marrow (RM) is the first activity-limiting organ in systemic
radionuclide therapy, e.g., radioimmuno-or radiopeptide therapy. The severity of
myelosupreesion caused by alpha particles is in a activity dependant fashion. 17
myeloid leukemia patients treated with 10 — 37 MBq/kg of 2"’Bi-HuM195 developed
myelosuppression, with a median time to recovery of 22 days (Jurcic et al., 2002).
Alpha particles produce prolonged myelosuppression requiring hematopoietic stem cell
transplantation at high activity. Tissues affected in order of severity were: spleen,
lymph nodes, bone marrow, gonads, thyroid, salivary glands and stomach post- treated
with 61 MBq/kg of At-211 at 14 and 56 days (Cobb et al., 1988). Horak et al reported
(Horak et al., 1997) that the activity-limiting acute toxicity in mice after i.v.
administration of 2’Pb-AE1 was bone marrow suppression, which was observed at
activities above 9.25 MBq. Mice treated with 46 MBq/kg of *''At-81C6 have shown
toxic effects in perivascular fibrosis of the intraventricular septum of the heart, bone
marrow suppression, spleenic white pulp atrophy, and spermatic maturational delay
(McLendon et al., 1999). However, no signs of bone marrow toxicity or body weight
loss were observed in rats model treated with low activity 6— 30 kBq of bone-seeking
radionuclide Ra-223. Additionally, for bone marrow, the most radiosensitive and

often activity-limiting organ, no excessive toxicity for a- versus B-particle irradiation
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has been found (Behr et al., 1999a; Gratz et al., 1999). Furthermore, repeated injection
of a MTD of a *>Bi immunoconjugate did not result in increased bone marrow toxicity

(Behr et al., 1999a).

1.3.4.2 Kidneys

Another activity limiting organ is the kidney, caused by radiation nephritis(Jaggi et al.,
2005). Radiation nephritis is a process of necrosis, atrophy and sclerosis that follows
exposure of the kidney to ionizing radiation. Experimental studies with electron
microscopy (EM) demonstrate that this process begins as degeneration of the
glomerular endothelium and the tubular epithelium, and their basement membranes,
leading to collapse of these structures and the development of interstitial fibrosis. Rather
late and complicating events are necrosis and thrombosis of arteries and arterioles,
contributing to the destruction of the renal parenchyma. The process is the same for
both large (50 to 100 Gy) and medium activitys (10 to 30 Gy), the only difference being
the extent and the speed with which the lesions develop and the frequency of arterial
necrosis (Madrazo et al., 1975).

Some effort has been devoted to increase kidney tolerance to free Bismuth 213(Jaggi et
al., 2005; Jaggi et al., 2006). They recently found that metal chelation, diuresis with
furosemide or chlorothiazide, and competitive metal blockade could be used as adjuvant
approaches to modify the renal accumulation of 25 A¢ daughters (*'*Bi, 2'Fr, and *'At)
(Jaggi et al., 2005). To date, the renal clearance system in mice has shown surprisingly
high tolerance levels for clearance of 212283B; labeled radiopharmaceuticals, indicating
an RBE value close to unity (Gratz et al., 1999). There are few studies where the
processing of free bismuth or bismuth labeled radiopharmaceuticals in the kidneys has

been investigated. Free bismuth is distributed very heterogeneously throughout the
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whole kidney, concentrations varying by a factor of 10, with the central region
containing lesser amounts of radioactivity than the periphery (cortex). Free bismuth is
also incorporated into kidney cells to some extent (Zidenberg-Cherr et al., 1987).
Morphological changes in monolayers of bovine aortic endothelial cells have been
studies in vitro after a-particle irradiation from *'’Bi-DTPA in the medium (Speidel et
al., 1993). Activitys up to 73 Gy were not toxic to the vascular system after
administration of 212/213Bi radiopharmaceuticals in vitro.

Calcium-diethylenetriamine pentaacetate (Ca-DTPA) is a calcium salt that has been
used since the 1960s to treat patients who have been internally contaminated with rare
earth radioactive materials such as americium, plutonium, californium, curium, and
berkelium. Ca-DTPA is capable of binding to radioactive materials and speeding up the
release of these materials from the blood and into the urine, thus reducing the amount of
internal contamination. Ca-DTPA can also chelate free bismuth in the blood, allowing
final clearance into urine. The differences of kidney uptake with and without Ca-DTPA
challenge may indicate the stability of alpha conjugates in vivo, as well as the reduction
of accumulated activity.

In therapy studies using radiometal-conjugated Fab fragments, the kidney can be the
activity-limiting organ. Radiation nephritis was observed for 9.25 MBq with *"Bi-
DOTA-biotin (Yao et al., 2004) and 10 MBq with 2°Bi-Fab' (Gratz et al., 1999) up to 6
months.

Recent studies indicated that the persistent localization of renal radioactivity would
arise from the re-absorption of glomerularly-filtered radiolabeled antibody fragments,
followed by the retention of the radiometabolites generated after degradation in the
lysosomal compartment of the renal cells. Two major approaches have been performed

to reduce the renal radioactivity levels of antibody fragments. One is to block the
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reabsorption of radiolabeled antibody fragments themselves at the proximal tubular
cells from the luminal fluid by administration of basic amino acids such as L-lysine
(Mogensen & Solling, 1977). The other approach is to decrease the residence time of
the radiometabolites within the lysosomal compartments of the renal cells by
introducing a cleavable linkage between antibody fragments and radiometabolites for
rapid urinary excretion. Yet another approach to reduce renal radioactivity levels of
antibody fragments may be to release radiolabeled compound of urinary excretion from
glomerularly-filtered antibody fragments before they are reabsorbed into the renal cells
by the action of brush border enzymes present on the lumen of the renal proximal cells
(Arano et al., 1996). Arano et al synthesized C-terminal Lys linkers for a radioiodinated
hippuric acid-Fab conjugate that lowered kidney uptake by up to 50%. Administration
of cationic amino acids results in a substantial increase in the MTD of such Fab
fragments, and biochemical or histological evidence of renal damage has not been
observed under these conditions. Thus, radiation nephrotoxicity of antibody fragments
and peptides could be overcome, providing new prospects for cancer therapy with

radiolabeled antibody fragments and peptides (Behr et al., 1998).

1.3.4.3 Carcinogenesis

Carcinogenesis has been observed following administration of a-particle emitters in
mammalian cells (Ishikawa et al., 2001; Schwartz et al., 1991; Wu et al., 1999; Zhou et
al., 2000). For therapy of non-terminal patients, the probability for induction of such
late damage needs to be addressed (Kamikawa et al., 1999; Zhao et al., 2001). More
accurate knowledge of late damage induction probabilities may come from microbeams

(Folkard et al., 1997; Newman et al., 1997; Zhou et al., 2000).

17



Chapter 1 Introduction

1.4 Chelators

Bismuth-212 can be bound to MAD [anti-TAC directed to human interleukin 2 (IL-2)
receptor] conjugated by a bifunctional metal ligand, the isobutylcarboxycarbonic
anhydride of diethylene triamine penta-acetic acid (DTPA) (Kozak et al., 1986). All the
other chelating agents developed later to bind bismuth-212 and were derived from
DTPA (Brechbiel & Gansow, 1992; Macklis et al., 1992).

For in vivo stable attachment of radio-bismuth to carrier molecules, a bifunctional
chelating agent is needed for forming a radiometal complex that must be exceedingly
stable in vivo (Hassfjell & Brechbiel, 2001). The development of suitable bifunctional
chelating agents for conjugating Bi(II) radionuclides to proteins began by abstraction
of existing chelating reagents from the chemistry literature. These reagents were then
modified to produce an active species derivative for protein conjugation. Acyclic DTPA
was recognized very early to be an effective chelating agent with high thermodynamic
stability constants for a variety of metal ions (Martell & Smith, 1974). The Bi(III)
complex of this ligand was thought to be possibly adequate to meet the requirements of
forming kinetically inert complexes in vivo while retaining reasonable complex
formation rates, a critical consideration for the short half-life Bi isotopes. Thus, one
finds the stability constant for the DTPA complexes of Bi(IIl) to be 10°*%, providing the
impetus for the evaluation of two of the first derivatives for linking DTPA to proteins
(Martell & Smith, 1974).

An early demonstration of the potential of targeting 212Bj to specific cells was
accomplished by using the isobutylcarbonic anhydride of DTPA reacted with mAb anti-
Tac (Kozak et al., 1986). While this chelate conjugate was highly successful in vitro,

and in the treatment of malignant cells in a compartmentalized animal model (Macklis
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et al., 1988), the lack of acceptable stability was also readily apparent with this

chelating agent.

This instability was initially attributed to inadequate denticity providing an unstable
complex in vivo (Ruegg et al., 1990), and hence evaluation of bifunctional octadentate
DTPA derivatives was initiated. A C-functionalized DTPA with an aryl isothiocyanate
group on the carbon backbone structure for protein linkage substantially increased the in
vivo stability of Bi(llI) complexes. Additional C-functionalization of the DTPA ligand
with a methyl group was shown to further increase in vivo stability with Bi(III), a result
that was clearly indicated from the chemical literature from a combination of both

inductive and steric effects (Milenic et al., 2001)

However, despite the initial very high stability constant of the DTPA[Bi(III)] complex,
none of these bifunctional DTPA derivatives demonstrated acceptable in vivo stability
when conjugated to mAb and radiolabeled with 2*?%Bj (Brechbiel & Gansow, 1991).
Further review of the chemical literature revealed that the trans-cyclohexyl-EDTA (Cy-
EDTA) (Figure 1-3) Bi(IlI) complex possessed a stability constant close to that of the
DTPA complex (Martell & Smith, 1974). Merging the trans-cyclohexyl substructure
with the previously reported bifunctional DTPA provided the family of CHX-DTPA
ligands) (Brechbiel & Gansow, 1991). These ligands were substantial improvements
over the prior bifunctional DTPA reagents because the preorganization geometry
conferred by the trans-cyclohexyl unit provided not only exceptional stability for the
Bi(III) isotopes, but also retained the rapid complex formation kinetics. The effects of
adding an alkyl group or inclusion of the trans-cyclohexyl ring to a bifunctional DTPA
are clearly indicated by the decreased accretion of 205296R;5 in the kidneys and statistical

congruency with the biodistribution of radio-iodinated monoclonal antibody. These
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ligands exist in several stereochemical configurations, and while very significant
differences have been reported for the in vivo stability with Y radiolabeled
immunoconjugates with these ligands (Wu et al, 1997), those differences are irrelevant

to use with due to half-life considerations.

Concurrent with development of an acyclic bifunctional chelating agent for Bi(lll)
radioisotopes, the inherent potential of macrocyclic polyaminocarboxylates ligands such
as NOTA, DOTA, and TETA (Figure 1-3) were readily apparent. Their macrocyclic
nature confers a high degree of preorganization and limits conformational disorder

while providing a range of both denticity and cavity size.

Figure 1-3 Acyclic DTPA
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EDTA Cy-EDTA I>TPA

Copyright © 2006 American Chemical Society

1.4.1 Chelator stability comparison in vivo

A series of bifunctional chelating agents to prepare ~“Bi-labeled monoclonal antibody
103 A, which is specific for gp70 expressed on Rauscher verus-infected cells, have been
assessed the in vivo stability and tumor targeting of these conjugates in the Rauscher
murine erythroleukemia model. The following compounds were conjugated to the

monoclonal antibody 103A:
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The stability in vivo of 2®Bi chelate-103A conjugates was first evaluated in normal
mice by determining the levels of *®Bi in blood and kidney, since these were the organs
in which free ***Bi, ***Bi-cDTPA-103A, and **S-103A accumulated. The biodistribution
of **Bi administered as a chelate of cDTPA-103A was virtually indistinguishable from
that of free *°°Bi, indicating a low degree of in vivo stability of this bismuth chelate
when compared to biosynthetically labeled **S-103A. There was a progressive increase
in the 2%Bi levels observed in blood when the series of 103A conjugates prepared using
SCNBzDTPA, MxDTPA, and DOTA was compared to 2958, administered free or as a
cDTPA-103A chelate. At 1 h after injection into normal mice, the blood level of >*Bi-
DOTA-103A was 25-fold greater than that observed for 2°Bi-caDTPA-103A and the
level in kidney was 6-fold less, values that did not differ significantly from those
observed for **S-103A. Targeting to leukemic spleen was increased by 10-fold when the
DOTA conjugate was used; the tumor level was 90% injected activity/g for DOTA, as
compared to only 9% injected activity/g for cDTPA-103A at 1 h after injection. Use of
the DOTA chelator also reduced by 7-fold the level of uptake by the kidney in the
leukemic animals. The chelator DOTA is a promising reagent for the delivery of 2'*Bi-
antibody conjugates to vascularized tumors under conditions that require targeting via

the circulatory system (Huneke et al., 1992; Ruegg et al., 1990).
However, the synthesis time of DOTA is excessive for use with the short lived Bi-213.
1.4.2 Chelators used in Bismuth chelation

The Memorial Sloan—Kettering Cancer team from New York pioneered RIT with
bismuth-213. Murine MAb M195, its humanised HuM195 analogue (anti-CD33), and a

specific anti-antigen MAb of prostate J591 have been conjugated to bismuth-213 via the
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bifunctional chelating agent CHX-A”-DTPA (Ballangrud et al., 2001; Jurcic et al.,
1995; Jurcic et al., 1997). The complexation of the HuM195 with CHX-A-DTPA made
it possible to build functionalised antibodies with several chelating agents (up to ten) by
molecule of antibody, and the radiolabelling yield with bismuth-213 was higher than
80% with specific activities of 740 MBg/mg (Jurcic et al., 1997). Using the same
chelating agent, CHX-A-DTPA, rituximab (anti-CD20) was labelled with bismuth-213
(Vandenbulcke et al., 2003). Another anti-CD33 MAb (WM-53) was labelled with
either bismuth-213 or terbium-149 via a cyclic anhydride of diethylene triamine penta-
acetic acid (cDTPA)(Allen & Blagojevic, 1996; Allen et al., 2004). Other ligands
derived from DTPA were also synthesised, such as the p-isothiocyanatobenzyl-DTPA
(CITC-DTPA) for the radiolabelling of B-B4 and MAS (directed against a
transmembrane heparan sulphate proteoglycan, syndecan-1, and transmembrane muc-1
respectively, both of which are expressed by multiple myeloma cells) (Mishra et al.,

2002).
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1.5 Targeting vectors

Specific MAbs against an appropriate molecular target can potentially be employed as
delivery vehicles for radioactivity, drugs, or toxins. Antibodies that recognize cancer-
associated antigens and are conjugated to potent beta and alpha emitting radionuclides
can provide selective systemic radiotherapy to primary and metastatic tumor sites. This
approach has already achieved success in highly radiation-sensitive diseases such as
lymphoma and leukaemia (DeNardo et al., 1999). Attempts are underway to develop
various antibody-based reagents by modifying affinity, size, and valency for effective
cancer diagnosis and treatment (Hudson, 1999).

Oncogene-associated and/or cell surface products have been proposed as cancer-
associated target molecules for several cancers and can provide an opportunity for the
design of novel immunotherapy and vaccine strategies. Although over 100 tumour
associated antigens have been catalogued, only a handful of immunologically detected
molecules described have been considered viable candidates as targets for
immunotherapeutic intervention (Urban & Schreiber, 1992). The candidate molecules
include altered or overexpressed oncogene products [platelet-derived growth factor
(PDGF) and receptors for same (PDGFR) and epidermal growth factor receptor
(EGFR)], developmentally related or cell lineage-related epitopes [neural cell adhesion
molecule (NCAM), L1, gangliosides], high molecular weight glycoprotein mucins
(MUC1 and MUC4), matrix metalloproteinases (MMPs), and epitopes with an

extracellular matrix location (tenascin, Gp40).

1.5.1 HER2/neu -Herceptin

The c-erbB2 gene (HER2/neu) is a member of the class of oncogene associated with

tyrosine protein Kinase(Coussens et al., 1985). The protein encoded by c-erbB2 is a 185-
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kDa transmembrane receptor (pi 85), show in Figure 1-4 (Rubin & Yarden, 2001); it is
also a glycoprotein having intracellular, transmembrane and extracellular domains. The
tyrosine kinase activity of the protein is associated with the intracelular or cytosolic
domain of the receptor, whereas the extracellular domain is responsible to react with

extracellular growth factors.

Figure 1-4 Structure of The HER2 and Its Transmembrane Topology.

Growth factor »

Cytoplasm » Nucleus

Gene activation oivfs*oN

The HER2 protein shows structural and functional homology with the epidermal growth
factor receptor (EGFR) (Tzahar & Yarden, 1998). The cytosolic tyrosine kinase
domains of these two receptors are almost identical. They differ at the extracellular
domain of the molecule, therefore, a monoclonal antibody reacting with the
extracellular domain of HER2 oncoprotein would not cross-react with the EGFR
(Akiyama et al., 1986; Schechter et al., 1985). This transmembrane receptor is
presumably involved in the regulation of cell growth and cell transformation through
signal transduction pathway (Klapper et al., 2000). HER2 expression has shown
different level in normal and malignancies (Cohen et al., 1989; Zajchowski et al., 1988),
with low level expression in normal tissues. Overexpression of the HER-2/wew protein
has been shown in experimental studies to be an important determinant of malignant

transformation, development of metastatic disease, and increased cell proliferation
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(Kaptain et al., 2001). The high expression of erb-b2 was reported in ovarian cancer and
breast cancer from 15-35 % (Bossard et al., 2005; Choi et al., 2005; Nielsen et al., 2004;
Wang et al., 2005).

Monoclonal antibody directed against HER2 protein has caused growth inhibition in
over-expression cells. Trastuzumab (Goldenberg, 1999), also known as Herceptin and
thuMAb HER?2 is a humanized antibody derived from 4DS5, a murine MAb, which
recognizes an epitope on the extracellular domain of HER2 . Herceptin has been
approved for therapeutic use and the first oncogene-targeted treatment with proven
survival benefit in women with HER2 positive metastatic breast cancer. However, its
mechanism of action of has not been fully characterized and appears to be complex. The
mechanisms of action of Herceptin include HER2 protein downregulation, prevention of
HER2-containing heterodimer formation, initiation of G1 arrest and induction of p27,
prevention of HER2 cleavage, inhibition of angiogenesis, and induction of immune
mechanisms has been reported.

The anti-ErbB2 antibody trastuzumab is used for the treatment of patients with
advanced breast cancer, resulting in a response rate of 40-60%. Coupling with a
cytotoxic nuclide, e.g. alpha-emitting 2''At, may further increase tumour response
(Persson et al., 2006). The use of 2lsz—Herceptin radioimmunottherapy of disseminated
peritoneal disease (Milenic et al., 2005) and **’Ac-labeled trastuzumab of ovarian
cancer (Borchardt et al., 2003) has been shown to be effective and specific in ovarian

cancer mice model.

1.5.2 MUC1: C595

MUCI is a polymorphic, highly glycosylated, type I transmembrane protein expressed

by ductal epithelial cells of many organs including pancreas, breast, gastrointestinal
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tract, and airway (de The et al., 1990). MUCI1 is overexpressed and differentially
glycosylated by different adenocarcinomas. Previous studies demonstrated that tumor
cells expressing high levels of MUC1 may have increased invasive and metastatic
potential (Matsuishi et al., 1982; Osako et al., 1993). It has been proposed that MUC1
mediates anti-adhesion activity by interfering with cell-cell and/or cell-ECM (cell-
extracellular matrix) interactions, and thereby facilitates detachment of tumor cells from
the primary growth (Ligtenberg et al., 1992; van de Wiel-van Kemenade et al., 1993;
Wesseling et al., 1995).

Mucins are large (>200 kDa) glycoproteins with a high carbohydrate content (50-90%
by weight). They are expressed by a variety of normal and malignant epithelial cells
(Devine & McKenzie, 1992). Although at least 21 human mucin-encoding genes have
been cloned, MUCI1 is unique in its cell-surface transmembrane expression (Gendler et
al., 1990). MUCI contains a polypeptide core consisting of 30-100 repeats of a 20-
amino-acid sequenc (Gendler et al., 1990). The presence of large amounts of
oligosaccharides attached along the length of the proline-rich polypeptide core of
MUCI enhances its rigidity, resulting in large, flexible, rod-like molecules that can
extend several hundred nanometers from the apical cell surface into the lumens of ducts
and glands (Bramwell et al., 1986). Cancer-associated MUC1 is incompletely
glycosylated, with truncated carbohydrate chains largely made up of one to six sugar
units (Hanisch et al., 1996). As a result of these truncated carbohydrate structures,
cancer-associated MUCT1 has exposed internal sugar units and naked peptide sequences
that are cryptic in the normal mucin molecule (Figure 1-5) (Burchell et al., 1987). This
reduced glycosylation permits the antibody access the peptide core of the tumour

associated MUC1 antigen.
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Figure 1-5 Structure of MUCI and Tandem Repeat

A Normal mucin Cancer mucin B

A

QVTSAFDTRPAPQSTAPPAH

Tandem repeat

Figure 1-5 Structure of MUCI (A) The glycosylation pattern of normal versus cancer-
associated MUC1. The brown circles represent sugar residues of carbohydrate side-chains on
MUCI. Because of defects in carbohydrate metabolism in cancer cells, cancer-associated
mucins are underglycosylated. (B) The nature of the core peptide, which is a tandem repeat of a
20-amino-acid sequence (highlighted as the amino acid single letter representation) (Agrawal et
al., 1998).

Structurally, MUC 1 contains two domains believed to be of functional significance. The
large extracellular tandem repeat (TR) domain of MUCI is heavily O-glycosylated.
Glycosylation of the TR domain varies among the different tissues, and tumor-
associated MUCI has been reported to be both less glycosylated (Gendler et aL, 1991)
or more glycosylated than forms expressed by normal tissues (Hanisch et al., 1996).
Differential glycosylation patterns on the TR may affect adhesion properties that result
in an increased ability of tumor cells to metastasize. Additional evidence suggests that
MUC 1 may also confer anti-adhesive properties, thereby aiding in the metastatic spread
of tumor cells (McDermott et al., 2001). Another important domain of MUCI is the
cytoplasmic and transmembrane domain (CT), which is highly conserved across
mammalian species and hypothesized to play a role in its post-translational processing,

subcellular localization, signal transduction, and intracellular localization (Spicer et al.,
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1995). Alterations to the CT may affect trafficking through the Golgi apparatus thereby
influence glycosylation of the TR domain. The CT also mediates signal transduction
events that may contribute to functional differences between tumors and normal cells
(Lietal, 2001a; Li et al., 2001b; Pandey et al., 1995; Pemberton et al., 1996; Schroeder
et al., 2001). B-Catenin binds to a consensus site found in the MUC1 CT; GSK-38
phosphorylates a serine residue in the CT; and there is a consensus Grb2/Sos binding
site in the CT, which includes a potentially phosphorylated tyrosine residue (Li et al.,
2001a; Li et al., 2001b; Schroeder et al., 2001). Tumor-associated modifications of
these sites may affect the ability of tumor cells to associate with components of the
extracellular matrix (ECM) or other cells (both malignant and benign).

Deletion of either the CT or TR of MUCI resulted in an increased propensity of tumor
cells to invade vessels and metastasize to lymph nodes compared with a cell line
expressing full-length MUC1 (Chen et al., 1994; Schroeder et al., 2001). These results
suggest a cooperative relationship between the CT and TR domain of MUCI. Deletion
of the CT or TR domain produced cell lines with a more aggressive phenotype on
implantation onto the cecum. On the other hand, overexpression of full-length MUCI
resulted in the other extreme: a substantially decreased invasive and metastatic character
on implantation on the cecum. Results of cDNA array gene expression analysis showed
differences in the gene expression profiles between the different cell lines. Among the
genes differentially expressed were several encoding proteins believed to play a role in

invasion and metastasis (Oosterkamp et al., 1997).

Most serous carcinomas (19/21; 90%) expressed MUCI1 (Feng et al., 2002). MUCI1
mucins are highly glycosylated glycoproteins expressed on the luminal surfaces of

glandular epithelia. In breast and ovarian carcinomas, their expression is frequently
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upregulated and they may be secreted into the circulation of cancer patients. The
immunogenicity of MUC1 has now been extended to human studies and it is apparent
that patients with breast and ovarian malignant disease are able to mount immune
responses against MUC1. These findings provide information on the mechanisms
involved in the recognition of MUCI expressing tumours. The utilisation of MUCI1
related immunogens to stimulate immune responses to tumours could lead to the
improved management of patients and the development of new immunotherapeutic
strategies aimed at the eradication of MUC1 mucin expressing cancers (Denton & Price,
1995).

C595 is a monoclonal antibody against the protein core of the human urinary epithelial
mucin (MUCI1). The C595 murine antibody (IgG3) was raised by the Cancer Research
Laboratories at Nottingham University. Antibody was purified from the supernatant of
in vitro cultures of the hybridoma by affinity chromatography and stored at -20°C in PH
7.2 (PBS). Viruses were inactivated by heat treatment (50°C for 30 min). Stabilization
of the PPII helix by GalNAc glycosylation presents the epitope of the C595 antibody
with a favourable conformation for binding. Glycosylation of the MUCI1 tumor marker
protein with a simple O-linked saccharide expressed in many cancers, can enhance the
binding of the clinically relevant C595 antibody (Spencer et al., 1999).

The use of ®™Tc-C595 immunoscintigraphy for staging bladder cancer (Simms et al.,
2001), '®¥Re-C595 for radioimmunotherapy of bladder cancer (Murray et al., 2001) and
Bi-C595 for targeted alpha therapy of breast, prostate, pancreatic and ovarian cancers

in mice (Allen et al., 2004) has been shown to be effective and specific.
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1.5.3 uPA/uPAR: PAI2

Urokinase-type plasminogen activator (uPA) and its receptor (UPAR) can activate
plasminogen at the cell surface, potentially augmenting migration of cells and
exacerbating atherogenesis, restenosis, or both. Migration may be facilitated by
digestion of ECM, a process that can be potentiated by plasmin (Engelholm et al.,
2001). uPA is believed to be involved in remodeling of the ECM as seen with invasion
of tumors (Bajou et al., 1998; Borstnar et al., 2002; Fisher et al., 2000; Konno et al.,
2001). uPA was significantly associated with the malignant progression of ovarian
tissues; the levels were increased going from normal tissue, via benign and borderline
adenomas, to primary and metastatic adenocarcinomas (van der Burg et al., 1996). The
uPA expression has shown different level in normal and malignancies (Miseljic et al.,
1995), with low level expression in normal tissues.

Migration of cells into and within vessel walls and atherosclerotic plaque may depend
on analogous phenomena regulated by cell-surface plasminogen activators, their
receptors, and plasminogen activator inhibitors types 1 and 2 (PAI-1 and PAI-2)
(Lundgren et al., 1994). Two lines of evidence have strongly suggested an important
and apparently causal role for the uPA system in cancer metastasis: results from
experimental model systems with animal tumor metastasis and the finding that high
levels of uPA, PAI-1 and uPAR in many tumor types predict poor patient prognosis.
Many findings suggest that the system does not support tumor metastasis by the
unrestricted enzyme activity of uPA and plasmin. Rather, pericellular molecular and
functional interactions between uPA, uPAR, PAI-1, extracellular matrix proteins,
integrins, endocytosis receptors and growth factors appear to allow temporal and spatial
re-organizations of the system during cell migration and a selective degradation of

extracellular matrix proteins during invasion. Differential expression of components of
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the system by cancer and non-cancer cells, regulated by paracrine mechanisms, appear
to determine the involvement of the system in cancer cell-directed tissue remodeling. A
detailed knowledge of these processes is necessary for utilization of the therapeutic
potential of interfering with the action of the system in cancers.

The activity of uPA is physically regulated by plasminogen activator inhibitors type 1
and 2 (PAIl and PAI2) PAI2 is a member of the serine protease inhibitor superfamily
and forms SDS-stable 1: 1 complexes with uPA. It was suggested that cell surface-
bound uPA is accessible to PAI2, and PAI2 can inhibit cancer cell invasion and
metastasis. PAI-2 targets the urokinase plasminogen activator (uPA). Since uPA has
high affinity and specificity for cell-surface localized receptors (ie, uPAR), where it can
be inhibited by PAI-2 (Hang et al., 1998; Kruithof et al., 1995), PAI-2 is more likely
involved in pericellular proteolysis in which uPA-mediated proteolysis plays an
important role, such as tumour cell invasion and metastasis. The pharmacokinetics and
biodistribution of exogenously administered human recombinant radioiodinated '*I-
PAI-2 in both control and tumour-bearing animals have been established (Hang et al.,
1998). Radio-labeled PAI-2 accumulated in tumour xenografts (~1.5% of total injected
activity) without an accompanying increase in major organ toxicity, and that tumour
associated PAI-2 correlated with tumour mass. Thus exogenously administered PAI-2
targets uPA expressing tumour cells, particularly those that have or are likely to
metastasise. Targeting uPA-overexpressing cells by its natural inhibitor remains an
unexploited mode of attack for prostate and pancreatic cancer malignancy (Allen et al.,

2003; Li et al., 2002; Song et al., 2006).
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1.6 Preclinical in vitro and animal studies

Several studies were carried out with the human myeloid leukaemia (de The et al.,
1990). The murine MAb M195 is directed against the CD33 antigen expressed by most
of the cells of myeloid leukaemia and clonogenic progenitor of the leukaemia (Jurcic et
al., 1995; Sgouros et al., 1993). A humanised antibody HuM195 was constructed and is
directed against the same antigenic targets but without significant immunogenicity
(Caron et al., 1994). HuM195 is able to modulate the response of human blood
mononuclear cells, resulting in the death of the leukaemic cells (Caron et al., 1992; Co
et al., 1992). Pharmacokinetic and biodistribution tests in mice showed good stability of
2BBi-RIC, a lack of uptake in healthy normal tissues which did not express CD33
antigen and a lack of renal activity, a natural route of elimination of the free bismuth
(McDevitt et al., 1998). Activities up to 740 MBg/kg of 2Bi-HuM195 were i.v.
injected without any problem of tolerance, but activities of 2,590 MBg/kg resulted in

the death of two out of three mice, and leucopenia in the survivor (Nikula et al., 1999).

The MSK group also studied the MAb J591, directed against the prostate-specific
membrane antigen (PSMA). This therapeutic approach appeared of particular interest
because the metastatic spread of prostatic cancer is via bone marrow migration of
cancer cells or clusters of cells, which are ideal targets for a-particles. In a first in vitro
study on spheroids of LNCaP-LN3 prostate carcinoma cells, a decrease in the spheroid
volume was observed, and this decrease was related to the initial volume and the
delivered activity (Ballangrud et al., 2001). In vivo cytotoxic tests were later performed
on athymic mice bearing subcutaneous xenografts of LNCaP cells. The i.v. injection of

213Bj-J591 prolonged survival times significantly as compared with the i.v. injection of
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non-specific MAb 2*Bi-HuM195 or the lack of injection of RIC. The prostate-specific
antigen level was also significantly lowered in animals treated with 2'’Bi-J591

(McDevitt et al., 2000). Similar results were reported by CERO

The effectiveness of 2'*Bi-MAbs has also been studied in vitro using other models, with
comparison to irrelevant MAbs, MAbs radiolabelled with a-emitters, free isotope,
external irradiation or cold MAb. In a human epidermoid tumour cell line A431 model,
cell killing with a specific murine *’Bi-MADb, 2D11, about 90% cell death was caused
by 30 a-particle disintegrations in monolayer cell culture versus one in multicell
spheroid (Kaspersen et al., 1995). In multiple myeloma cell line models (U266, RPMI
8226 and LP1), the effectiveness of two specific *">Bi-MAbs (B-B4 and MAS) was
compared with that of non-specific *"*Bi-IgG134 and that of B-B4 radiolabelled with
iodine-131. With 2"’Bi-B-B4, excellent tumour targeting was reported, resulting in a
specific mortality 20 times that observed with the irrelevant 2’Bi-IgG 134 or with '*'I-
B-B4 (Supiot et al., 2002). Low D, values (37% cell survival) for different >"*Bi-RICs
(specific for melanoma, colorectal cancer or pancreatic cancer cell lines) wee found
compared with control RICs radiolabelled with a-emitter, control free isotope or control
cold MAb (Allen et al., 2004; Allen et al., 2001). Recently, with a model of B cell
chronic lymphocytic leukaemia (B-CLL), Vandenbulcke et al. showed "’Bi-rituximab
to be more effective than external a-irradiation. They calculated an RBE of 2 at low
activitys (<10 Gy) with respect to the induction of apoptosis (expressed as percentage
excess over spontaneous apoptosis in control) and an RBE of 2-5 with respect to
chromosomal damage (Vandenbulcke et al., 2003). In their latest study, these authors
reported cell binding of 213Bj-rituximab to be significantly higher for splenic lymphoma

with villous lymphocytes (SLVL) than for B-CLL, resulting in greater induction of
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apoptosis in SLVL than in B-CLL (Vandenbulcke et al., 2004). An anti-colorectal
cancer MAb, ¢30.6, radiolabelled with bismuth-213 or terbium-152 (a positron emitter),
has been tested in vitro and in vivo (Rizvi et al., 2001). In vitro, only the 2"°Bi-RIC was
able to kill cancer cells, while in vivo high uptake and retention of both conjugates was
seen in tumours whereas no retention was observed in the kidneys. These results

demonstrated the efficiency and selectivity of the targeted a-therapy approach.

Another RIT approach consists in targeting tumour vasculture rather than a membrane
MADb specific to only one type of tumour. Kennel and Mirzadeh have radiolabelled the
MAD 201B with bismuth-213. This MAD is specific to murine thrombomodulin and
targets lung micrometastases (Davis & Kennel, 1999; Kennel et al., 1999b). Five
primitive cancer cell lines were used to generate lung micrometastases in mice:
mammary carcinoma EMT-6, murine lung carcinoma Line 1, murine tracheal carcinoma
IC-12, human epidermoid carcinoma A431 and human lung cancer A549 (Kennel et al.,
1999a). The 2’Bi-RICs have also been injected by the loco-regional route, to improve
access to the tumour. Intra-lesional injection of a low activity of 213Bi-(9.2.27), a
radiolabelled MAb directed against a surface antigen expressed on most melanomas,
completely inhibited the growth of subcutaneous xenografts of melanoma in nude mice

(Allen et al., 2001).

Another multiple-step biotin—streptavidin model employed a biotin MADb radiolabelled
with bismuth-213 via DOTA in A431 tumour- bearing mice pretargeted with B3-
streptavidin MAb (B3-SA) (Yao et al., 2004). Activitys lower than 37 MBq inhibited

tumour growth and prolonged survival whereas a activity of 74 MBq was lethal in all

animals.
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1.7 Human studies

In 1996, the Memorial Sloan—Kettering Cancer Center team started its first human study
with bismuth-213 (Jurcic et al., 2002) in patients with acute or chronic myeloid
leukaemia. The antibody was the humanised MAb HuM195, specific to CD33 antigen,
radiolabelled with bismuth-213 via the chelating agent CHX-A-DTPA(Nikula et al.,
1999). Prior to this, a phase I trial with ten patients had shown that this MAb
radiolabelled with iodine-131 was able to quickly and specifically target the leukaemia
sites (Scheinberg et al., 1991). In a later study with activity escalation using the same
BILRIC, the cancer load was significantly diminished in patients with refractory
myeloid leukaemia or in relapse (Schwartz et al., 1991). 18 patients with myeloid
leukaemia (14 with acute myeloid leukaemia in relapse, including three who had
benefited from a bone marrow transplant, three with acute myeloid leukaemia refractory
to chemotherapy and one with chronic myeloid leukaemia in relapse) were included in a
therapeutic phase I trial, with the aim of assessing the tolerance, pharmacokinetics and
biological activity of 2’Bi-HuM195. Patients received 10.36-37 MBg/kg of 2'’Bi-
HuM195 in three to seven systemic injections in 2—4 days. Five activity levels were
employed (10, 16, 21, 26 and 37 MBg/kg), yielding total activitys from 602 to
3,515 MBgq. Treatment was well supported without any accidental acute toxicity. The
delayed toxicity was limited to (1) myelosuppression in all patients, characterised by a
decrease in leucocytes and blasts in peripheral blood, which lasted an average of 22
days (12-41 days) and (2) transient, mild liver function abnormalities in five patients.
Sampling of blood and scintigraphic scans centered on the 440-keV photopeak were
performed, thereby obtaining dosimetric and biodistribution data. Uptake of bismuth-

213 in bone, liver and spleen was observed from the tenth minute after administration,
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but no significant uptake was measured in other organs. The estimated activitys to the
bone marrow, liver and spleen were as much as 40,000 times higher than the activitys
estimated for kidneys or the whole body. The organ target/whole body ratios of

absorbed activitys with **Bi-HuM195 were 1,000-10,000 times higher than the same

activity ratios with o -emitters such as iodine-131 or yttrium-90 (Sgouros et al., 1999).

Another clinical trial was carried out at St George Hospital, Australia (Allen et al.,
2005). 16 melanoma patients were recruited. All the patients were positive to the
murine monoclonal antibody 9.2.27. Alpha conjugates activities from 5.6 — 50 GBq
injected into lesions of different sizes resulted in massive cell death, as observed by the
presence of tumour debris. There were no significant changes in blood proteins and
electrolytes. There was no evidence of a human-antimouse-antibody reaction. Evidence
of significant decline in serum marker melanoma-inhibitory-activity protein (MIA) at 2
weeks post-TAT was observed. Intralesional TAT for melanoma was found to be safe
up to 50 GBq, and efficacious at a activity of 22.2 GBq. MIA, apoptosis and ki67
proliferation marker tests all indicated that TAT is a promising therapy for the control

of inoperable secondary melanoma or primary ocular melanoma.
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2.1 Materials

2.1.1 Preparation of medium and buffers

All water used to prepare non-tissue culture solution was deionised and filtered using
the Modulab Analytical laboratory Research Grade Water System. Prepared solutions
and buffers were subsequently sterilised by filter sterilisation as indicated. Filter
sterilisation was performed using ether a sterivex GS 0.22 pm filter system, or by 0.22
um minister filters, power suppled by a peristaltic pump (Australia Millipore). After
sterilisation, all solutions were stored at 4° C, -20°C or -80°C as indicated. Medium and
buffers were used in this study are listed in Table 2-1. The details of buffer preparation

are attached in Appendix.I.

Table 2-1: Medium, Buffers and Reagents

Name Company Catalogue
Inactive fetal bovine serum In Vitrqgen corporation, 16140-071
Australia
(FBS)
Dulbecco’s phosphate In Vitrogen corporation, 21300-025
buffered saline (DPBS) Australia
Roswell park memorial In Vitrogen corporation, 31800-022
institute (RPMI - 1640) Australia
medium
McCoy’s 5a Medium In V1trqgen corporation, 16600-082
Australia
DMEM In Vitrqgen corporation, 12800-017
Australia
MCDB 105 medium Sigma , Australia M6395
Medium 109 Sigma , Australia M5017
Cytochalasin B (Cyt B) Sigma , Australia #6762
Phytohaemagglutinin Sigma , Australia 1.8754
(PHA)
cDTPA Sigma , Australia 284025
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2.1.2 Cell lines

Cell lines used in this study were all cancer cell lines (Table 2-2), obtained from the

America Type Cell Culture (ATCC, USA).

Table 2-2: Cell Lines

Cell line Catalogue # | Origin or Characters Medium
OVCAR-3 HTB-161 Adenocarcinoma of | RPMI-1640 modified
ovary medium, supplemented
with 0.01 mg/mL bovine
insulin and 20% FBS
SKOV-3 HTB-77 McCoy’s 5a Medium,

Ascites, papillary serous modified with 10% FBS

adenocarcinoma of ovary

OV-90 CRL-11732 | Ascites, ovarian | 1:1 mixture of MCDB 105
adenocarcinoma medium and Medium 199
supplemented with 15%
FBS
BT-474 HTB-20 Breast ductal carcinoma | EMDE medium modified

with 10% bovine serum.

2.1.3 Monoclonal antibodies and protein

2.1.3.1 Herceptin

Herceptin (Trastuzumab, provided by Roche Products Pty Ltd, Australia) is a
humanized IgGl that recognized the extracellular domain of the HER-2 /neu
oncoprotein (Choi et al., 2005). The antibody was washed with 0.1 M PBS (PH7.3)

using a centrifugal concentrator (Mistral 30001) to remove formulating agent (Borchardt

et al., 2003)
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2.1.3.2 C595

IgG3; monoclonal antibody C595 (also known as NCRC48) is reactive with the protein
core of MUC1 mucin. The target epitope of the C595 antibody is the tetrameric motif
Arg-Pro-Ala-pro that is repeated many times within the MUC1 protein core. Murine
C595 MAbD provided by Dr. Alan Perkins from Nottingham University, UK.

2.1.3.3 PAI2

Human recombinant PAI2 (47KD), reactive with the membrane-bound uPA, was
provided by PAI2, Australia Pty Ltd.

2.1.34 #394

Mouse anti-human uPA IgG antibody (#394) was purchased from American Diagnostic

Inc (Greenwich, CT, USA).

2.135 A2

A non-specific control IgG1 MAb (know as A2) was provided by Professor Andrew

Collins, University of New South Wales, Australia.

2.1.3.6 BSA

Bovine serum albumin (BSA) was purchased from Invitrogen (Sydney, NSW,

Australia).

2.1.3.7 Negative control

Mouse IgG1 negative control MAb was purchased from Dakopatts (Glostrup, Denmark).
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2.1.3.8 Horse Reddish Phosphatase (HRP)

Rabbit anti-mouse IgG conjugated to HRP was purchased from Dakopatts (Glostrup,

Denmark).

2.1.3.9 Monoclonal antibody -Fluorescence Isothiocyanate (FITC)

Mouse and-human isotype control IgG1 monoclonal antibody and goat anti-mouse 1gG
fluorescence isothiocyanate (FITC)—conjugated monoclonal antibody were purchased

from Silenus (Sydney, NSW, Australia).

2.1.3.10 Mouse anti-HER2 IgG1

Monoclonal mouse anti-HER2 IgG1 (clone: TAB 250) was purchased from Zymed

Laboratories INC (South San Francisco, CA, USA).

2.1.4 Bismuth-213

The Bi-213 was used to radiolabel the MADb construct (Boll et al., 2005). 2’Bi is a
daughter product of *’Ac (t;2 = 10 days). >"’Bi was eluted from the 2*’Ac/2"*Bi column
(Apostolidis et al., 2005), supplied by the Institute for Transuranium Elements (ITU),
Germany, with 250 pL of freshly prepared 0.15 M hydriodic acid (HI) as the (Bi-lodide)
2 anion species, neutralized to pH 4 - 4.5 with the addition of 3 M-ammonium acetate.
213Bi has a short half-life (t;» = 46 min), short range (80 pm) and emits a o particle with
energy of 8.34 MeV. Actinium-225 decays to stable *Bi through six predominant
radionuclidic daughters in a cascade, with a yield of 4 alpha emissions in its decay chain
and a total energy release of approximately 28 MeV. The Ac-225 decay scheme is

shown in Figure 1-1.
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2.1.5 Yttrium-90

Yttrium-90 (*°Y) is a pure-beta emitter that decays to stable zirconium-90 with an
average energy of 0.94 MeV via a half-life of 2.67 days (64.2 hours) and has a

maximum path length of 11 mm in tissue. Y-90 was kindly provided by ITU.

2.1.6 Ovarian cancer patients

This study has the approval of SESAHS ethics committee (03/88). Specimen from 26
stage I ~ Ilc ovarian adenocarcinoma patients were obtained from Peter McCallum
Cancer Institute Tissue Bank. Both primary and metastasis sites were included for 11
patients. The expression of uPA/uPAR, MUC-1 and HER-2 were tested by
immunohistochemistry to evaluate the targeting potential in the ovarian cancer

population.

2.1.7 Mice

Female 6-8 weeks Balb/ C (nu/nu) athymic nude mice, male 6-8 weeks old SCID mice,
and female 6-8 weeks Balb/c mice were obtained from the Animal Resources Centre
(ARC), Western Australia. The mice were housed and maintained in laminar flow
cabinets under specific pathogen-free conditions in facilities approved by University of
New South Wales (UNSW) Animal Care and Ethics Committee (ACEC) and in
accordance with state regulations and standards. All mice studies were approved by the

ACEC of the UNSW (02/17; 04/39; and 04/79).

2.1.8 Rabbits

10 weeks old White New Zealand rabbits were obtained from Biological Resources
Centre (BRC) of UNSW. Rabbits studies were approved by the ACEC of the UNSW
with reference number (03/56).

M
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2.2 Methods — In Vitro

2.2.1 Cancer cell culture

The details of cell culture procedure are attached in Appendix.II.

Preparation of cells for animal models

Cells were not completely covering the flask, to avoid confluence which decreases the
ability to grow in the animal body. Cells covered only 60-70% of the flask.

Cells were detached using 0.125% (w/v) Trypsin 0.015% (w/v) EDTA solution, and
then washed 2 times using PBS before injection to eliminate FBS.

Cytocentrifuge preparations of the cultured cells for slides

The cells were detached, washed and suspended with a concentration of 2 x 10 cells/ 60
pL of DPBS. Cytospin preparations (wetting filter paper with 400 puL of DPBS/dot, 800
rpm at 5 minutes) were made with a Shando Cytocentrifuge (Thermo Electron

Corporations. USA). Cell cytospins were made on glass slides at 800 rpm for 5 minutes.

2.2.2 Spheroid cultures

Human tumor cell lines can be cultured in the form of multicell spheroids, which are
cellular aggregates growing by division at the periphery. As in vitro multicell spheroids
resemble micrometastases during the avascular phase of their development, this model
has applications for evaluation of the effectiveness of radioimmunotherapy of tumor
micrometastases (Ballangrud et al., 2001; Couturier et al., 1999; Devys et al., 1996;
Essand et al., 1995; Rutgers et al., 1989).

OVCAR-3 and BT-474 cells in a monolayer culture were trypsinized, and 10’ cells in
15 mL of medium supplemented with 10% FBS were transferred into 10 ¢cm culture

dish coated with 1 % agarose, incubated in 5% CO; and 95% air at 37°C. The half of
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the medium was changed every two days. This procedure resulted in spheroids of
various sizes. The size of spheroids was determined using an inverted microscope
equipped with a cross-hair eyepiece. Spheroid diameter (D), determined by measuring 2
perpendicular diameters (D1 and D2), was the geometric mean of D1 and D2: D = (DI
x D2)'2. Complete dissociation of the spheroids was achieved by incubation in 0.12%
trypsin-0.02% EDTA and PBS (Ca- and Mg-free) at 37°C for 15 min, followed by
mixing the suspension with a pipette. Cold medium was added to stop trypsin action

(Couturier et al., 1999).

2.2.3 Lymphocytes Culture for CBMN

Cytokinesis block micronucleus assay (CBMN) methods were obtained from Dr
Fenech’s laboratory (CSIRO Health Sciences and Nutrition, South Australia, Australia)

and modified according to published methods (Fenech, 2000)

2.2.3.1 Isolation of lymphocytes

1. Fresh blood was collected by venipuncture. The volume taken was dependent on
the number of cell needed (currently work on 1 x 10®cells per 1 mL blood).

2. Dilute whole blood 1:1 with RPMI and gently inverted to mix.

3. Gently overlay diluted blood onto Ficoll-Paque using a ratio of 1:3, 2 mL ficoll:
6 mL diluted blood, being very careful not to disturb the interface.

4. Weigh and balance the centrifuge buckets before spinning the tubes at 400 g for
30 min at 18-20 °C.

5. Remove the fluffy lymphocyte layer at the interface of ficoll and diluted plasma
into a fresh tube using a sterile, plugged Pasteur pipette, taking care not to

remove too much ficoll.
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Add 3 x this volume removed of RPMI at room temperature, then centrifuge at
180 g for 10 min.

Discard the supernatant and resuspend the cell pellet in 2 x the volume removed
of RPMI, using a Pasteur pipette, then centrifuged at 100 g for 10 min.

Discard the supernatant and resuspended the cells in 1 mL culture medium at
room temperature, using a Pasteur pipette.

Count cells.

10. Cells were left in medium at this point at room temperature in the dark for 1-2

hours with the tubes sealed.

2.2.3.2 Culture of lymphocytes

1.

Using the above calculation, resuspend cells at 1 x 10° /mL. Add the calculated
volume of medium to labelled 5 mL flat bottomed culture tubes then add the
cells into the medium to a final volume of 750 pL.
Stimulate mitotic division of cells by adding PHA
o Added 10 pL / 750 pL culture to give a final concentration of 30 pg/mL.
o Discarded remaining PHA after use.
Incubate the cells at 37°C with lids loose in a humidified atmosphere containing

5% CO,,

For standard micronucleus measurement the following timetable applies:

T =0 hour Set up cells at 1 x 10° cells/mL with 30 pg/mL PHA (10

pL/750uL)

T = 44 hours Add Cyt B at 4.5 pg/mL (56.2uL/mL)

T =72 hours Harvest cells by cytospin.
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Note: at T=24 hours, when lymphocytes have been successfully stimulated, cultures

appeared clumpy and grainy. Unstimulated cultures appeared cloudy and silty.

2.2.3.3 Addition of Cyt B: 44 hrs after PHA stimulation.

Carry out all handling of the Cyt-B solutions in a fume hood with the base glass

window down to chest level and use personal protection.

1.

2.

Thaw out vial of 100 uL. @ 600 pg/mL

Aseptically add 900 pL of culture media equilibrated to room temperature to the
vial to give 1000 pL. @ 60 pg/mlL.

Add 56.2 pL./750 pL cell culture to give a final concentration of 4.5 pg/mL.

Discard after single use.

2.2.3.4 Harvesting of cells: 72 hours after PHA stimulation.

1.

Centrifuge the cytocard with 400 uL of PBS.

2. Remove 200 pL of the culture medium without disturbing the cells.

3. Agitate tube gently to remove cells from the bottom of the tube.

4. Add 46 pL of DMSO.

5. Thoroughly resuspend the cells in the medium and leave at room temp for 10
minutes.

6. Sample 60 pL of cells into the sampling cup and then spin 600 rpm for 5
minutes using Cytospin.

7. Remove all slides and allow air dry for 10 minutes.

8. Fix cells by dipping slides into Diff Quik fix for 10 dips or methanol for 10
minutes.

9. Transfer directly into Diff Quik stain: 10 dips orange, 6-10 dips blue.

——————————————————————————————————————————— e —
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Wash in tap water then distilled water, then blot dry with tissue or filter paper,
taking care not to rub the slide spots.

Allow the slides to air-dry for 15 minunes.

Cover with Depex mounting medium and No.1 coverslips.

Allow to air-dry overnight in the fume hood, then store at room temperature in a

dust free box.

Immunohistochemistry

uPA, MUCI1, and Her2 expression on ovarian cancer tissues was detected by

immunohistochemistry as described following.

1.

2.

10.

11.

12.

13.

14.

Paraffin embedded section (5 um) incubated in oven for 20 min at 60°C.
Deparaffinized in xylene for 5 min at room temp.

Graded alcohols (100%, 95%, 70% 3-5 dips in each)

Wash with distilled water 2 times.

Rehydrate in TBS, PH7.6.

Primary murine MAb (#394, C595, and anti-Her2) incubated for 1 hour at RT.
(Each section normally needs 100 pL to cover it)

Wash with TBS 2 times.

Rabbit- anti-mouse ~HRP (1:100 dilution) for 45 min at RT.

Wash with TBS 2 times.

Diaminobenzidine (DAB) with 1% H;O, substrate for 5-10 min.

Wash with tap water.

Counterstain in Harris’s haematoxylin for 30 s - 1 min.

Wash with water 2-3 times.

Mount in glycerol gelatine under glass cover slips.
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The criteria for assessment are to combine staining intensity with percentage of

positive cells as follows: -, <25%; + (weak), 25-50%; ++ (moderate), 50-75%; +++

(strong), >75%.
2.2.5 Immunocytochemistry
uPA, MUCI1, and Her2 expression in cancer cells was detected by

immunocytochemistry as described follows:

1.

2.

10.

1.

12.

13.

14.

15.

Prepare cells in a concentration of 2-4 x 10* cells/ 60 pL

Prepare slides using Cytospin.

Allow air dry for 10 minutes

Fix slides with 4% paraformaldehyde (PH 7.4) for 20 minutes or Acetone for 10
minutes.

Air-dry for 10 minutes.

Wash with TBS 2 times.

Add primary murine MADb (#394, C595, and anti-Her2) incubated for 1 hour at
RT. (Each section normally needs 100uL to cover it.)

Wash with TBS 2 times.

Rabbit- anti-mouse —HRP (1:100 dilution) for 45 min at room temperature (RT).
Wash with TBS 2 times.

Diaminobenzidine (DAB) with 1% H,0, substrate for 5-10 min.

Wash with tap water.

Counterstain in Harris’s haematoxylin for 30 s - 1 min.

Wash with water 2-3 times.

Mount in glycerol gelatine under glass cover slips.
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The criteria for assessment was to combine staining intensity with percentage of

positive cells as follows: -, <25%; + (weak), 25-50%; ++ (moderate), 50-75%; +++

(strong), >75%.

2.2.6

2.2.7

uPA,

Flow cytometry

For the detection of cell-surface expression of targeting antigen/receptors on

cancer cell lines, indirect immunofluorescence staining was performed.

Confluent, adherent cells were harvested by rinsing flasks twice with PBS (pH
7.2).

Detach with 0.25% trypsin and 0.02% EDTA at 37°C for 5Smin.

Cells (0.5 — 1.0 x 10%) were washed twice with 4mL cold DPBS containing 5%
FBS (200 g, 8 min).

Re-suspend in 80 mL of cold DPBS plus 5% FBS.

Incubate with either an irrelevant isotype control (A2, BSA,IgG1) and DPBS or
MAD (C595, #394, Herceptin) for 30 min on ice in the dark.

Wash cells with PBS.

Cells were re-suspended and incubated in goat anti-mouse FITC monoclonal
antibody for 30 min.

The cells were washed again, re-suspended in 0.5 ml of DPBS plus 5% FBS.

In all the fluorescence-based experiments, autofluorescence was subtracted. All
data were analyzed using CELLQuest software (Becton-

i. Dickinson).

Confocal Microscope for antigen expression.

MUC1, and Her2 expression in cancer cells were detected by

immunocytochemistry using confocal microscope as described below.

M
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1. 1x 10’ cultured cancer cells were grown on coverslips.

2. Cells were washed with PBS.

3. Cells on coverslips were fixed with ice cold acetone for 10 minutes.

4. Primary antibody was incubated for 12 hours at 4 °C and rinsed with PBS.

5. Second antibody (goat-anti-mouse conjugated Alexa 488 green antibody) was
incubated for 1 hour at RT.

6. Slides rinsed with PBS for 10 minutes.

7. The slides were mounted with coverslips using glycerol (Sigma-Aldrich Pty,
Limited, Castle Hill, NSW, Australia).

8. Examination was performed with Confocal Microscope (FV300/FV500

Olympus, Japan).
2.2.8 In vitro cytotoxicity

2.2.8.1 MTS assay

This MTS assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt] is a colorimetric method for determining the
number of viable cells in proliferation or cytotoxicity assays. The non-radioactive MTS
Assay has become popular due to its simplicity and accuracy (Riss & Moravec, 2004).
The method is based on the cellular conversion of tetrazolium compounds to the
ultraviolet-absorbing formazan product (Promega Technical Bulletin 169, 245 and 112).
This product has been demonstrated to be directly proportional to the number of viable
cells for most assay procedures.

Trypsinized monolayer cancer cells in exponential growth were washed twice with
DPBS and seeded into 96-well flat-bottomed plates at a density of 2 x 10* cells in 300

pL of medium. The activities of the ACs were measured by a radioisotope calibrator
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(Atomlab 200, Australia). After this, five serial dilutions of ACs/”°Y-PAI2 were made to
give activities of 118, 237, 474, 947 and 1180 kBq for each well in triplicate. The
specific activity of the 2"’Bi: protein conjugate was 118 kBq: 1 pg. The following
control conjugates, *Bi-BSA and 2"’Bi-lodide with activities of 118, 237, 474, 947 and
1180 kBq and 10 pg of cDTPA-protein, were tested in triplicate in the same 96-well
plate for each experiment, as well as cell and medium alone. The plates were then
incubated for 12 hours in a 5 % CO, atmosphere at 37° C. The cells were washed and
incubated with 100 pL phenol-red free medium (without FBS) containing 20 pL of the
CellTiter 96 Aqueous One Solution reagents (MTS assay) (Promega, WI, USA). After 3
hours incubation in a 5 % CO, atmosphere at 37 °C, the reaction was stopped by the
addition of 10 % SDS, and the absorbance in each well was recorded at 490 nm using a
SPECTRO max plate reader (BIO-RAD, Hercules, CA, USA). The absorbance reflects
the number of surviving cells. Blanks were subtracted from all data and results analysed

using Prism software (GraphPad Software Inc, USA).

2.2.8.2 Morphological change of monolayer cells.

The cultured monolayer cells were treated with ACs, free 23Bi in a concentration of
1180 kBq/ 10* cells, or with cold controls (CCs) in a MAb/protein concentration of 10
png/10* at 37°C for 12 hours. After treatment, the cells were washed with DPBS and
suspended in fresh medium. Cells were harvested by rinsing flasks twice with DPBS
(PH 7.2) and then detached with 0.25% trypsin and 0.05% EDTA at 37°C for 10- 20
minutes after 24 and 72 hours of treatment. Slides were prepared by cytospin at 600 rpm
speed for 5 min for TUNEL assay or stained with Diff Quick staining system (Lab-aid,
Australia) to identify apoptotic and necrotic cells. Slides were examined at x 1000

magnification using a light microscope (Olympus, Tokyo, Japan). Cells with three or

W
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more nuclear chromatin fragments were considered as positive apoptosis, while cells
with opaque cytomembrane were considered as positive necrosis. The number of
necrotic and apoptotic cells in 500 cancer cells was counted and the frequency of dead

cells calculated.

2.2.8.3 Morphological change of spheroids

Spheroids with size of 80 and 150 pm in diameter with 300 puL of medium were
selected in each well of 24 wells plates. The activities of the ACs were measured by a
radioisotope calibrator (Atomlab 200, Australia). After this, five serial dilutions of ACs
were made to give activities of 118, 237, 474, 947 and 1180 kBq for each well in
triplicate. Cold antibody/protein control (CC) was performed in triplicate for each
experiment as well as cell and medium alone. The plates were then incubated overnight

in a 5 % CO, atmosphere at 37° C. Then the following procedure was followed:

1) wash wells with PBS, and then add 1 mL of complete growth medium. Change half
medium every two days. Record the spheroid size by two dimensions every two days.

Experiment terminated when the control spheroids reached 250um in diameter;

2) spheroids collected and disolved using proteinkenize , then make slides by cytospin

for TUNEL assay, count the percentage of apoptosis cell numbers;

3) spheroids collected and cytospin spheroids for TUNEL assay.

2.2.8.4 TUNEL assay

Cells were treated and harvested as already described (paragraph 2.2.8.2). Apoptotic
cells were detected using the TUNEL method (Gavrieli et al., 1992) with TdT—fragEL.™
in situ apoptotic detection kit according to the manufacturer’s instruction (Oncogene

Research Products, Boston, MA, USA). Specificity of TUNEL reactivity was confirmed
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by undertaking in parallel appropriate negative (omitting TdT from the labelling mix)
and positive (treated HL-60 slides) controls. The labelled cells were examined using a
Leica light microscope (Leica microscope, Nussloch, Germany) at x 40 magnifications.

The results were expressed as a percentage of total cells staining positive for apoptosis.
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2.3 Methods — In Vivo

2.3.1 Animal model development

The purpose of animal model development is for in vivo TAT treatment efficacy study.

2.3.1.1 Subcutaneous xenograft model

Female 6-8 weeks old Balb/C (nu/nu) athymic nude mice were used to develop this
model. Subcutaneous tumour was established by inoculation of 2 x 10 OVCAR-3 /PC-
3 cells, or 1 x 10’ SKOV3 cells, suspended in 200 pL of serum-free medium, using a 29
G needle with a 0.5 mL syringe, into the subcutanous space of the right flank region.
Tumor progression was documented by measurements using vernier callipers. Tumor
volumes were calculated by the following formula: length x width x height x 0.52 in
millimetres (Gleave et al., 1999). If the tumor size exceeded 10 mm in any dimension,
mice were euthanized by cervical dislocation while under anaesthesia. Tumor tissues

were resected and stored in 4 % neutralized formalin.

2.3.1.2 Estrogen implantation for subcutaneous xenograft model

Breast cancer cell line BT474 is able to develop subcutaneous tumour in nude mice
under estrogen supplementation. 17 f estradiol pellets with 60 days release were used
to develop this model. Stainless steel reusable precision trochar with regular medical
point needle was used to implant 3 mm pellet intradermally as shown in Figure 2-1. Six-
week-old BALB/c nu/nu athymic mice were first implanted intradermally with a 0.72
mg, 60-day sustained release 17B-estradiol pellet (Innovative Research, Sarasota,
Florida, USA) required for the growth of BT-474 tumours. Two days following
implantation of the 17B-estradiol pellet, 1.5 x 107 BT-474 cells in 100pL of a 1: 1 (v/v)

mixture of Matrigel (Becton-Dickinson Labware, Bedford, Massachusetts, USA) and
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culture medium were injected subcutaneously in the right flank. The procedure for
tumor measurements and endpoint was followed as described previously (paragraph

2.3.1.1).

Figure 2-1 Implantation trochar

Figure 2-1 The size of
pellets was 3 mm, while the
size of implantation trochar
was 10 cm with a medical
point needle, which
simplified the implantation
procedure. Anaesthesia was
not  required for  this
procedure.

23.1.3 Ascites model

This model development was in collaboration with the Department of Surgery, St
George Hospital, NSW, Australia. The OVCAR-3 cells were maintained in vivo by s.c.
inoculation of the mice with 5 xIO” cells in RPMI medium without supplements. Two
months after inoculation, the s.c.-developed tumor was excised, mechanically
dissociated, and inoculated i.p. into non-pre-inoculated nude mice. Only the ascites
tumour cells were used for further experiments by harvesting the cells suspended in 50
ml of RPMI medium and centrifugation at 800 g for 5 min at room temperature (24-
26°C). After cell washing (in RPMI as above), the cells were re-suspended in the same
medium to a concentration of approximately 6x10” cells/ml, and 0.5 ml was injected
I.p. into an untreated group of the mice. Mice girth was measured to evaluate the ascites

volume. (Andersson et al., 2000; Avichezer et al., 1997; Hamilton TC).
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2.3.2 Treatment efficacy

2.3.2.1 2Bi-C595 in a mice ascites model

Systemic injection (ip) of *“Bi-C595 was performed at 9 days post-OVCAR3
intraperitoneal cell inoculation. Groups of five mice each received 355, 710, and 1065
MBg/kg, *"’Bi-A2 at 1065 MBqg/kg or 9 mg/kg of cold control mix (unlabeled chelated
C595). Mice body weight and the size of circumference of abdomen were measured
every day for first three days and once per week after that. Mice were euthanized by
cervical dislocation while under anaesthesia if the circumference of abdomen exceeded
9 cm. After 12 weeks, the experiment was terminated and tumour xenografts from
sacrificed mice were immediately fixed in 10% neutral buffered formalin for MUC-1
expression and H&E staining in paraffin sections. Ascites cell were collected and

cytospin was made for MUC-1 expression using immunocytochemistry.

2.3.2.2 *“Bi-PAI2 and *’Y-PAI2 in a mice ascites model

In vivo treatment efficacy studies with PY-PAI2 and 2" Bi-PAI2, using RBE = 4 for
alpha and assuming a range factor for beta energy loss for 100 pm spheroids at 9 days
post-inoculation.

Intraperitoneal inoculation of OVCAR-3 cells was made in five groups of mice of 4
mice each. Experiments started at 9 days post cell inoculation.

Group1 mice received 710 MBg/kg of 213Bi_PAI2 with one i.p injection. Group 2 mice
received 355 MBq/kg of %0y-PAI2 with one i.p injection. Group 3 mice received 185
MBg/kg *Y-PAI2 and 355 MBg/kg of 2BBi-PAI2 at 16 days of cell inoculation.
Group 4 mice received 6 mg/kg of PAI2 cold control mix (CC). Group 5 mice received

no treatment (C).
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Mice body weight and the size of circumference of abdomen were measured every day
for first three days and once per weeks after that. Mice were euthanased by cervical
dislocation while under anaesthesia if the circumference of abdomen exceeded 9 cm.
After 12 weeks, the experiment was terminated and tumour xenografts from sacrificed

mice were immediately fixed in 10% neutral buffered formalin.

2.3.23 213Bi-Herceptin in a mice estrogens implants subcutaneous model

A systemic injection (ip) of >"’Bi-Herceptin was performed at 2 days post-BT474 cancer
cell inoculation in an estradiol-implanted mouse as described previously (paragraph
2.3.1.2), Groups of seven mice each received 237, 355, 474 MBg/kg, or 4 mg/kg of
cold control mix (unlabeled chelated Herceptin). Mice body weight and the tumour size
were measured every day for the first three days and once per week after that. Mice were
euthanized by cervical dislocation while under anaesthesia if the tumour size exceeded
10 mm in any dimension. After 12 weeks, the experiment was terminated and tumour
xenografts from sacrificed mice were immediately fixed in 10% neutral buffered

formalin for MUC-1 expression and H&E staining in paraffin sections.
2.3.3 Toxicity

2.3.3.1 Acute toxicity of 2”Bi-PAI2

Animals
Mice: This study is an extension of the previously published study (Allen et al., 2003),

which showed the MTD for weight loss to be more than 710 MBq/kg (Barry J Allen et
al., 2005)) up to 90 days. Nude mice were divided into three groups (5 mice in each).
Mice were ip injected with 947 or 1180 MBqg/kg of 2I3Bi-PAI2, or cold control mix
(PAI2, elution solution and buffers for adjusting pH, without Bismuth). Animals were

monitored up to 15 weeks for any dramatic change in weight or distressed behaviour. If
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body weight loss exceeded 20%, mice were euthanized by cervical dislocation while
under anaesthesia; blood and organs collected and sent for pathologic examination.

Serum was obtained and kidney and liver function tests were done.

To determine haematological toxicity, 200 pL of blood was collected under anaesthesia
by cardiac puncture before the mice were sacrificed. White blood cell (WBC),
lymphocytes, red blood cell (RBC), and platelet count were performed before therapy
and at 2-7 days, 2 and 3 weeks post 947 — 1180 MBq/kg of *"*Bi-PAI2 treatment (n =
3/group).

Rabbits: Four groups of three White New Zealand rabbits were used. Rabbits received
59, 118 or 355 MBg/kg of **’Bi-PAI2 via ear vein, or cold control mix. Animals were
monitored up to 90 days for any dramatic change in weight or distressed behaviours.
Rabbits were euthanized by ketamine (I mL) and Iluim xylazil (0.5mL) by
intramuscular injection, if body weight loss exceeded 20%. Blood and organs were

collected and sent for pathologic examination.

2.3.3.2 Delayed toxicity of 2°Bi-PAI2 in mice

To determine the long term radiation toxicity, animals were monitored up to 40 weeks
for any changes in body weight or distressed behaviour. Nude mice were divided into 3
groups for lysine application, no lysine or cold control mix respectively. Lysine was
injected with i.p.injection 5 minutes before ’Bi-PAI2 i.p injections. The injected
activity was calculated in MBg/kg according to the weight of each mouse. 2’Bi-PAI2
activities were from 355 MBqg/kg to 592 MBg/kg for the group without lysine, and 592
MBg/kg to 829 MBqg/kg for groups with lysine applicationlf the body weight loss

exceeded 20% or mice suffered severe distress, mice were euthanized by cervical
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dislocation while under anaesthesia. Otherwise, the experiment terminated at 40 weeks.

Blood and organs were collected and sent for pathologic examination.

2.3.3.3 Toxicity of 2*Bi-Herceptin

Observation up to 90 days. Animals were monitored up to 90 days for any dramatic
change in weight or distressed behaviour. Nude mice were divided into three groups (5
mice in each). Mice were ip injected with 355, 710, 1065 and 1420 MBg/kg of *"’Bi-
Herceptin, or cold control mix Herceptin, elution solution and buffers for adjusting pH,
without Bismuth). If body weight loss exceeded 20%, mice were euthanized by cervical
dislocation while under anaesthesia; blood and organs collected and sent for pathologic

examination. Serum was obtained and kidney and liver function were tested.

Observation up to 280 days. Mice were treated with activity of 237, 355, 474 MBq/kg
of 2 13Bi-Herceptin or Cold control mix. Animals were monitored up to 280 days for any
dramatic change in weight or distressed behaviour. If body weight loss exceeded 20%,
mice were euthanized by cervical dislocation while under anaesthesia; blood and organs
collected and sent for pathologic examination. Serum was obtained and kidney and liver

function were tested.

2.3.3.4 Toxicity of 2Bi-C595

Animals were monitored up to 14 weeks for any dramatic change in weight or
distressed behaviour. Nude mice were divided into three groups (5 mice in each). Mice
were ip injected with 710, 940 and 1180 MBg/kg of 213Bi-C595, or cold control mix
C595 (elution solution and buffers for adjusting pH, without Bismuth). Only 1180
MBg/kg of 213Bj_C595 group were monitered up to 21 weeks. If body weight loss

exceeded 20%, mice were euthanized by cervical dislocation while under anaesthesia;
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blood and organs collected and sent for pathologic examination. Serum was obtained

and kidney and liver function tests were done.

2.3.3.5 Toxicity of Multiple targeted alpha therapy

SCID mice were divided into seven groups (3 mice in each). Mice were ip injected with
355, 474, 592, 710 MBq/kg of cocktail of >"*Bi —PAI2, 2'*Bi — C595 or cold control mix

(PAI2 and C595, elution solution and buffers for adjusting pH, without Bismuth).

Animals were monitored up to 13 weeks for any dramatic change in wéight or
distressed behaviour. If body weight loss exceeded 20%, mice were euthanized by
cervical dislocation while under anaesthesia; blood and organs collected and sent for
pathologic examination. Serum was obtained and kidney and liver function tests were
done.

To determine haematological toxicity, 100 pL of blood was collected via saphenous
vein by Microvette (SARSTEDT, Germany). White blood cell (WBC), lymphocytes,
red blood cell (RBC), and platelet count were performed before treatment and at 2 and 3

weeks post 740 MBg/kg of mBi—conjugates treatment (n = 3/group).

2.3.4 Pharmacokinetics studies

2.3.4.1 2PBi-PAI2. The in vivo pharmacokinetics of *"’Bi-PAI2 were studied in female

Balb/c nude mice (average weight 20 g) as follows:

Lysine protection. Mice received an ip injection of 0.8 mg/g lysine (Bernard et al.,
1997) 5 minutes before the 3 MBq of 23Bi-PAI2 i.p injection. The control mice

received the 2°Bi-PAI2 only.

Chelator study. Kinetics were studied for ip administration of 3 MBq of ***Bi-cDTPA-

PAD2 or 2PBi-CHX-A”-DTPA-PAI2. The syringe activity was measured before and

M
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after injection. Radiation uptake of various organs was determined after injection of the
*UBi-PAI2 and euthanasia at 5. 15. 30. 60. 120 and 240 minutes post-injection (4 mice
in each time point). Heart. liver. lungs. kidnevs. spleen. and blood were weighed and
counted for activity at each time point in the gamma scintillation counter. The
percentage of the injected dose per gram of tissues was calculated and compared to the
standard of the injected solution. A standard injection activity was counted for

normalization.

DTPA challenge. Mice received i.p. 3 MBq of ““Bi-CHX-A"-DTPA-PAI2. 15 minutes
before ip injection of 1.5 mg Ca-DTPA. Activity uptake of various organs was
determined after euthanasia at 15. 30 and 60 minutes post-injection (4 mice in each time
point). Heart. liver. lungs. kidneys. spleen. blood were weighed and counted for

activity.

23.4.2 *1Bi-C595

Kinetics were studied for ip administration of 3 MBq of “"“Bi-<<DTPA-C395 in mice
with and without ascites development. The syringe activity was measured before and
after injection. Radiation uptake of various organs was determined after injection of the
?13Bi-C595 and euthanasia at 30. 60. 120 and 240 minutes post-injection (3 mice in each
time point). Heart. liver. lungs. kidneys. spleen. and blood were weighed and counted
for activity at each time point in the gamma scintillation counter. The percentage of the
injected dose per gram of tissues was calculated and compared to the standard of the

injected solution. A standard injection activity was counted for normalization.
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2.4 Methods - Radioactive

2.4.1 Loading Ac:Bi generator

Upon arrival of the Ac generator in radiation laboratory, the activity of the top, side, and
bottom of the lead sealed container (Figure 2-2) was measured using a radiation monitor

and recorded for radiation safety information.

Figure 2-2 Sealed container radiation measurement (example)

Top
20 "Sv/s
Side 12 {iSv/s
Bottom 19 ASv/s

Figure 2-2 An example of shipping container and required measument.

MAAC was received in the form of solid MMAc-nitrate from 1TU, Germany.  Actinium
was loaded onto an AG50 X 4 column with a 100-200 mesh. The column was in H*

form in H2O. The following steps were involved in the loading of “YAc on the column,
elution of  Bi and subsequent reloading of  Ac on a new column.

1. The generator was opened in the alpha hot laboratory with the 'Ac being in the
shipping container.  Radiation dose was monitored with a Radiation Alert
Monitor 4/4EC alpha, beta and gamma dosimeter.

2. The column was pre-equilibrated with 1 mL of 0.1 M HNO3.

3. ™MAc in the shipping vial was dissolved with 1 mL of 0.1 M HNO3 and the

solution was transferred to a small plastic vial (5 mL volume).
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The procedure was repeated two more times by adding 1 mL of the 0.1 M HNO;
and the contents were transferred to the solution in the plastic vial (from step 3).
The vial was assayed for radioactivity. Radioactivity in the shipping vial was
also assayed at this stage to make sure that all *>Ac was recovered.

The '*®Au setting was used on the AtomLab 200 dose calibrator (the gamma ray
energies are similar for both isotopes i.c. 412 keV for '*®Au and 440 keV for
213B1). The manufacturer recommends a factor of 3.2 to obtain the correct Bi-213
activity when using the gold setting (paragraph 2.4.3).

The contents of the vial were then loaded at the top of the column using a long

glass pasteur pipette.

Elution of Bismuth-213

. Bismuth was eluted from the generator. The three-way valve was inserted. In

one of the two syringes (the washing syringe), put 2 mL of 2 mM HCI plus 1 mL
of air. In the second syringe (the elution syringe), about 600 microliters of
elution solution plus 1 mL of air. The elution solution was a mixture of 0.2 M
Nal with 0.2 M HCI, 300 microliter of each. The activity of eluted 23Bi was
assayed against '*®Au setting. This was the first elution of 2’Bi and contains a
large quantity of cold 2®Bi. The eluted Bismuth, though pure, cannot be used
for labeling purposes as the stable **’Bi competes with >"*Bi in labeling.

A time of 2-3 hours was allowed for 2"’Bi to grow back within 85% activity in
the generator which was then eluted again as step 1. This *">Bi was suitable for
labeling as the long-lived *®Pb (ti2 3.3 hours) has insufficient time to decay to
2¥Bi. As a guide the activity of the *">Bi should be approximately half of the

total activity of the column as “’Ac and 2"’Bi should be in equilibrium by this
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time. The bismuth regeneration kinetics was tested for 5 hours and results are
shown in . Note that there is 75% regeneration of activity in 100 minutes, and
90% at 200 minutes.

Figure 2-3 ~/Bi regeneration

Bi-213 Regeneration
100-

% of Bi regeneration

Minutes

Figure 2-3  75% activity was regenerated at 100 minutes and 90% in 200 minutes.

2.4.3 Dose calibrator setting for Bismuth-213

Activity was measured using a dose calibrator (ATOMLAB 200 dose Calibrator,
BIODEX, USA) on the gold setting, as the 440 keVV gamma ray emitted in the Bi-213

decay has similar energy to that for Au-198 (411 keV) (Allen et aL, 2005).

Tissue samples were measured for gamma activity in counts per minutes with a 1470
automatic gamma scintillation counter (Perkin Elmer, Finland). The setting of the
machine was normalized relative to the dose calibrator using the Bismuth-213 gamma

decay.



Chapter 2 Materials and Methods

2.4.4 The relationship between dose calibrator and gamma counter

The dose calibrator was used to measure the activity of radioisotope in units of Ci or
Bq, whereas the gamma counter gives counts per minute. To find the relationship
between these two machines was not straightforward, because of dead time effects at
high count rates. If the count rate is too high, then the machine presents very high
percentage of errors, and the results are not accurate. To minimise these errors, the
injected dose for boiodistribution studies should be in the range that is not too low to be
tested by dose calibrator and not too high for the gamma counter. Activities (1 pCi-100
pCi) of eluted solution were counted in the dose calibrator and gamma counter, the

reading values were recorded and plotted.

2.4.5 Protein chelation

Antibody/protein was dissolved in 2 mL of PBS. 0.45 mg of cDTPA was dissolved in
0.45 mL of chloroform. These prepared solutions were mixed together and incubated at
room temperature on a slow rotated platform for 2 hours. A PD10 column (Amersham,
Australia) was prepared by pre-equilibrating it with PBS, pH 7.6 buffer. Incubated
solution passed through the column, collected in 2.5 mL aliquots, and then the
concentration of the chelated antibody/protein is determined using a Micro BCA™

Protein Assay Reagent Kit (from Pierce — Progen, Australia. Code 0023235).

2.4.6 Labelling and Quality control

23g; conjugate labelling were performed as previously described (Abbas Rizvi et al.,
2000; Ranson et al., 2002). Routine quality control of the labeled protein was performed
using instant TLC (Appendix III) to estimate the radiopurity. The immunoreatitivity was

tested using the method published by Mcdevitt et al (McDevitt et al., 1999). The
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standard procedure of labelling *">Bi with IgG antibodies (C595, 9.2.27, BLCA-38),
protein PAI2, and humanized antibody Herceptin are given in Appendix III. The

procedure of labelling Y-90 with PAI2 is also described in Appendix III.

To estimate the maximam bound sites on cell and affinity of the antibody

Scatchard analysis was used to determine the Bpax (Maximum bound concentration) and
K, (affinity constant). 1 x 10°® cancer cells in triplicated were incubated with 0.1, 0.2,
0.4, 0.6, 0.8, and 1 pg/mL of "’Bi-conjugates in a total volume of 200 puL. After 30
minutes incubation at 0°C, the cells were collected by centrifugation (1000 rpm @ 5
minutes) and the supernatant was removed; the cells were washed twice with PBS, and
this wash was removed. The three components (cell pellet, supernatant and wash) were
then counted. The percent immunoreactivity was calculated as equal to alpha
conjugates bound to cells/ total bound plus unbound activity x 100. The concentration
of bound radiolabelled antibody was calculated. The number of bound radiolabelled

antibody can be calculated from the Bmax value.
Assay of immunoreactive fraction

The immunoreactivity of alpha conjugates construct was determined by incubating 2 ng
of radiolabelled antibody in 0.03 mL total volume with a 50 fold excess antigens.
(approximatly 1 x 107 cancer cells). Scatchard anlysis shows that these MM 138 cells
express approximatly 400,000 positive-binding sites per cell (MCSP) and were in
antigen excess to added antibody. After a 30-minunes inoculation on ice, cells were
centrifuged and washed twice with 1 mL PBS. Radioactivity in the collected supernents
and the cell pellets was quantified by gamma ray counting and the ratios between bound
and total activity were calculated. The three components (cell pellet, supernent and

wash) were then counted. The percent immunoreactivity was calculated as equal to
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alpha conjugates bound to cells/ total bound plus unbound activity x 100. Specific
binding in these assays was confirmed by testing the antibody negative cell line. To
avoid nonspecific and Fc site binding, the assays were performed in the present of 2%
human serum albumin. The immunoreactivity can be corrected for radiochmical purity
by dividing the value for the percent immunoreacivity fraction by the fraction of pure

radiolabeled antibody.
To test the quality of antibody

The antibody positive cell line was cultured and cytospin prepared for
immunohistostaining. The MAb was tested in three forms (antibody alone, chelator
chelated antibody, and *"*Bi labled antibody). A known postive antibody as a positive

control, an antibody negative isotype as negative contol, were tested as the same time.

2.4.7 Absorbed Dose Calculation

The radiation dose to the kidney from 2’Bi-PAI2 was determined from pharmacokinetic
studies. The kidney was weighed and counted in a gamma counter and activity was
expressed as a percentage of the initial injected dose of radioactivity and was plotted as
a function of time. The cumulative activity for dose estimation was determined as the
area integrated under this curve. The absorbed dose to kidney was calculated (Loevinger
& Berman, 1968) as:

D = (A x Xi Ai¢l )/m Gy

where A is the accumulated activity (Bqes); m is the mean organ mass (kg); Al is the
mean energy emitted per nuclear transition (MeV) and ¢; is the absorbed radiation
fraction by the organ of the ith emission. 23Bj is an alpha and beta emitter with Egnax =

8.35 MeV(98%) + 5.86 MeV(2%) = 8.3 MeV; Egmax = 1.39 MeV + 0.64 MeV = 2.03
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MeV. ¢; was assumed to be 1 for both alpha and beta. Gy = J/kg; 1 MeV = 1.602 x 10

13y
2.4.8 Biological dosimetry-CBMN

2.4.8.1 In vitro CBMN evaluation

A group of 3 healthy volunteers with a mean age of 48 years (range 36-64) donated 20
mL of blood for in vitro study. The blood samples from volunteers were divided into 12
fractions. One fraction served as a non-irradiated control. The other 9 fractions were
irradiated in vitro at 37°C with activities of 15 — 240 kBq of 2'’Bi-9.2.27. two fractions
were irradiated with low energy phonons. One volunteer’s blood samples were
irradiated in vitro with 2"’Bi alone and *">Bi-9.2.27. Lymphocytes isolated from three
healthy volunteers were counted using a Coulter counter and viability was measured
using Trypan blue as described previously (paragraph 2.2.3.1). The lymphocytes were
cultured in a concentration of 1 x 10° /mL in a supplemented medium (RPMI-1640,
10% Fetal bovine serum, 2 mM L-Glutamine) in a sterilized 5 mL tube. The activities of
213 Bi-9.2.27, and 213Bi were measured using a radioisotope calibrator and neutralized to
pH 7.0 via the addition of 10% (vol/vol) 1 M NaHCO3 (pH 9.0). ACs was added to
culture tubes containing 0.75 million cells in different concentrations. Cells incubated at
37°C for 3 hours. 10 puL. of PHA was added to cultured tubes post 3 hours alpha
incubation to give a final concentration of 30 mg/mL as described previously (paragraph

2.2.3.2). After that, cells were cultured at 37°C in atmosphere with 5% CO, for 44
hours. The addition of 56.2 uL/750 pL Cyt-B in culture medium gave a final

concentration of 4.5 pug/mL (paragraph 2.2.3.3). 72 hours post-addition of PHA, cells
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were harvested by cytospin and were stained using Diff Quik to count the number of

MN:s in 1000 cells (paragraph 2.2.3.4).

2.4.8.2 1In vivo CBMN evaluation

This study comprises a total of 7 trial patients (6 females, 1 male) stage IV melanoma
patients and three healthy volunteers (1 female and 2 males). A group of 5 patients, age
range of 46 — 85 years, receive one injection with activity range in the range of 260-360
MBgq. Another group of 2 patients with age of 40 and 50 years receive one injection
with activity of 783 and 630 MBaq.

5 ml of blood samples were collected in heparinized tubes at baseline (before
administration of therapy), 3 hours, 2, 4, and 8 weeks post 23Bi-9.2.27 therapy. Also, 4
blood samples were collected at 15, 30, 120 and 180 minutes post injection for counting

against a gamma counter (paragraph 2.2.3) for absorbed dose calculation.
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2.5 Statistical analysis

All numerical data were expressed as the average and standard deviation of the values
obtained. For the in vivo studies, students t-test was used to compare data and results
with a P value < 0.05 were considered statistically significant. Time to endpoint curves
were constructed using the prism software package (Graphpad Software inc, Sabin

Diego, CA) based on the method of Kaplan-Merier method.
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Introduction

The targeting characteristics of 2"°*Bi-PAI2 allow the alpha radiation to deliver a large
fraction of the total decay energy to the nucleus of those cancer cells with high
expression of uPA/uPAR, these cells being the most malignant ovarian cancer cells,
with greatly reduced irradiation of distant normal cells. Cell killing occurs after the
uPA/uPAR-*"*Bi-PAI2 complex formation with the decay of *"*Bi, and is most effective
on endocytosis of the complex, which occurs in 40 minutes (Al-Ejeh et al., 2004).

In this chapter the new investigation of uPA/uPAR expression in ovarian cancer tissues
and in three established cancer cell lines is reported. The in vitro cytotoxicity of 2'*Bi-
PAI2 to established primary and metastatic ovarian cancer cell lines is determined, and
the efficacy of targeted alpha therapy (TAT) in inhibiting tumor growth in a metastatic
ovarian cancer xenograft model (ascites model) is demonstrated.

This chapter also investigates for the first time the effect of *>Bi-PAI2 on the kidneys.
The more unstable the *">Bi-PAI2 complex, the more kidney uptake is observed because
free bismuth forms small blood protein conjugates in the blood, which are filtered by
the kidney glomeruli, and then reabsorbed through proximal tubules. In this study, we
compare the kinetics of 2“Bi-PAI2 using two different chelators, viz cyclic
diethylenetriaminepentacetic acid (cDTPA) and 2-(p-isothiocyanatobenzyl)-cyclohexyl-
DTPA (CHX-A”-DTPA). Further, the stability of *"’Bi-PAI2 on Ca-DTPA challenge
in vivo and the effect of lysine on 2"’Bi-PAI2 kidney uptake is reported. The short and
long-term toxicity of >">Bi-PAI2 in nude mice and rabbits is investigated to establish the

maximum tolerance dose (MTD).
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3.1 uPA/uPAR expression

3.1.1 Immunocytochemistry for cancer cell lines

The immunoreaction of four cancer cell lines to MAb #394 was tested and results were
summarized in Table 3-1. The ovarian cancer cell lines OVCAR3 and SK0V3, and the
breast cancer cell line BT474 were positive to #394 and negative to isotype control.
Ovarian cancer cell line OV-90 was negative to #394 and isotype control.

Representative pictures were shown in Figure 3-1.

Figure 3-1 Expression of uPA in OVCARS3 cells

Figure 3-1 A: Moderate expression of uPA was found in OVCAR-3 monolayer
cultured cells. Brown staining indicates positive cells. B: Negative control has shown
blue staining only; C: Green florescence has shown the positive cells. Magnification
was at X 400 for A and B and x 1000 for C.

Table 3-1 uPA expression in cancer cell lines
OVCAR3 SKO0OV3 OoVva0 BT474

Immunocytochemistry -H- ++ . -H-
Flow cytometry* 64% 44% 6% NA
Spheroids ++ NA NA ++
Animal model -H- -H- NA ++

Note: +H- strong positive, ++moderate positive, + weak positive, - negative.
*Percentage of positive cells. NA: not available.
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3.1.2 Flow cytometry for cancer cell lines

Flow cytometry demonstrated distinct differences in the patterns of reactivity of the
MADb #394 with OVCARS3 (Figure 3-2), SKOV3, and BT474 cancer cell lines with
isotype control. There were little differences in the pattern of staining with MADb #394
and isotype control for the OV90 cell line. The results of flow cytometry are also

summarized in Table 3-1.

Figure 3-2 Flow Cytometry for uPA expression

FLI-Height

Figure 3-2 Flow cytometry confirmed
viable OVCAR-3 cells (A) with 64%
expression of uPA, SKOV3 (B) with
44%, OV90 (C) with 6%. Data are
presented as histogram, using a mouse
IgGl isotope negative control to
determine  background fluorescence
and to set the marker (Ml).

FL1-Height
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3.1.3 ImmuDohistochemistry for ovarian cancer tissue

UPA expression in 26 ovarian cancer tissues (paragraph 3.1.6.1) was assessed by
immunohistochemistry. Representative pictures were shown for immunostaining with
MADb #394 (test) and Mouse anti-human isotype control 1gGlI MADb (isotype control).
UPA expression was found in 46.2% (12 / 26, n = 26) of ovarian tumor sections (Figure
3-3). In these positive tissues, 4 out of 26 were strong positive, 5 out of 26 were
moderate positive, and 3 out of 26 were weak positive. 11 patients were included
primary ovarian cancer site and omentum metastasis tissue. Four of them with matched
metastases were negative to #394, one was positive in primary tumour (+), and
omentum (-H-h) and the other 6 has shown positive in primary but negative in
metastasis tissue. No immunoreactivity was found with isotype control and in normal
ovarian tissue. The staining intensity was from positive (+) to strong positive staining

(+++). Results were summarized in Table 3-2.

Figure 3-3 UPA expression in ovarian cancer tissues

Figure 3-3 Expression of uPA. Over-expression of uPA was found in ovarian cancer
tissues. Magnification x 200 in all photos. A represents positive staining, while B
represents negative control.
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Table 3-2 Intensity of immunohistochemical staining of ovarian cancer tissue,

omentum metastases and normal ovarian tissues with #394 MAb

Tissue Tissues staining with #394 MAb

++ ++ + - N
Tumor 4 5 3 14 26
Omentum metastases 1 10 11
Normal ovarian tissue 5 5

Note: Ovarian tumors (n = 26), matched omentum metastases (n = 11) and normal parts

of the ovaries (n = 5) were collected from 26 ovarian cancer patients.
— Negative staining; + weak staining; ++ moderate staining; +++ strong staining.

3.1.4 Immunocytochemistry in spheroids

The immunoreactivity of OVCAR3 and BT474 cell clusters to MAb #394 was tested on

cytospin and shown in Figure 3-4. Strong uPA expression was found in OVCAR3 and

BT474 cell clusters. The isotype control was negative to the matched cell line. Results

are summarized in Table 3-1.
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Figure 3-4 Expression of uPA/UPAR in spheroids

Figure 3-4 Moderate expression of uPA/UPAR was found in OVCAR-3 cell 40 fim (A)
diameter clusters. A similar staining pattern was found in cultured spheroids (150 Hm
B). C and D were shown matched sized spheroids negative control. Magnification was
atx 100.

3.1.5 Immunohistochemistry in animal models

Cancer tissues from the animal model were stored in 4% neutralized formalin. Paraffin
sections and slides were prepared by Pathology Department of South East Area
Laboratory Services (SEALS), St George Hospital, Australia. OVCARS3, and BT474
tumors, and OVCAR3 ascites cells were positive to C595 MAD, while negative to
isotype control. Representative images are shown in Figure 3-5. Results are summarized

in Table 3-1.
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Figure 3-5 Animal xenograft tumors uPA/UPAR expression

uPA uPA (control)

Figure 3-5 Expression of uPA. Over-expression of uPA was found at OVCAR3
xenograft tumors. Magnification x 200 in all photos.
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3.2 Invitro
3.2.1 inhibition cancer cells proliferation - MTS assay
The effects of on cell growth were assessed using MTS assay in triplicate (P

value relative to the free MBi). Do values (activity required for 37% cell survival) for 2
X 10" cells in 300 ML for are 0. 51 £ 0.05 MBq (A), 0.36 MBq (B), 5.3 MBq
and 0.53 MBq for OVCAR3, SKOV3, and OV90 (Figure 3-6 A, B, C), whereas the Do
values of MBi-BSA and M”Bi-lodide were 7.9 £ 1.2 MBq, being 12-16 times greater
than UPA/UPAR positive expression cells with ~*Bi-PA12 (P <0.001).  Cell survival

for antibody/protein alone group was the same as for untreated cells.

Figure 3-6 MTS assay

ACS to OVCAR3
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Figure 3-6 Cytotoxicity study of Cancer cell lines following incubation for 24 h with

and free MBi (A-C). Ovarian cells were treated with varying concentrations
of ACs, and cell survival measured by MTS assay and expressed as a percentage of cell
survival of control cells. Each experiment was performed in triplicate, and each point
represents the mean of three experiments. Graphs A and B were OVCAR3 and SK0V3
cell lines with strong expression of uPA/UPAR, whereas graph C is OV90 with weak
expression of uPA/UPAR.
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3.2.2 ~-PAI12 inhibition of cancer cell proliferation in vitro

The effects of "®Y-PAI2 on 0OVCAR3 cell growth were assessed using MTS assay in
triplicate. Do values (activity required for 37% cell survival) for 2x10"" cells in 300 \xL
for MY-PAI2 are 0.74 = 0.08 MBq for OVCARS3 cell line (Figure 3-7), whereas the Do
values of the non-specific control “Y-BSA were 4.4 + 0.8 MBq, being 6 times greater

than uPA/UPAR positive expression cells with MY-PAI2 (P <0.001),

Figure 3-7 "®Y-PAI2 MTS

to OVCAR3

.« YNO.PAI2

o PAI2

DOPA12 = 0.74 MBq; Dq.bsa =4.4MBq

Figure 3-7 Cytotoxicity study of OVCAR3 cells following incubation for 24 h with
MY-PAI2. Do value is 0.74 MBq (the activity 37% cell surviving)
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3.2.3 Morphological changes: Monolayer cells

After treatment with the treated cells in 24 well plates showed typical
apoptotic morphology, z.e., cells became rounded, shrunken and detached, whereas cells
incubated with CCs (Cold control mix), free ~Bi, showed similar morphological
patterns with untreated cells. Representative morphological changes are shown in
Figure 3-8. incubation of monolayer cells at 24 h gave 30 + 4% of apoptosis
cells and -10% necrosis cells by Diff-Quik staining (Figure 3-8). After 72 h of

treatment, the percentage of apoptosis cells increased to 68 = 7% for M*Bi-PAI2.

Figure 3-8 Morphological changes after ACs treatment
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Figure 3-8 Morphological changes in OVCAR-3 monolayer treated with M*Bi-
PAI2(B) and untreated (A). Photographs were at x 400 magnification. Morphological
changes of treated (D) and untreated (C) cells were confirmed using Diff- Quik staining.
(a )Arrow indicates apoptosis cells; ( t) Arrow indicates necrosis cells; (-f-») Arrow
indicates living cells. Photographs were at x 1000 magnification.
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3.2.4 Morphological changes: Spheroids

The 80 and 150 jj-m spheroids of OVCARS3 partially disaggregated post-treatment with

(Figure 3-9). There were no significant differences in the percentage of
apoptosis cells (80 £ 7% and 11 £ 10%) between 80 and 150 )im spheroids. Cell colony
formation was not observed for incubation, while many cell colonies formed
in all other plates after 2 weeks. Thus complete cell kill was observed for the targeted

AGs.

Figure 3-9 Spheroids morphological changes after ACs treatment

Figure 3-9 Morphological changes in OVCAR-3 cell spheroids (150 jim) before treated
with M Bi-PAI2 (A) and after treated (B). Photographs were at x 100 magnification.

3.2.5 TUNEL assay

The exposed 3'-OH ends of DNA fragments generated by apoptotic DNA cleavage
were detected by TUNEL assay, in which the non-apoptotic cells stained green while
apoptotic cells stained brown (Figure 3-10). The results confirmed the Quik-Dift'
staining results. The percentage of apoptosis (68 + 7%) and necrosis cells (11 = 10%) at

72 hours post treatment were counted.
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Figure 3-10 TUNEL assay

%
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Figure 3-10 Picture A represented the positive blown staining cells, while picture B
represented the negative control cells. Magnification was at xIOO.
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3.3 Animal model development

3.3.1 Subcutaneous model

After 2x10” OVCARS3 cells inoculation (paragraph 3.3.2.1), the tumor uptake rate was
100% after 2 weeks. Once tumor size reached 10 mm in diameter, tumor was excited
and prepared for ascites model development.

After 1 X 10" SKOV3 cells inoculation, the tumor uptake rate was only 50% after 4

weeks.

Figure 3-11 Subcutaneous model

Figure 3-11 SKOV3 cell line subcutaneous models developed in nude mouse frank.

3.3.2 Ascites model

Balb/c nude mice all developed ascites after 9 days of i.p cell inoculation. To evaluate
the size of cell clusters at day 9, 0.9% saline was used to wash the peritoneal cavity, and
cell cluster collected and observed under microscopy. The cells in cluster were loose
contact, and the size of clusters was less than 80 [im in diameter. This is an ideal model
for targeted alpha therapy. In this model, cancer cells presented in forms of isolated or
small clusters. ACs can be directed delivered to the cancer cell sites without penetration

problems encountered in solid tumors. A represented picture is shown in Figure 3-12.
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Figure 3-12 Ascites model

Figure 3-12 The upper mouse is normal, while
the lower mouse has the developed ascites.
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3.4 In vivo

3.4.1 Treatment efficacy

The median survival was 50, 40, 41.5, 24, and 25 days for 710 MBg/kg of 2"*Bi-PAI2,
355 MBg/kg of °Y-PAI2, 355 MBqg/kg of *">Bi-PAL2 followed by 185 MBg/kg of of
PY-PAI2, cold control and control groups (paragraph 3.3.3.2), respectively. There was
no significant difference between mice that received 710 MBqg/kg of 2°Bi-PAI2, 355
MBg/kg of *°Y-PAI2, and 355 MBg/kg of *"*Bi-PAI2 followed by 185 MBg/kg of of
Y_PAI2 (P > 0.05 ). There was no significant difference between two control groups
(P = 0.67). However, significant differences were found between 2’Bi-PAI2 with
control groups (P< 0.01). No significant differences were found between *°Y-PAI2 and

control groups (P > 0.05). Detailed P values were listed in Table 3-3.

Table 3-3 Significance table

213 y:
ngi}atg‘li t‘; Bil' 625 (1.05-1.45) 0.27 0.007 0.007
(95% Clo ns (0.98-1.43) ns (1.86-2.3) ** (1.76- 2.24) **
iration)
P related to
90 0.8 0.08 0.05
Y(95% Cl of - (0.74-1.18)ns | (1.44-1.9) ns (1.36-1.8) ns
ration)
P related to 2’Bi
0.03 0.02
+ 7Y (95% CI of - - (1.48-2.0) * (14-20)*
fration)
P related to
CC(95% CI of ) ] ] 0.67
ration(95% CI of (0.69-1.23) ns
ration)

Note: CC cold control mix; C: without any treatment. CI: confidence interval. P value
summary: * statistic difference; ** significant difference; ns: no significant difference.
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Figure 3-13 Treatment efficacy of *-PAI12 and

Treatment efficacy of

Y-90 vs Bi-213
125-
710 MBg/kg

g 100 370 MBg/kg A°Y-PAI2
t
" 75 Cold Control
c Control

50-
8
1.

25 50 75 100

time after cell inoculation (days)

Figure 3-13 Kaplan-Meier survival curve indicate the percentage of survival.

3.4.2 Acute toxicity of MBi-PAI2 in animal

Mice: Toxicity after i.p injection of 947 - 1420 MBq/kg M"Bi-PAI2 (CHX-A"-DTPA as
a chelator) was measured as leukocyte depression in peripheral blood at 2 (mean 2.6 *
0.6 X 10"/L) and 7 days (mean 5 = 0.4 x 10"/L) post-injection, with leukocyte recovery
occurring at 2 weeks (normal range 6-15 xIO”/L). Those mice found to be well after the
injection experienced increasing body weight to 100 days (Figure 4). Haematology was
normal at 100 days, but dose-dependent reduction in renal function was found,
manifesting as mild to moderate increase in blood urea nitrogen (mean 7.8 mmol/L SD
2.2 mmol/L; normal range 1.7-5.3 mmol/L). The histopathologic changes corresponded
with the decline in renal function. The kidneys showed patchy tubular nephrosis.

Affected tubules are lined by a markedly attenuated epithelium with occasional
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regenerative megaloblastic cells present. The affected tubules contain proteinaceous

fluid.

Figure 3-14 Mice body weight changes post treatment

40.0'
Figure 3-14 All mice
in control and treated
groups  experienced
body weight losses at
first week of

treatment, while mice
947 MB
A 1420 MBg were well up to 100
days.

15 30 45 60 75 90 105
Days post TAT

Rabbits: The animals were monitored for 90 days post-"/Bi-PAI2 administration to
observe any changes in weight, behaviour and eating/drinking abnormalities. Rabbits
that received the lowest activity of 60 MBq/kg experienced weight gain similar to the
controls, whereas weight gain was the slowest in the rabbits that received the highest
activity of 355 MBqg/kg (Figure 3-15). Histopathology revealed that all organs in all
rabbits, except for the kidneys, were free of any radiation damage. The kidneys showed
mild and patchy tubular necrosis for 60 and 120 MBq/kg rabbits, while for 355 MBq/kg
rabbits moderate to severe and widespread renal tubular necrosis with a compensatory
expansion of interstitial tissue, which appeared to be largely due to oedema rather than

true fibrosis, although there was an apparent increase in fibrous tissue due to loss and
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collapse of tubules (Figure 3-16). The activity of 355 MBg/kg was thus considered toxic
as it was certainly at or above the MTD. Since 120 MBq/kg is safe and 355 MBq/kg is

toxic, the toxic activity low (TDL) is > 120 MBqg/kg in rabbits.

Figure 3-15 Rabbits body weight change after TAT
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Figure 3-15 Rabbits that received the lowest activity of 60 MBqg/kg experienced weight
gain similar to the controls, whereas weight gain was the slowest in the rabbits that

received the highest activity of 355 MBg/kg.

Figure 3-16 Kidney acute pathological changes

Figure 3-16 Evidence of severe and widespread renal tubular necrosis in rabbit. The
normal renal structure (A) can be compared with radiation necrosis (B) caused by 350
MBg/kg of M*Bi-PAI2 at 13 weeks post-injection. HE staining with magnification of x
1000.
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Haematology and biochemistry revealed that all rabbits, except for 355 MBqg/kg, were
free of any radiation damage. One rabbit at 355 MBg/kg showed anaemia, with
haemoglobin 95 g/L. (103-155 g/L), and kidney function disorder with urea 11.4

mmol/L (3.3-8.1 mmol/L) at 90 days.

3.4.3 Delayed toxicity of 2°Bi-PAI2 in mice

Mice were monitored over a period of 40 weeks. Delayed radiation damage at 20 weeks
post-treatment was found to affect those mice that received 350 to 830 MBg/kg,
regardless of lysine application. All mice lost body weight in a gradual and continuous
manner up to 30 weeks and reached the endpoint, except for 350 MBqg/kg group of mice
which recovered from weight loss, and started to gain body weight at 32 weeks (Figure
3-17). The maximum tolerance dose (MTD) was 350 MBqg/kg using body weight loss
as the parameter to assess MTD. The body weight changes were significantly different
between control mice and all treated mice (P < 0.001). There was no significant
difference in body weight between the “with” and “without” lysine groups at 590

MBg/kg (P >0.05).
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Figure 3-17 Bi-PAI2 long term toxicity
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830 MBq/kg Bi-PAI2 with Lysine
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Figure 3-17 Delayed toxicity in mice. Only the 350 MBg/kg group continued to grow;
all mice at higher activities showed weight loss at 20-25 weeks up to termination.

The survival rates of experimental mice in different groups are shown in Figure 3-18.
The median time to end point after injection was 175 days for the 470
MBaqg/kg group without lysine, 590 MBq/kg and 710 MBaq/kg with lysine groups, and
162 days for 590 MBqg/kg without lysine group and 830 MBq/kg with lysine group (P>
0.05). One mouse was withdrawn in the 350 MBq/kg group and one in the control group

due to reasons unrelated to treatment.
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Figure 3-18 Mice survival-
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Time to endpoint for mice treated with and w/o lysine. No significant difference was
found for survival for 590 MBg/kg of with and w/o lysine.

While haematology was normal at the end-point, reduction in renal function was found,
manifested by a major increase in blood urea nitrogen (45 -80 mmol/L, normal range
2.1-3.5 mmol/L).

Histopathological examination revealed kidney damage in these mice. Evidence of
radiation nephropathy was found in all treated mice (Figure 3-19). Graph A shows a
typical stain for normal kidneys, whereas graph B shows radiation nephropathy at 20-30
weeks post-injection. Mice in all irradiated groups had radiation nephropathy with
characteristic degeneration and regenerative changes in tubular epithelium at 20- 30
weeks. There was ionising radiation injury to tubules, glomeruli and blood vessels. The

severity ratings of the radiation nephropathy were mild for 350 MBqg/kg and 470
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MBaq/kg, moderate for 590 MBq/kg with and w/o lysine; and for 710 MBg/kg and 830

MBa/kg group with lysine.
Figure 3-19 Mouse kidney pathology changes-

ooSip

NKTI- -]

Figure 3-19 Evidence of delayed renal nephritis in mice at 590 MBg/kg. Normal renal
structure (A) is compared with radiation nephrosis (B) caused by M Bi-PAI2 at 25
weeks post-therapy. HE staining with magnification of xIOOO.

The renal changes were concentrated in the cortex, proximal convoluted tubules being
most severely affected. There was a significant glomerular component and slow
evidence of wvascular injury. There was multifocal necrosis, sloughing and
mineralization of tubular epithelium associated with neutrophilic infiltration together
with intraluminal haemorrhage, proteinaceous and cellular casts, and cystic tubular
dilation. Tubular epithelium also had distinctive dysplastic regenerative activity
featuring karyomegaly. The tubular lesions were most severe in subcapsular locations
with tubular loss, mixed leucocytic infiltration, fibrous scarring and irregular capture
contraction. There were also distinctive glomerular lesions. Glomerular tufts had
cellular karyomegaly, hypercellular, sequestration of neutrophils, tuft swelling with

capsular adhesions, hypertrophy of Bowman's capsular epithelium and crescent
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formation. Cystic dilation of Bowman’s spaces was evident. More severe glomerular
changes were represented by tufts with reduced cellularity, separation of cells from
basement membranes, haemorrhage and leucocytic infiltration with progression to
collapse. Hypertrophy of glomerular afferent arterioles and fibrinoid necrosis of larger

cortical arterioles were also observed.
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3.4.4 Pharmacokinetics studies

3.4.4.1 Gamma counter vs dose calibrator

The eluent was diluted and counted in the dose calibrator and gamma counter to obtain
activity in fiCi and CPM. Plot CPM in function of dose activity. The results in Figure
3-20 shows the non-linear regression relationship of data (A), and the linear relationship

for activities below 0.5 MBq (Figure 3-20A and B).

Figure 3-20 Normalisation of dose calibrator and gamma counter
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Figure 3-20 Non-linear regression relationship of CPM and activity (A), while liner
relationship under 0.5 MBag.
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3.4.4.2 Pharmacokinetic studies with pre-injected lysine

The concentration in blood, spleen, liver, lung, heart, bone and
kidney was similar with and without lysine application (P>0.05). Blood clearance,
kidney uptake and accumulation at 4 hours post injection of are shown in
Figure 3-21. The kidney was the major organ for activity uptake (Graphs A and B). The
average kidney uptake with lysine application was reduced by -50% up to 4 hours, but
was not significantly different to the control data because of the large standard
deviations (P > 0.15 for all time points). Graph C indicates the comparison of the

kidney uptake with and without lysine.

Figure 3-21 Pharmacokinetic studies w/o lysine
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Figure 3-21 Pharmacokinetics of in nude mice w/o (A) and with (B) lysine

application of 0.8mg/g lysine 15 minutes before i.p. injection of 3 MBq of
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Values represent the mean %ID/g; bars, the SD. The comparison of the mean %ID/g
of kidney uptake with and w/o lysine is shown in C.

3.4.4.3 Pharmacokinetic studies with chelators cDTPA and CHX-A"-DTPA

The activity of ~Bi-cDTPA-PAI2 and ABi-CHX-A"-DTPA-PAI2 AGs in the kidney
was similar, with respective concentrations of 14.2 £ 2.8 and 15 £ 6.8 %ID/g at 2 hours
(P=0.85) and 11.7 £ 2.9 and 9.9 + 4.1 %ID/g at 4 hours (P - 0.55) and. However, the
activities in the liver were significantly differentat 1 and 2 hours with activities of 2.7 £
0.04 vs. 1.3+ 0.3 (P =0.046) and 1.9+ 0.7 vs. 0.7 £ 0.2 (P = 0.001), respectively. There
were no significant differences in lung, heart and spleen for the two chelators (P >
0.05). Figure 3-22 (A-D) shows the comparison of MBi-cDTPA-PA12 and M*Bi-CHX-

A"-DTPA-PAI2 activities in kidney, heart, lung, liver and spleen, respectively.

Figure 3-22 Chelators comparison
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Figure 3-22 Pharmacokinetics of ~"Bi-PAI2 using the cDTPA or CHX-A"-DTPA
chelaters in nude mice that received 3 MBq of MBi-PAI2. Values represent the mean
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%ID/g; bars, £SD. The results show the kidney (A), heart and lung (B), liver (C) and
spleen (D).

3.4.44 DTPA challenge

The activity of M*Bi-CHX-A"-DTPA-PAI2 in the kidney with and without prior Ca-
DTPA injection was similar, with respective concentrations of 12.7 + 1.9 and 154 £ 5.1
at 30 minutes (P - 0.53), 22.6 £ 3 and 29.7 £ 5.8 (P = 0.62) at 60 minutes. However, the
concentrations were significantly different at 15 minutes, with concentrations of 12.8 +
0.2 and 21.3 £ 4.9 (P = 0.043) respectively. Ca-DTPA pre-treatment significantly
prevented the renal accumulation of  Bi at 15 minutes. Activities of all other organs
were not significantly different (P > 0.05). 40% of free Bismuth was cleared in urine at
15 minutes, and 80% at 60 minutes. Figure 3-23 (A-C) shows the %ID/g for different

organs at 15, 30 and 60 minutes respectively.

Figure 3-23 DTPA challenge
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Figure 3-23 Pharmacokinetics of Bi-PA12 v~th and w/o Ca-DTPA challenge in nude
mice prior to injection of 3 MBq of MBi-PAI2. VValues represent the mean %ID/g; bars,
+SD. The comparion of the mean %ID/g of kidney uptake is shown at post injection
time 15 (A), 30 (B), and 60 minutes (C).
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3.4.45 Kidney Dose

The radiation dose to the kidney was determined in mice injected i.p with

Data are presented as mean kidney activity per gram (Bg/g) versus time (Figure 3-24).
The kidney activity per gram was calculated from the percent initial injected dose per
gram (data obtained from pharmacokinetic study without decay correction) multiply by

injected activity. The kidney activities and absorbed doses are listed in Table 3-4.

Figure 3-24 Kidney dose
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Figure 3-24 Kidney dose in nude mice after injection of jzgBi-PAIZ.
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3.4.5 Discussion

Alpha particle based radioimmunotherapy has several advantages over P emitters.
Alpha particles has higher linear energy transfer, shorter path length, and less non-
specific cytotoxicity to bone marrow (Allen et al., 2004; Bethge et al., 2003). Elevated
levels of the serine protease uPA, its receptor (UPAR), and inhibitor (PAI2), in tumour
tissue emphasize their fundamental role in tumor invasion and metastasis and provide
the rationale for this novel therapeutic strategy. The present system relies on the highly
cytotoxic alpha emitting radioisotope 2’Bi coupled to PAIL2 to kill uPA/uPAR positive
cancer cells. PAI2 is a recombinant, human and internalizing protein, which can form
stable complexes with uPA/uPAR. 23Bj-PAI2 has shown cytotoxicity toward targeted
cells (Allen et al., 2003; Li et al., 2002; Qu et al., 2005; Song et al., 2006). The high
LET of the alpha particle means a much greater fraction of the total energy is deposited
in cells and very few nuclear hits are required to kill a cell. Inmunohistochemical and in
situ hybridization studies have localised uPA and uPAR to various tumour and
associated stromal cells [24]. The strongest and most consistent expression universally
occurs in primary carcinoma tissue with high tumour grade, and in some cases has been
further localised to cells at the invasive margins. For example, 79-90% (Dublin et al.,
2000), and 100% (Christensen et al., 1996; Fisher et al., 2000) of invasive ductal
carcinomas were positive for uPA antigen or mRNA, compared to 28-100% of non
invasive cases (Christensen et al., 1996; Dublin et al., 2000; Fisher et al., 2000). In
contrast, benign lesions such as fibroadenoma and normal breast tissue were either

negative or with some occasional weak/diffuse staining for all markers in the majority
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of studies that included such tissue for comparison. Clinical data from multiple,
independent groups measuring activity and/or antigen levels in tumour extracts confirm
a relationship between high levels of uPA in primary breast tumour (e.g.,>10 fold more
than in normal breast (Schmitt et al., 1992), and a poor relapse-free, and/or overall
survival (Andreasen et al., 1997; Ranson et al., 2002).

Our results have shown that uPA/uPAR has medium expression (++) in the OVCAR3,
SKOV3 and BT474 cell lines, whereas OV90 cell has shown negative expression of
uPA/uPAR. SKOV3 is metastatic ovarian cancer cell lines while OVCAR3 is a primary
ovarian cancer cell line.

Ovarian cancer tissues in this study are obtained from stage I-II ovarian epithelial
cancer patients which is in early stage. Only 47% of ovarian cancer positive for uPA
antigen was in this study. This results is lower than other reports for advanced ovarian
cancer (Kuhn et al., 1994).

OVCAR3, SKOV3 and BT474 mice tumor xenografts express uPA, indicating that
cancer cells do not lose uPA expression from in vitro cell culture to in vivo animal
model. uPA expression on OVCAR3 spheroids has also shown positive staining. Using
Flow Cytometry and Confocal Microscopy, uPA/uPAR expressed on the surface of
three cancer cell lines were confirmed, indicating that membrane-bound uPA is an
effective tumor surface marker for targeting ovarian carcinoma.

The cytotoxicity of 2°Bi-PAI2 for ovarian cancer cells in vitro proved to be receptor-
specific, receptor-intensity and activity dependent. Compared with the non-specific
control, 2>Bi-PAI2 exhibits high levels of receptor-selective cytotoxicity, requiring very
low activity (Dp = 0.36-0.53 MBg/300mL) to kill high cell concentrations (2 x10*
cells/300 pL) for three cell lines, whereas the Dy value for the non-specific control

(*"’Bi-BSA) and Free 213Bj was found to bel2 - 16 times higher for uPA positive cells.
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SKOV3 cells were found to have the lowest Dy value, compared to OVCAR3 and
BT474. 2PBi-PAI2 caused the morphological changes of OVCAR3 spheroids, as well
as reduced the cell apoptosis. Therefore, it is clear that 2°Bi-PAI2 is an effective and
specific radiolabeled agent for monolayer and spheroid cultured cells in vitro.

The predominant mechanism by which radiation kills mammalian cells is the
reproductive (or clonogenic) death pathway. DNA is the target, and double-stranded
breaks in the DNA are regarded as the specific lesions that initiate this lethal response
(Harms-Ringdahl et al., 1996; Pluschke et al., 1996). Because of very high LET (~100
keV pm™) of a-particles, cells have a limited ability to repair the damage to DNA
(Nikula et al., 1999), or repair incorrectly induces cell death pathway (Friedberg et al.,
1995). Macklis et al (MacKklis et al., 1992) reported that o-particles might kill cells by
apoptotic mechanisms, a result that has been confirmed by this group for several
different cancers (Allen et al., 2004). In the present study, we demonstrated that 213g;.
PAI2 induces a high fraction of TUNEL positive cancer cells compared with control
cells. These results indicate that the lethal pathway of ovarian cancer cells in vitro after
o-PAI2 treatment is predominantly through apoptosis.

The therapy experiments carried out in vivo were designed to evaluate the anticancer
activity of 2’Bi-PAI2 after administration at 9 days post-cell inoculation (ascites model)
and to optimise the dosage regimen. The ascites animal model can mimic the clinical
condition because ovarian cancer metastasises via peritoneal spread.A

Our findings indicate that a single i.p injection of 23Bi-PAI2 at a activity of 710
MBg/kg can prolong survival by 25 days compare to untreated group. Growth inhibition
of tumours and metastases was found to be similar with an activity of 710 MBg/kg of
213Bi-PAI2, 355 MBg/kg of %Y_PAI2 and the combination of these two vectors. There

was no significant difference between single radiation treatment and combination

M
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treatment. Non- synergic effect was observed with the combination of two different
radioisotopes for ascites model. 2"’Bi-PAI2 can control tumorigenesis through

intraperitoneal administration of >"*Bi-PAI2.

These preclinical studies with *>Bi-PAI2 have generated optimism for their potential
human clinical use (Qu et al., 2005). Kidneys were found to be the n limiting organ in
our studies, as 2B3p; (Slikkerveer et al., 1992) and small molecules such as PAI2 tend to
accumulate preferentially in the kidneys.

CDTPA (Li et al., 2004) and CHX-A”-DTPA(Seidl et al., 2005) are the chelators
mostly used in bismuth-based radioimmunotherapy. The CHX-A”-DTPA conjugate has
been reported to be more suitable when radio-metallo-nuclides are coupled to a MAb
(Milenic et al., 2001; Roselli et al., 1999). Both cDTPA and CHXA”-DTPA, coupled to
PAI2, were investigated in this study. We found that there was no significant difference
up to 4 hours (5 half-lives of 213B1) in terms of kidney accumulation between the two
chelators. However, CHX-A”-DTPA gave a lower liver uptake up to 2.5 half-lives, and
could be the better choice for patients with liver disease. We conclude that cDTPA-
PAI2 and CHX-A”-DTPA-PAI2 have similar renal pharmacokinetics.
Meso-2,3-dimercaptosuccinic acid (DMSA) and D,L-2,3-dimercapto-propane-I-sulfonic
acid (DMPS) are known to chelate and enhance the urinary excretion of bismuth, having
been tested for bismuth poisoning and kidney protection (Jaggi et al., 2005a;
Slikkerveer et al., 1992). We tested two pharmacologic approaches in preventing the
renal accumulation of 2’Bi. Ca-DTPA has been used worldwide as a standard chelating
agent for plutonium and other transuranic elements involved in internal contamination.
No significant difference was found at 30 and 60 minutes after Ca-DTPA injection,

possibly because of the high stability of 2I3Bi-PAI2 conjugates, producing limited
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numbers of free 2'°Bi atoms at 30 and 60 minutes. DTPA challenge tests at 6, 24 and 72
hours showed a reduction in renal *"*Bi after injection of the parent “’Ac by reacting
with free 2"°Bi and thus increasing renal clearance (Jaggi et al., 2005a). The differences
of %ID/g of kidney uptake may reflect the stability of >">Bi-PAI2 in vivo as well. In a
previous study we have shown that the in vitro serum stability of "’Bi-PAI2 was more
than 90% at one half-life (Ranson et al., 2002). The findings from this study suggest
that the in vivo stability of 2’Bi-PAI2 at 60 minutes was 76%.

Administration of cationic amino acids results in a substantial increase in the MTD of
Fab fragments, and biochemical or histological evidence of renal damage has not been
observed under these conditions (Mogensen & Solling, 1977). Substances with a
positively charged group located terminally in the molecule (ornithine, lysine, arginine,
and the almost not metabolized epsilon-amino-caproic acid, and cyclocaprone) proved
to instantaneously inhibit the tubular protein re-absorption. Lysine was found to be the
most effective molecule tested (Mogensen & Solling, 1977). Bismuth is both filtered as
well as secreted (Russ et al., 1975). Itis believed that ionized bismuth (Bi*") is bound to
the plasma proteins and forms a slow-clearing compartment. We attempted to reduce
the reabsorption of *"’Bi-PAI2 on tubular sites by the use of lysine. While there was a
50% average reduction of kidney activity, this was not significant because of the large
standard deviation. The absence of a significant enhancement of 213Bj excretion may be
due to the small sample size (4 mice in each group) and lysine application being
insufficient. To confirm this result, a long-term toxicity study with and without lysine
application was performed. However, mice that received 0.8 mg/g lysine 5 minutes
prior to 2I3Bi-PAI2 injection did not show any improvement in survival at 590 MBq/kg
compared to control mice. Thus the effect of lysine in this study did not translate into

an increased survival. This is in contrast to the results of other investigators (Behr &
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Boerman, 1999), where the MTD increased significantly for bismuth labelled antibody
fragments after lysine application.

The 13 week short term toxicity study showed that the MTD for weight loss was up to
1420 MBg/kg for nude mice and 120 MBg/kg for rabbits (Rizvi et al., 2006). Analysis
of haematological parameters in mice did not show any abnormalities at 1420 MBq/kg.
Dose-dependent reduction in renal function was manifested as mild to moderate
increase in blood urea nitrogen. The histopathological changes were consistent with the
decline in renal function as the kidneys showed patchy tubular nephrosis. These results
suggest that the damage to the kidneys was insufficient to reduce function, so symptoms
and signs of renal failure did not occur as the mice continued to grow normally by this
stage. However, mild to severe renal tubular necrosis was found in treated rabbits in a
dose-dependent fashion. One rabbit with an activity of 350 MBq/kg at 13 weeks post-
treatment experienced renal function disorder and severe renal tubular necrosis
accompanied by anaemia, which may have resulted from renal function failure.

The long-term toxicity studies showed that the mice that were asymptomatic at 13
weeks became symptomatic after 20 weeks and this was manifested by a gradual and
continued reduction in their body weight. Most mice reached the end point by 30
weeks, except for mice in the 350 MBq/kg group which recovered after 32 weeks. MTD
was 355 MBq/kg. These findings suggest that the 238; induced loss of tubular
epithelial cells triggers a chain of adaptive changes that results in progressive renal
parenchymal damage accompanied by a loss of renal function. There was a linear
progression in severity of the renal lesions with increasing radiation activity. The renal

changes were concentrated in the cortex, proximal convoluted tubules being most

severely affected.
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The kidneys can filter ~50% of 30 kD proteins, decreasing to 0.5% for 69 kD proteins
(Guyton, 1991). Consequently, free bismuth and about 20 % of *">Bi-PAI2 (47 kD) can
be filtered through glomeruli into Bowman’s capsule. Protein is completely or almost
completely reabsorbed by active processes through the brush boarder of the proximal
tubular epithelium by pinocytosis, which means that the protein attaches itself to the
membrane, and this portion of membrane then invaginates to the interior of the cell.
Lysine did not cause any significant change with respect to long-term radiation damage
in kidneys. Dose-dependent reduction in renal function was observed and was
manifested by increased blood urea nitrogen. Once the kidneys lacked an innate ability
to maintain function, mice started to rapidly lose body weight, taking 1-2 weeks to
reach the end-time point for the 470 MBq/kg and 830 MBqg/kg groups. However, mice
in 350 MBqg/kg group experienced only a slight body weight loss, and then started to
regain body weight, suggesting that mice recovered by tubular epithelium regeneration.
These findings are consistent with Jaggi et al (Jaggi et al., 2005b).

Measured thresholds for radiation nephrosis are summarised in Table 3-4, ranging from
470 to 590 MBg/kg for different targeting vectors. Our results show that 23Bi_PAI2 has
a low threshold of 470 MBg/kg, which is compatible to *"*Bi alpha conjugates for small
molecular weight proteins. The absorbed dose is calculated to be 11.5 Gy (MIRD), the
corresponding RBE dose is 37 Gy, based on the following assumptions: RBE = 4 for
alpha radiation (Back et al., 2005), and absorbed radiation fraction by the kidney for
alpha and beta radiation is 1 (100%) This threshold dose is substantially lower than the

doses for the beta-emitters Y-90 and In-111. *°Y-Fab induced chronic nephropathy

occurs at >80 Gy (Behr et al., 1997).
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Table 3-4 Thresholds for chronic radiation nephropathy

Radiation Kidney  absorbed | RBE.Gy **
nephropathy dose (Gy)
activity (MBg/kg)

“PBi-PAI2 470 11.5 37

“BBi.DOTA-biotin' | 460 - -

21Bi-Fab’? 500 - -

¥

IBRi.DOTATOC® | 570 - -

Py .Fab™? 462.5* 80-100 80-100

External beam’ 23 23

T(Yao et al., 2004); Z(Behr & Boerman, 1999); * (Norenberg et al., 2006); *(Behr et
al., 1997); 5 (Pearse, 1994). *assuming 20 g mice. **RBE = 4 assumed for 23R,

If the inter-species scaling between mice, rabbits and man applies (Boxenbaum, 1984;
Sparks, 1999), then the mouse MTD of 350 MBq/kg translates to ~120 MBg/kg for

rabbits and ~40 MBg/kg for man.
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3.4.6 Conclusion

The in vitro conclusions support our in vivo results. All of these findings indicate that
23Bi-PAI2 can target and kill cancer cells at the micrometastatic stage, i.e. cells in
transit or at the pre-angiogenic stage. The activity limiting toxicity for 2’Bi-PAI2 was
nephropathy caused by Bismuth accumulation in the kidney. However, the kidney dose

limit for ***Bi-PAI2 was not higher than other small molecular weight targeting vectors.
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Introduction

Radiolabeled antibodies have been used with some success in different cancers.(Behr et
al., 2002) Alpha-particle therapy (TAT) has been proposed for use in single-cell
disorders such as leukemia and micrometastases of carcinomas, in which rapid targeting
to cancer cells is possible (Allen & Blagojevic, 1997; Allen, 1999; Jurcic et al., 2002;
Kennel et al., 1999; Li et al., 2002; McDevitt et al., 1998). TAT offers the potential to
inhibit the growth of micrometastases by selectively targeting markers and killing
isolated and preangiogenic clusters of cancer cells.

MUCT is a well-documented example of marker that influences pathophysiological
behaviour. High molecular weight glycoproteins, described as mucins or mucin-like
glycoproteins, are frequently found associated with breast carcinoma and other
epithelial cell adenocarcinomas (Zotter et al., 1988). Cancer associated MUCI is
structurally different from normal MUCI in that the former has shorter and less dense
O-glycan chains, exposing novel regions of the protein core. MAb C595 (also known as
NCRC48) is reactive with the protein core of MUC1 mucin. 213Bj is chelated to the
monoclonal antibody (MAb) C595 to form the alpha conjugate. Epithelial cancers often
overexpress MUC1, and the overexpression is associated with poor survival (Baruch et
al., 1999).

In this chapter, MUCI expression on human primary and metastasis ovarian tumours
and ovarian cancer cell lines using MAb C595 is demonstrated. An anti-cancer effect of
213Bj-C595 against human ovarian cells in vitro is also evaluated. Multiple cell
spheroids are used as an in vitro model of micrometastases of ovarian cancer, and the
MUC]I expression in spheroids is evaluated. Furthermore, the efficacy of 213B-C595 in

preangiogenic cancer cell clusters grown in vitro and in the control of subcutaneous
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(s.c) xenografts in a nude mouse model is also tested. The pharmacokinetics and short

term toxicity studies are investigated in this chapter.
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4.1 MUCI expression

4.1.1 Immunocytochemistry for cancer cell lines

The immunoreaction of four cancer cell lines to MAb C595 was tested and results are
summarized in Table 4-1. The ovarian cancer cell lines OVCAR3, SK0V3 and OV-90,
breast cancer cell line BT474, positive to C595 and negative to isotype control.

Representative pictures were shown in Figure4-1.

Table 4-1 C595 expression in cancer cell lines

OVCAR3 SKOV3 oVva0 BT474
Immunocytochemistry ++ + ++
Flow cytometry 98% 2% 41% NA
Spheroids -H-+ NA NA -H-
Animal model +++ ++ NA ++
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