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2. INTRODUCTION

2.1. Background for the present investigation.

2.1.1. Internal radiation emitters.

The development of new strategies in cancer treatment is motivated by poor prognosis of

many cancer forms (Silverberg et al., 1990). During the past two decades targeted

radiotherapy employing radionuclides coupled to tumour-cell-specific monoclonal antibodies

(MoAbs) has been a main field of research. Improvements have been made on aspects like

antibody molecular size, radionuclide conjugation chemistry, purification and quality control

during the past years, but the clinical use of radiolabelled MoAbs in cancer therapy is still

very limited (Larson, 1991; Reilly, 1991) Clinical and preclinical investigations with other

molecules than MoAbs as carrier for radionuclides have been done or are in progress.

Promising results have been obtained with small molecules which show a higher uptake in

some tumour tissues than in normal tissues e.g. benzylguanidine, different melanin precursors,

2-methyl-l,4-naphtoquinol diphosphate and various types of bisphosphonates (Brown et al,

1992; Eisenhut, 1984; Hartman et al., 1988; Link et al., 1989).

2.1.2. The choice of radionuclide.

Clinical and preclinical studies of radiotherapy with internal radiation emitters have so far

been confined mainly to p-particle sources (Reilly, 1991) and the potential of a-particle

emitters has not been fully explored. The high cytotoxicity and short range of a-particles may

be exploited through radiolabelling of MoAbs (e.g. Harrison & Royle, 1987; Huneke et al.,

1992) or smaller tumour-enriched molecules (e.g. Vaidyanathan et al, 1993) to give a highly

localized radiation of tumor cells. Only a few a-particle emitting radionuclides fulfill the

requirements for biomedical applications, i.e., favourable chemical properties, favourable

halflife and no harmful daughter products. The most promising candidates have so far been
211At and 212Bi. 2UAt was chosen for the present work based on its radiobiological properties,

chemistry, physical halflife and availability.
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2.2. Production and chemistry of Astatine.

2.2.1. Production of "'At.

Element number 85, named Astatine (Corson et al., 1947), was produced for the first time

in 1940 (Corson et al., 1940) using the 2WBi(a,2n)211At reaction by irradiating Bi metal with

a beam of a-particles in a cyclotron. Different routes of production of 21IAt (t1/2 of 7.21 h)

have been investigated more recently (e.g. Meyer et al., 1980), but the preferred method is

still the 20!>Bi(a,2n)211At reaction. Ramler et al. (1959) and later Lambrecht & Mirzadeh (1985)

investigated the excitation function of the 20*Bi(a,2n)2uAt and the 2WBi(a)3n)2l0At reactions.
210Po (t1/2 of 138.38 d) is an unwanted radiotoxic nuclide that can be produced by the

^ ^ a . t ) 2 1 ^ reaction (investigated by Ramler et al.) or indirectly through decay of 210At (tw

of 8.1 h). It is therefore imperative to avoid formation of large amounts of 2I0Po and 210At.

At cyclotron a-particle energies of 28 MeV or less, the formation of 210Po compared to 2I1At

is low.

2.2.2. Separation of2"At from target.

Generally, two different methods have been used to separate 211At from Bi targets. These

are (1) liquid extraction and (2) dry distillation (Gmelin, 1985). Both methods have been

examined in our laboratory. The dry distillation method was the most suitable method for our

purposes and has been used in the work presented here.

2.2.3. Chemistry of At.

Astatine is the heaviest halogen and there is no stable At isotope. Although astatine

chemistry in many ways resembles iodine chemistry (Gmelin, 1985), astatine has a more

metallic nature as indicated by its oxidation states in aqueous solution (Appelman, 1960). The

C-At binding is most stable when At is bound to aromatic or vinylic carbon atoms (Berei &

Vasaros, 1983). Attempts have been made to perform electrophilic astatination of proteins

using the same methods as for the incorporation of radioiodine into tyrosine residues

(Vaughan & Fremlin, 1978; Visser et al., 1980). However, the conjugates were not

sufficiently stable (Visser et al., 1981). Therefore, indirect astatination of proteins via an

aromatic or vinylic intermediate has become the preferred method (Garg et al., 1991; Garg
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et al, 1993; Wilbur & Hadley, 1988; Zalutsky et al, 1977; Zalutsky & Narula, 1988).

Astatine-protein conjugates with high in vivo stability have been prepared in this way

(Harrison & Royle, 1984b). For MoAbs, the immunoreactivity was well preserved (Zalutsky

et al, 1989).

2-3. Radiobiological properties of JI1At.

2.3.1. The radiation properties of'"At and its daughters.
211At disintegrates along two branches (Figure 1), one giving an a-particle of 7.45 MeV

(58%) and the other giving an a-particle of 5.87 MeV (42%) (Jardine, 1975). The average

linear energy transfer (LET) values are 93 and 107 keV/^m for the two a-particles. This gives

a high relative biological effectiveness (RBE) and low oxygen enhancement ratio (OER) in

tissue. Hence, 311At is almost comparably effective against aerated and hypoxic cells

(Barendsen et al., 1965; Brown, 1986).

211 A f
JrW 7.21 h

(X 42% *S \ EC 58%

207p>- 2 1 1 p n
J->l33.4y Ji \J 0.56 S

JT U

EC/(3+ \ ^ a
207ph

T U stable

Figure 1 Decay chain of 211At.
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2.3.2. The effects of a-particle radiation in tissue.

During radiation absorption in tissues, excitations and ionizations are localized along the

tracks of individual charged particles in a pattern depending on the type of radiation involved.

There is a qualitative difference between the effects produced by high LET and low LET

radiation (Hall, 1988). For high LET radiation, direct ionization is the dominating effect while

at low LET, indirect action, i.e. the production and chemical effects of radicals, is important.

Radiobiologically, high LET radiation differs from low LET radiation because high LET

radiation has (1) a higher capacity for producing non-rejoining DNA double-strand breaks,

(2) its efficacy is less dependent on the oxygen status of tissue and (3) there is no significant

dose-rate effect (Barendsen et al, 1965; Hall, 1988; Ritter et al., 1977).

2.3.3. The potential of a-particles in cancer treatment.

Due to the short range and high ionization density, a-particles are particularly interesting

for cancer therapy. If the disintegrations take place at the cell membrane, it has been

calculated that the a-emitter 211At may be more than 1000 times as effective as the p-emitter

"•Y at the 99% cell inactivation level (Humm, 1987). Therefore, if selective enrichment in or

at tumor cells can be achieved, a highly cytotoxic and very localized radiation dose can be

delivered by the a-particles of 211At.

Only a few studies have so far been published dealing with the biological impact of 2uAt

a-particle emitting radiopharmaceuticals in vitro (Brown et al., 1981; Vaughan et al., 1981)

and in vivo (Bloomer et al., 1981; Bloomer et al, 1984; Harrison & Royle, 1987; Link et al.,

1992; Vergote et al., 1992b).

2.4. Introduction to the experimental work.

2.4.1. Treatment of single cell suspensions in vitro.

The cell inactivation of antigen positive tumour cells (OHS, SAOS and KPDX human

osteosarcoma cell lines) with 211At-labelled MoAb (TP-3 IgG) was investigated to define some

parameters fundamental to a-particle radioimmunotherapy (RIT) (Paper I). The three cell lines

were found to differ in antigen expression. The inactivation was therefore studied as a
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function of (1) antigen expression and (2) specific activity of the radioimmunoconjugate

(RIC). Three different specific activities were tested for each cell line. Cell survival curves

were established after treatment with either 2UAt-TP-3, the two nonspecific 2"At«forms free
211At and znAt-labelled bovine serum albumin (BSA), as well as for exposure to external

beam X-rays.

2.4.2. RTF of surface bound microcolonies in vitro.

Disseminated micrometastases may be difficult to treat with conventional external beam

irradiation since large volumes have to be irradiated, resulting in a high dose to normal tissue.

In a surface-bound microcolony model the therapeutic gain of treatment with 211At-MoAb was

compared to treatment with external beam X-rays on antigen positive versus antigen negative

cells (Paper II). Two levels of specific activity of RIC were compared, and microcolonies of

different size, generated after 24 h or 72 h growth of tumour cells on plastic surface, were

used. The three cell lines used had either no antigen expression (WIX-c), modest antigen

expression (KPDX) or high antigen expression (OHS).

2.4.3. Distribution ofmAt-labelledRIC's in mice.

The biodistribution, tumour uptake and retention of 2uAt-labelled MoAbs (TP-1 F(ab')2 and

TP-3 IgG) in mice with tumour xenografts were measured (Paper III). The distribution was

studied up to 40 h after RIC administration. 2nAt was at selected points compared with 125I

as label for the RIC's. The quality of the RIC's was measured in vitro using immunoreactivity

assays.

2.4.4. An alternative use of the protein coupling intermediate.

The procedure of cyclotron production and separation of 2UAt from target is presented in

Paper IV. The protein coupling intermediate may also be used to label aminated monodisperse

polymer particles (MDPP) with 2llAt. The preparation and purification of radiolabelled MDPP

and in vitro stability in sera and full blood were investigated.
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2.4.5. Radiation of intraperitoneal disseminated tumour cells with different mAt-forms.

A comparison of the therapeutic efficacy of the different 2uAt-forms; 2uAt-MDPP, 211At-

hlgGx (human immunoglobulin), 2uAt-TP-3 IgG and free 211At was done at various

intraperitoneal (i.p.) injected doses using the up. K13 Balb/c model (Paper V). Survival was

measured for groups of mice receiving different treatments and compared to that of a non-

treated control group. The biodistribution was measured and gamma camera scintigrams were

recorded for the three forms 2"At-hIgGK, 21tAt-TP-3, and free 21lAt at various time points.

The results were compared with earlier published data for 2UAt-MDPP (Vergote et al., 1992c).

2.4.6. Evaluation of2"At-MDPP in vivo and in vitro.

The survival of Balb/c mice inoculated i.p. with K13 cells was studied as a function of

specific activity of 211At-MDPP injected i.p. at the 100 kBq injected dose level (Paper VI).

It was presumed that the specific activity could be important, because "hot spots" and "cold

spots" (i.e. uneven dose distribution) could occur if 211At was labelled onto too few MDPP.

If 211At was labelled to a high number of MDPP, the MDPP might spatially prevent a

sufficient number of decays to occur within the a-particle range of the cells because of their

size (1.8 /mi).

The in vitro cytotoxicity on K13 cells of 2IlAt-MDPP was compared to that of 2UAt-

labelled nonspecific proteins (BSA, avidin, hlgGic and TP-3) to see whether MDPP offered

any advantage as carrier of 211At compared to nonspecific proteins. The survival of the K13

cells to nonspecific 2UAt-labelled proteins can also thereby be compared to that of the three

human osteosarcoma cell lines (presented in Paper I) in order to assess the relevance of the

K13 as a model for a-particle irradiation of cancer cells in the in the peritoneal cavity.

2.4.7. Maximum tolerable dose ofmAtRIC and free "'At in mice.

In a separate experiment (Supplementary study) the maximum tolerable doses of 2uAt-

hlgGtc, 211At-TP-3, and free 2I1At were measured by survival and by body weight

measurements. Bodyweight and survival were followed up to day 120 after i.p. injections of

the preparations.
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2.5. Aims of the present study.

The objectives of the experiments presented in this thesis were:

1. To establish and develop safe and efficient routines for the preparation of 21 'At-

labelled compounds of high radiopharmaceutical quality within a timeframe

compatible to the halflife of the radionuclide.

2. To assess the immunoreactivity of 21lAt-labelled MoAbs and to compare the effects

of2UAt-labelled MoAb,mAt-labelled nonspecific protein, free 2IIAt and external beam

X-rays on osteosarcoma cells in vitro.

3. To assess the toxicity of 3nAt-labelled nonspecific proteins (TP-3 IgG, BSA and

avidin), and 2nAt-MDPP against K13 cells in vitro.

4. To study the biodistribution of2l'At-labelled and 125I-labelled TP-3 and TP-1 MoAbs

in nude mice carrying human osteosarcoma xenografts using the same conjugation

method for both radionuclides.

5. To explore the therapeutic efficacy of 2UAt-MDPP at low injection doses and to

compare the effect of 2UAt-MDPP, 211At-labelled protein and free 211At in the K-13

hybridoma intraperitoneal tumour model, in order to assess the potential of such

compounds in the treatment of ovarian cancer.

6. To measure the biodistribution of 211At-hIgGK, 2UAt-TP-3 and free 211At after i.p.

injection.

7. To continue the biological study of 2UAt-MDPP and investigate the influence of the

specific activity on the therapeutic efficacy.

8. To estimate the maximum tolerable doses of different chemical forms of 211At in mice.
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3. GENERAL METHODS

3.1. Production of 3UAt for radiolabelling.

3.1.1. Production of21'At at the cyclotron at the University of Oslo.
21'At was produced at the cyclotron (Scanditronix MC 35) at Section for Nuclear Physics,

Department of Physics, University of Oslo. The target consisted of a 0.25 mm thick layer of

bismuth melted onto a circular cave with a diameter of 25.4 mm and dept of 0.50 mm on a

42x40x3 mm aluminium target backing. During the cyclotron irradiations the backside of the

Al-plate was cooled with water. The maximum beam intensity used was 15 fiA for up to 3

h irradiation periods with an a-particle energy of 28 MeV.

3.1.2. Separation of2"At from the bismuth target.

A Mttller oven with a thermocouple and a temperature regulator was used to obtain

sufficient temperature for the distillation of 211At from the Bi target. The quartz-still used was

essentially the same as the one described by Lambrecht & Mirzadeh (1985), but the

condensing unit was different. In the experiments presented here either a water-cooled column

(Paper IV) or two ice-cooled bubblers in series were used. The best yield of distillation was

achieved when the temperature of the still was kept just beneath the melting point of

aluminium (660 °C) where the Al-backing became slightly deformed. A gas velocity of

approximately 20 ml/min gave the highest recovery in the condensing unit.

3.2. Production of the labelling intermediate, N-succinimidyl-3-(trimethylstannyl)-

benzoate.

N-succinimidyl-3-(trimethylstannyl)benzoate (NSTMB) was synthesized as described by

Garg et al, (1989). The product was purified twice on a silicagel flash-chromatography

column and dissolved in chloroform. The purity was measured to be above 96% using high

performance liquid chromatograpy (HPLC). Batches of the product (dissolved in CHC13) were

stored under argon gas and kept at -20 °C in a freezer for more than two years.
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3 3 . Radiolabelling of carrier compounds.

3.3.1. 2tlAt-labelling of NSTMB for production ofN-succinimidyl-[mAt]astatobenzoate.
211At was bound to the NSTMB using the method described by Zalutsky et al, (1989), with

minor modifications. A 1 ml reaction vial containing 100 fid of 10-60 nM 211At in CHC13 was

added NSTMB and rerf-butylhydroperoxide (TBHP) to a final concentration of 4 mM and 200

mM respectively with a total volume of 110 /d. After 20 min incubation on a whirlmixer (at

room temperature) the solution was evaporated to dryness with a stream of Ar gas. The

reaction vial was then washed with 50 fd of CHC13 which was loaded onto a Sep-pak silicagel

cartridge (Waters) or injected into an HPLC system for purification. The Sep-pak was eluted

with 30 ml of hexane, 30 ml of 30% ethylacetate in hexane and finally 15 one ml fractions

of 30% ethylacetate in hexane. The fractions 3-5 contained N-succinimidyl-

[2uAt]astatobenzoate (NSf'AtJAB) with a purity sufficient for protein-labelling. Alternatively

an HPLC system consisting of a Shimadzu LC6A pump, a Rheodyne injector (type 7125) and

a Supelcosil SPLC-si semi-preparative column (Supelco) was used to purify the NSfAtJAB

intermediate. The mobile phase was a mixture of hexane (70%), ethylacetate (29.91%) and

acetic acid (0.09%). A mobile phase velocity of either 3 or 6 ml/min were used and samples

of 1 ml were collected using a LKB 2212 Helirack. The fractions containing the purified

NS[2UAt]astatobenzoate were evaporated to dryness before any further reaction.

3.3.2. Coupling ofNS[2"At)AB to proteins and MDPP.

A 1/2 dram vial with dried and purified NS[*nAt]AB was added 100 ^1 of borate buffer

(pH 8.5-9.0) containing 0.2-0.5 mg of protein. After a 20 min incubation on a whirlmixer 300

fi\ of 0.2 M glycine was added. After another 5 min of incubation the crude solution was

transferred to a Sephadex G-25 PD 10 column (Pharmacia) (prewashed with a solution of 1%

BSA in PBS) and the radiolabelled MoAb was eluted with 0.1 M phosphate buffered saline

(PBS, pH 7.4).

Aminated MDPP were labelled by adding a solution of 5 to 10 mg/ml MDPP to a vial with

dried and purified NS^'AtJAB followed by incubation on a whirlmixer for 20 min whereafter

the MDPP were washed with PBS (containing 1% BSA) and centrifuged to remove

unconjugated 211At-species.
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3.3.3. 12SI-labelling of proteins.

MoAbs were labelled with 123I coupled to the NSTMB using a two-phase reaction. Briefly

10/d of aqueous Na125I solution buffered to pH 5.5 with CH3COOH/CH3COONa was added

50 fA of CHC13 and then NSTMB and TBHP to give a final concentration of 5 mM and 200

mM respectively. Thereafter, the reaction mixture was stirred for 20 min and the aqueous

phase was then separated and washed with CHC13. The combined CHC13 phases were

evaporated in a stream of Ar gas. After that, the dried N-succinimidyl-[125I]iodobenzoate was

treated as NSf'AtJAB for purification and coupling to protein. The radiolabelled protein was

purified by elution in PBS buffer through a Sephadex G 25 PD-10 column as described for

the 2nAt compounds.

3.4. Detection of 2nAt and IMI.

During the initial steps of the production 2"At-labelled compounds were monitored for

radioactivity with a Geiger Muller (GM) counter (Sealer Timer ST 7, Nuclear Enterprises)

using two different fixed distances between the counter and the preparations. More exact

countings were done with diluted solutions using a multiwell LKB Multigamma 1640 counter

which was adjusted for detection of the 77-92 keV X-rays accompanying the 211At

disintegration. The reliability of the two counters was also controlled by measuring the 211Po

and 2UAt associated y-lines of 569.7 keV and 687.8 keV respectively using a GeLi-detector

(Canberra). 125I radioactivity was determined using the LKB Multigamma 1640 counter and

during the chemical procedure the GM detector was used.

3.5. Safety procedures and routines for handling of 211At-preparations.

Because of the high radiotoxicity of 2UAt (e.g. Euratom, 1984), strict safety regulations had

to be followed. The type B laboratory where the distillation, synthesis steps and purifications

were performed was monitored by an ion-chamber (LASK radon counter) with a high

sensitivity for airborne a-particle emitters. The different production steps were performed in

fume hoods. A fresh air mask (RACAL Safety Limited) filtering air through carbon filters

was used during the performance of the chemical procedures. Hands were protected against

contamination using three layers of gloves. After leaving the laboratory the clothes and hands

were checked for radioactivity contamination and after each run the thyroid was monitored
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with a sensitive X-ray counter for possible uptake of 2uAt. Two body dosimeters, one at hip

and one at chest and one finger dosimeter on each hand were used to monitor the X-ray and

Y-radiation dose received.

3.6. The carrier compounds for the radionuclides.

3.6.1. Monoclonal Antibodies.

Batches of TP-1 F(ab')2 and TP-3 IgG were provided by Dr. 0.S. Bruland, The Norwegian

Radium Hospital and Dr. T. Michaelsen, National Institute of Public Health. TP-1 is of

subclass IgG-2a and TP-3 is of subclass IgG-2b (Bruland et al., 1986). The two MoAbs bind

to two different epitopes on a cell-surface antigen commonly expressed on human

osteosarcoma cells (Bruland et al., 1988) The production and purification of the TP-MoAbs

have been described in detail elsewhere (Bruland et al., 1986). TP-1 F(ab)2 was produced from

the whole IgG by digestion with pepsin (Bruland et al., 1987). The MoAbs were dissolved

in PBS buffer (pH 7.4) and the pH was adjusted to 8.5-9.0 by addition of a borate solution

prior to the conjugation of the radionuclides.

3.6.2. Other proteins.

BSA and avidin (Sigma Chemicals) were purchased in dry form and dissolved in borate

buffer while hlgGK of 10 mg/ml in borate buffer (pH 8.5) was provided by Dr. K. Nustad,

The Norwegian Radium Hospital and Dr. T. Michaelsen, National Institute of Public Health.

3.6.3. Monodisperse polymer particles.

MDPP were produced as described by Ugelstad et al, (1980) and provided by Dr. T.

Ellingsen and Professor J. Ugelstad (SINTEF, University of Trondheim, Norway). The

particles had a diameter of 1.8 fan and had an amine density of 3.55 mmol/g polymer

(Vergote et al., 1992c).
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3.7. In vitro experiments with cell lines.

3.7.1. The cell lines used

OHS, SAOS and KPDX human osteosarcoma cell lines were provided by Dr. 0. Fodstad

and Dr. 0. Bruland, Department of Tumour Biology, The Norwegian Radium Hospital and

WIX-c human melanoma cell line was provided by Dr. E.K. Rofstad, Department of

Biophysics, The Norwegian Radium Hospital. OHS, KPDX and WIX-c were established at

the Norwegian Radium Hospital (Bruland et al, 1988; Fodstad et al, 1986; Rofstad et al,

1991) while SAOS was obtained from American Tissue Type Collection. The cell lines were

grown in conventional monolayer on plastic surface in 80-cm2 tissue culture flasks (Nunclon)

containing 15 ml of RPMI 1640 medium (25 mM 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (HEPES) and L-glutamine) supplemented with 13% of fetal calf

serum, 250 mg/1 of penicillin, and 50 mg/1 of streptomycin. The cell lines were incubated at

37 °C in a humidified atmosphere of 5% CO2 in air and subcultured by treatment with 0.05%

trypsin/0.02% ethylenediaminetetraacetic acid (EDTA) solution for less than 2 mm every fifth

to sixth day. The osteosarcoma cell lines were cultured in this way for more than 1.5 years

while the melanoma line was cultured continuously for about one year at the Dept. of

Biophysics at the Norwegian Radium Hospital.

The K13 hybridoma cell line (a murine B-cell hybridoma) was provided by Dr. K. Nustad.

Cells obtained from K13 ascites grown in Balb/c mice were transferred to conventional tissue

culture flasks (80-cm2) and maintained using Dulbecco's modified Eagle's medium (DMEM)

supplemented with sodium pyruvate (1 mM), L-glutamine (2 mM), penicillin (100 units/ml)

streptomycin (100 ^g/ml) and 10% fetal calf serum (Vergote et al, 1992a). The cells were

cultured in 80 cm2 plastic cell culture flasks (Nunclon) at 37 °C in an incubator with 5% CO2

atmosphere. The K13 cells were interchangeable between in vitro and in vivo growth. For the

in vitro experiments the cells were cultured uninterrupted up to three months by subculturing

every third day by scraping cells off the plastic surface in tissue culture flasks.
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3.7.2. Exposure of cells to "'At-preparation.

Plastic tubes (10 ml, Nunclon) containing 0.5 ml single cell suspension of approximately

S ÎO5 cells/ml were added the preparations and incubated for 1 h on a cell shaker at room

temperature. Thereafter the cell suspensions were diluted to 10 ml with growth medium and

plated in tissue culture flasks (KPDX, OHS, SAOS, WIX-c) or in 96 well plates (K13) for

clonogenic assay of survival. The tissue culture flasks were prepared with l'lO5 feeder cells

(inactivated with 30 Gy X-rays) 24 h before plating (Paper I) to stabilize the PE.

In some of the experiment with RIT of the osteosarcoma cells, the cell bound fractions of
2nAt-TP-3 were measured after incubating, centrifuging and washing the cells three times in

cell culture medium and counting the radioactivity contents of the cell pellets (previously

unpublished data).

In the experiments with microcolonies a-particle exposure was done by adding the 2nAt-

preparations to the tissue culture flasks containing the microcolonies. The flasks were

thereafter incubated on a tilting platform for about 90 min at 37 °C. Finally, the microcolonies

were assayed for conventional colony formation using normal culturing conditions (Paper II).

3.7.3. Exposure of cells to X-rays.

Single cell suspensions as described above were exposed to external beam X-rays at a dose

rate of 3.6 Gy/min. Tissue culture flasks with microcolonies were likewise exposed at a dose

rate of 4.0 Gy/min. A Miiller RT 250 X-ray unit operated at 250 kV, 20 mA with 0.5 mm

Cu-filtration of the beam was used (Rofstad, 1992).

3.7.4. Determination of the Immunoreactive fraction of the radiolabelled MoAbs.

The OHS cell line was used to measure the immunoreactive fraction of radiolabelled TP-1

and TP-3 preparations according to established procedures (Lindmo et ah, 1984). Briefly,

triplicates of serial dilutions with cell concentrations ranging from typically l»107 to 1.6 'lO5

cells/ml were incubated for 2 h with a fixed amount of RIC. The nonspecific binding was also

measured using WIX-c or K13 cells in a similar manner. The adjusted values were then used

to construct a reciprocal plot with the inverse of the cell concentration on the x-axis and the

total applied over specific bound on the y-axis.
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3.7.5. Scatchard analyses.

Scatchard analyses were done to determine the average number of antigens for the three

human osteosarcoma cell lines OHS, SAOS and KPDX. The antigen negative human

melanoma cell line WIX-c was used as a negative control for nonspecific binding. The cell

concentrations were 2.5»10* cells/ml (two independent experiments with 125I-TP-3) and

1.25-106 cells/ml (three independent experiments with 211At-TP-3). Triplicates of cells (all

four cell lines) were incubated with radiolabelled TP-3 IgG with serial dilutions ranging from

WO"9 to 5»10~* g MoAb per ml for 1.5 h. In one of the experiments (with 123I-TP-3) antigen

positive cells preincubated for one h with antibody in excess (50 ^g/ml) to saturate the

antigens were used instead of antigen negative cells as a control of nonspecific binding. At

the end of the incubations the cells were washed three times with PBS and counted for bound

radioactivity. The data were plotted according to standard procedures (Lindmo, et al, 1984;

Zalutsky et al, 1989).

3.8 In vivo tumour models.

3.8.1. The human osteosarcoma xenograft model

Male Balb/c athymic (nu/nu) mice carrying OHS osteosarcoma xenografts were housed at

the animal farm at the Norwegian Radium Hospital by the staff from the Department of

Tumour Biology. The xenografts were implanted subcutaneously in the flanks of the animals.

3.8.2. The K13 hybridoma tumour model

Female Balb/c mice were housed at the animal farm of the Norwegian Radium Hospital.

K13 tumours were implanted and tumour progression was followed by the staff of the Central

Laboratory of the Norwegian Radium Hospital.

All animals were treated according to recognized ethical principles (Royal Society/UFAW,

1987; UKCCCR, 1988).
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4. SPECIFIC METHODS

4.1. Treatment of human osteosarcoma single cell suspensions in vitro.

The human osteosarcoma cell lines OHS, KPDX and SAOS, as single cell suspensions,

were either incubated for 1 h with a) 211At-labelled TP-3 osteosarcoma binding MoAb; b)
2nAt-labelled BSA or c) free 21IAt (Paper I). The cells were assayed for colony formation in

cell culture flasks and survival curves were established. In addition conventional X-ray

survival curves were established for each cell line. Scatchard analyses were done to determine

the average number of antigens per cell line. The cell lines were incubated with three different

levels of specific activity of the 2nAt-TP-3 MoAb: 5,10, and 20 (30) MBq/mg respectively.

4.2. Treatment of human osteosarcoma microcolonies in vitro.

Microcolonies of OHS and KPDX antigen positive osteosarcoma cells and WIX-c antigen

negative melanoma cells were generated from single cells cultured for either 24 h or 72 h

after plating on plastic surface in tissue culture flasks (Paper II). This gave microcolonies

containing 1-4 cells at 24 h or 11-14 cells at 72 h. The microcolonies were treated with either
2nAt-labelled TP-3 osteosarcoma binding MoAb, added to the culture medium and allowed

to decay completely, or external beam X-rays. Survival of microcolonies were assayed by

colony formation. Survival curves for the treated microcolonies were established and the doses

(activities) to give 50% and 20% microcolony survival (i.e., at least one cell in 50% or 20%

of the microcolonies survived the treatment) were found by interpolations on the curves.

Therapeutic gain factors were calculated for 2nAt-TP-3 RIT relative to X-rays using the

antigen positive osteosarcoma cell lines to model rumour tissue and the antigen negative

melanoma line to model normal tissue.

4.3. Biodistribution of 211At and '"i-labelled TP-3 and TP-1 MoAbs in mice carrying

human osteosarcoma xenografts.

The preparation and quality control using immunoreactivity measurements were done

according to the procedures described in chapter 3 (3.7.4). OHS cells were used as antigen

positive cells and K13 were used as negative control (Paper III).
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In the study of biodistribution, groups of nude mice were injected intravenously with either
2UAt-labelled TP-1 F(ab% 2:iAt-labelled TP-3 IgG, 125I-labelled TP-1 F(ab')j or 125I-labeUed

TP-3 IgG. The mice were sacrificed with cervical dislocation, dissected and tissue samples

were counted for radioactivity. The tissue distribution was measured at various points up to

40 h after injection of the preparations. Tissues measured for radioactivity content were blood,

heart, kidney, liver, lungs, neck, spleen, stomach and tumour.

4.4. Stability of 2UAt-labeUed MDPP in vitro.

Preparations of2nAt-MDPP were incubated in fetal calf serum, human serum and human

full blood. The labelling stability was measured after 4, 24 and 48 h by counting before and

after washing the 2nAt-MDPP three times with PBS containing 1% BSA (Paper IV). After

centrifugation and removal of the supernatant, the 2nAt-MDPP was diluted in PBS to give the

right counting geometry.

4.5. Comparison of different 2UAt radiopharmaceutlcals in a murine lntraperitoneal

tumour model.

Four different chemical forms of the a-particle emitting radionuclide 2uAt were assayed

for their therapeutic potential in the i.p. K13 tumour model (Paper V). The forms were a)
211At-MDPP, 2nAt-labelled hlgGK, 211At-labelled TP-3 and free 211At. 2uAt-hIgGK and 211At-

TP-3 IgG were demonstrated not to bind significantly to K13 cells in vitro according to

previously described procedures for immunoreactivity measurements.

The biodistribution was measured and gamma camera scintigrams were recorded after i.p.

injections of 211At-hIgGic,2nAt-TP-3 and free 2UAt and compared to previously published data

on the distribution of 211 At-MDPP to gain some information about differences in the dose

distribution of the injected preparations. For biodistribution measurements groups of 9 female

Balb/c mice (bodyweight of 18 ± 1 g) with no tumours were injected i.p. with either 2I1At-

hlgGK, 2nAt-TP-3 or free 211At. The mice were sacrificed by cervical dislocation after 10 min,

2.5 h and 16 h. Tissue samples were weighed and the radioactivity content measured. A

Siemens LFOV gamma camera with a low energy high resolution collimator was used to

obtain whole body scintigrams at 10 min and 2 h respectively, after i.p injection of either 0.8

MBq 2UAt-hIgGK, 0.8 MBq 2nAt-TP-3 IgG or 1.6 MBq free 2UAt.
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4.6. Evaluation of 3nAt-MDPP in vivo and in vitro.

4.6.1. Therapeutic efficacy of211At-MDPP as a function of specific activity measured in the

K13 tumour model.

Female Balb/c mice were injected i.p. with 10* K13 cells and treated 30 h later with 2UAt-

MDPP. Groups of 10 animals were either left untreated (control) or given up. injections with

100 kBq 2UAt-MDPP with specific activities of 0.19, 0.55,1.7,5.0,15 or 45 MBq/mg MDPP,

respectively. Tumour progression was followed by measuring the K13 MoAb level in the

blood and by measuring the weight increase of the animals. Mice were killed by cervical

dislocation when showing deteriorating condition, or an increase in bodyweight of more than

20%.

4.6.2. In vitro irradiation of K13 hybridoma cells.

By measuring the a-particle-radiosensitivity of K13 (single cell suspensions) to nonspecific

proteins labelled with 211At, a comparison could be made with the three human osteosarcoma

cell lines OHS, SAOS and KPDX. Suspensions of K13 cells were made from cells harvested

in exponential growth. A cell concentration of approximately 5*\tf cells/ml was used (Paper

VI). Cell suspension was either exposed to external beam X-rays or added either 2nAt-MDPP

or 211At-labelled protein (BSA, hlgGK, avidin or TP-3 IgG). After incubation for

approximately 1 h, treated cells, as well as untreated control cells, were plated in 96 well

plates (Nunclon) to measure clonogenic survival. Colonies were counted 2-3 weeks later. The

plating efficiency (PE) varied between 55% and 100%. Each 96 well plate was considered as

a triplicate with 32 wells as one statistical unit.

4.7. Supplementary study. Maximum tolerable dose of iUAt-hIgGic, ulAt-TP-3 IgG and

free 211At in Balb/c mice.

Female Balb/c mice in groups of 5 received i.p. injections of 2nAt-TP-3 IgG (specific

activity; -25 MBq/mg) or 2nAt-hIgGK (specific activity; -15 MBq/mg) at the dose levels 25,

50 or 100 kBq/g bodyweight. Groups of 4 animals were for comparison given up. injections

of 40 or 65 kBq/g bodyweight of free 2nAt. The animals were not pretreated with any agents

for blocking of thyroid or stomach uptake. The mice were allowed food and water ad libitum
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and were followed for more than 120 days. The bodyweight was measured approximately

once a week and compared to the weight of untreated control animals. Mice with a strongly

deteriorating condition were sacrificed by cervical dislocation. A preliminary evaluation of

survival was done 120 days after giving the treatments.
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5. SUMMARY OF RESULTS

5.1 Preparation of 2UAt and labelling of carrier compounds.

5.1.1. Cyclotron irradiation.

The production yield of 2uAt from 0.2-0.3 mm Bi targets ranged from 9-14 MBq/(/iA-h).

In thick targets (> 0.5 mm) the yield exceeded 15 MBq/(^A»h), but because of less efficient

cooling, thick targets could only be used at low beam intensities to avoid melting of the Bi.

5.1.2. Distillation.

The distillation procedure gave a recovery of 40-70% of the initial target activity after one

h distillation at 660 °C (at the melting point of the Al-backing). At higher temperatures the

yield of 211At occasionally increased, but the high temperature led to lower 2uAt purity

because of evaporation of Bi. Melting of the Al target-backing and damage to the distillation

equipment were additional problems at temperatures above 660 °C, which was therefore

chosen as a maximum temperature. Nitrogen and argon were equally efficient as carrier gases.

5.1.3. NSTMB labelling.

The labelling of NSTMB with 211At normally gave a yield above 70% measured on the

purified product, NS[2nAt]AB.

5.1.4. Protein conjugation.

When the protein concentration was above 2.5 mg/ml, the labelling yield usually amounted

to 40-70% of the NS[2UAt]AB used. However, when batches of high protein-concentration

(above 8 mg/ml) of TP-3 were added borate solution to the PBS buffer (for adjusting the pH

from 7.4 to 9.0), sedimentation and denaturation of the MoAb occurred. A too heavy agitation

of the reaction solution could also lead to denaturation at lower MoAb concentrations.

The whole production procedure, from the end of the cyclotron irradiation to the end of

purification of the RIC, normally lasted for 3 h. Approximately 20% of the initial target

activity was then retained in the final purified 211At-protein preparations.
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5.1.5. Labelling of MDPP.

The labelling yield of coupling NS[2UAt]AB to the MDPP was 80-95%. The total

preparation time from the end of cyclotron irradiation to the end of washing the particles was

approximately 2.5 h. Typically one third of the initial target activity was found in the final
2nAt-MDPP preparations.

5.1.6. '"l-labelling of MoAbs.

The synthesis of NS[l25I]IB was done with a yield exceeding 60%. The yield was generally

slightly lower than previously reported (Garg et al, 1989). However, only a few experiments

were done with 125I and efforts were not made to optimize the reaction conditions.

The protein incorporation yield did not differ significantly between NS[125I]IB and

NS[2UAt]AB.

5.2. Immunoreactivity and Scatchard analyses.

The immunoreactivity of the 211At-MoAb preparations used in the biological experiments

was measured to be in the range of 55%-85%, whereas the cross reactivity with antigen

negative cells was less than 5%.

The affinity constants (KJ of radiolabelled TP-3 MoAb were determined by Scatchard

analyses to be on average 3-109 (OHS), 3 ' lC (SAOS) and 2*10' (KPDX). The average

number of epitopes per cell were estimated to be (7.4 ± l ^ ' l O 5 for OHS, (6.1± l ^ ' l O 5 for

SAOS and (1.2 ± 0.2>ltf for KPDX.

S3. Inactivation of human osteosarcoma cells in vitro.

The Do values for X-ray irradiation were 0.60 ± 0.03 Gy (OHS), 0.61 ± 0.01 Gy (SAOS)

and 0.82 ± 0.10 Gy (KPDX). The Do values for 211At-labelled BSA were 113 ± 4 kBq»h/ml,

94 ± 5 kBq«h/ml, 100 ± 3 kBq»h/ml for OHS, SAOS and KPDX, respectively. Free 21IAt

was more cytotoxic and had Do values of 64 ± 5 kBq»h/ml, 53 + 4 kBq»h/ml and 59 ± 5

kBq»h/ml for OHS, SAOS and KPDX. The X-ray irradiation survival curves had initial

shoulders, while the survival curves for free 21IAt and 2UAt-BSA were straight lines without

shoulders in the semilog plots (Paper I).
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Unlabelled TP-3 MoAb had no effect on cell survival. The cytotoxicity of 2llAt-TP-3 was

clearly antigen dependent and also dependent of the specific activity of the RIC. When the

survival was plotted logarithmically as a function of incubation activity (kBq*h/ml) the curve

shapes for 2nAt-TP-3 exposure were qualitatively different from the curves of X-ray, free
211 At and 3UAt-BSA exposure. Figure 2 shows an alternative way of expressing survival, Le.,

the exposure unit is the average number of 211At bound per cell, which was measured at

selected points. This plot indicates a similar sensitivity for cell-bound a-emitter for the three

cell lines. A regression line made by combining the data of the three cell lines gives a D10

(dose to give 10% survival) of approximately 95 2UAt/ceU and a D37 (dose to give 37%

survival) of approximately 41 2nAt/cell respectively.
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Figure 2 Survival of OHS (•) , SAOS (•) and KPDX ( A ) human osteosarcoma cells as a function

of number of astatine bound per cell. The regression line represents the mean for the three cell

lines.
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5.4. Treatment of human osteosarcoma microcolonies in vitro.

The survival of microcolonies exposed to external beam X-rays increased with increasing

microcolony size (Paper II). This agrees with the increase in cell number per microcolony and

the PE of single cells in the microcolonies. The WIX-c cell line was generally more resistant

than OHS and KPDX cell lines (p < 0.05) which had a similar response to X-rays.

After treatment with 2"At-labelled TP-3 MoAb the survival of OHS and KPDX micro-

colonies was clearly lower than that of comparable WIX-c microcolonies. The survival

measured after treatment of microcolonies with the nonspecific forms 2nAt-labelled BSA and

free 211At showed that the latter form was the significantly (P < 0.05) most toxic of the two

forms.

The treatment of microcolonies of the two antigen positive osteosarcoma cell lines, OHS

and KPDX, with 2I1At-TP-3 gave therapeutic gain factor values varying from 1.3 ± 0.4 to 4.5

± 0.7 (mean ± SE). TGF was on average 1.6 times higher for the antigen-rich OHS compared

to the antigen-poor KPDX. The therapeutic gain factor (TGF) increased with colony size of

the densely packed colonies of the KPDX cell line but not for the OHS cell line which had

colonies of cells growing in a more scattered pattern. Control experiments with 2nAt-BSA and

free 2uAt gave TGF values from 0.6 ± 0.1 to 1.0 ± 0.3.

5.5. Biodistribution of radiolabelled TP-3 and TP-1 MoAbs in mice carrying human

osteosarcoma xenografts.

After the labelling procedures, 12-27% of initial end-of-bombardment target activity was

recovered as purified 2llAt-labelled MoAb (Paper III). The immunoreactivities of l25I and
2nAt-labelled TP-1 F(ab')j were approximately 60% for both preparations. The

immunoreactivities of l25I and 2nAt-labelled TP-3 IgG were approximately 80% and 60%.

The biodistribution of 2UAt and 125I coupled to MoAb carrier was similar. However, there

was a higher level of 211At in normal tissues at late time points compared to 125I. From these

biodistribution data the absorbed dose in the different tissues was estimated (Table 1). The

dose to the tissues including tumour were similar except for blood which received the
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significantly highest dose. Because of slower body clearance, 21IAt-TP-3 IgG gave a higher

total dose to the blood compared to 2uAt-TP-l F(ab')2. These crude dose estimates do not

take into account differences in microdistribution of the RIC within the different tissues.

Table 1 Estimates of absorbed dose1 after an intravenous
injection of a hypothetical dose of 1.0 MBq of 2"At-TP-3 IgG
or 211At-TP-l F(ab')2 in mice bearing OHS osteosarcoma
xenografts

Tissue2

Blood

Heart

Kidney

Liver

Lungs

Spleen

Tumour

Absorbed

2uAt-TP-3 IgG

14.3

2.4

2.9

2.1

3.9

2.7

2.3

dose (Gy)

2IlAt-TP-l F(ab')2

4.9

1.4

2.4

2.1

2.7

2.5

2.5

'Estimates using cumulated activity calculated from the
biodistribution data (Paper III) and assuming a complete absorption
within tissue of 6.8 MeV/^'At transformation (ignoring the small
contribution from accompanying X-rays, y-rays and Auger electrons).
The simplification of uniform doses in tissues was used.

2Muscle, brain and intestine had absorbed doses less than 1 Gy.

5.6. '"At-Iabelling of MDPP: Synthesis, purification and stability.

The conjugation of NS[2nAt]AB to the aminated MDPP was done with a reproducible yield

of more than 85% (Paper IV). The stability of the conjugate was very high with no significant

deastatination measured after 4, 24 and 48 h incubation in fetal calf serum, human serum and

human full blood.
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5.7. Intraperitoneal a-particle radiotherapy with JnAt-labelIed compounds in a murine

tumour model.

K13 tumour bearing Balb/c mice received i.p. injections of either 2UAt-MDPP, 2nAt-hIgGK,
2uAt-TP-3 IgG or free 211At 30 h after i.p. inoculation of 10* tumour cells (Paper V). Animals

were arranged in groups of 8-10 per dose level. Generally, 211At-MDPP was the most effective

of the preparations at very low dose levels and had a significant therapeutic efficacy

(measured as increased survival) already at 7 kBq, but the therapeutic efficacy was not

improved by increasing the injected dose above 65 kBq. At the 200 kBq level the survival

was similar for 2uAt-MDPP, 211At-hIgGic and 211At-TP-3 IgG. The therapeutic response of
2nAt-hIgGK and 2uAt-TP-3 increased at higher injected activities. At the 275 kBq dose level
211At-hIgGK was particularly effective with a long-term survival of 50% of the mice.

5.7.1. Biodistribution after i.p. injection of 2"At-preparations.

The biodistribution measurements and the gamma camera scintigrams revealed that 211At-

hlgGK and 2uAt-TP-3 IgG were mainly retained in the intraperitoneal cavity at 10 min and

at 2 h after injections, while free211At was distributed all over the body already at 10 min after

injection. At 16 h all three preparations were distributed all over the body, but while free 211At

had a particularly high uptake in thyroid and stomach, the 21IAt-hIgGK and 211At-TP-3 were

mainly distributed in the blood and the blood-rich tissues.

5.8. Evaluation of 2HAt-MDPP in vitro and in vivo.

5.8.1. Therapeutic efficacy ofmAt-MDPP as a function of specific activity.

Survival data of Balb/c mice inoculated with 106 K13 cells treated with i.p. injections of

100 kBq 2uAt-MDPP with specific activity ranging from 0.19 - 45 MBq/mg show that the

treatments had significant therapeutic effect for all six groups compared to the control (19 to

26 days vs. 12 days median survival). The difference between the 211At-MDPP treated groups

were not significant, but some animals with short survival were observed in the 0.19, 15 and

45 MBq/mg groups. Comparison of K13 MoAb levels in blood (day 7 values) showed that

the 15 MBq/mg and 45 MBq/mg had some animals with particularly high levels. These data

therefore suggest that specific activities of 21IAt-MDPP should be kept below 15 MBq/mg to
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ensure more reproducible treatment responses.

5.8.2. In vitro irradiation ofK13 hybridoma cells with mAt-MDPP, 2"At-labelledproteins and

external beam X-rays.

The survival of K13 cells were assayed after exposure to InAt-MDPP, 2UAt-labelled

proteins (hlgGK, BSA, TP-3 and avidin) and X-ray irradiation (Paper VI). The Do values were

37 ± 4 kBq»h/ml ("'At-MDPP), 137 ± 10 kBq»h/ml ("'At-proteins combined) and 0.53 t

0.03 Gy (X-rays).

5.9. Supplementary study. Maximum tolerable dose of lnAt-TP-3 IgG, zuAt-hIgGK and

free 2UAt in mice.

The survival of mice injected i.p. with either of the three preparations were followed for

120 days. At day 120 1 of 5 animals in the 100 kBq/g group, 4 of 5 in the 50 leBq/g group

and 5 of 5 in the 25 kBq/g group injected with 2nAt-TP-3 were still alive (Figure 3).
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Figure 3 Bodyweight of female Balb/c mice treated with 100 kBq/g bodyweight ( • ) , 50 kBq/g

bodyweight ( • ) or 25 kBq/g bodyweight ( • ) of 2uAt-TP-3 IgG vs. control (O). Points represent

mean bodyweight of animals alive in a group at a given timepoint.
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Figure 4 Bodyweight of female Balb/c mice treated with 100 kBq/g bodyweight ( • ) , 50 kBq/g

bodyweight ( • ) or 25 kBq/g bodyweight ( • ) of 2uAt-hIgGK vs. control (O). Points represent mean

bodyweight of animals alive in a group at a given timepoint.
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Figure 5 Bodyweight of female Balb/c mice treated with 65 kBq/g bodyweight ( • ) or 40 kBq/g

bodyweight ( • ) of free J11At vs. control (O). Points represent mean bodyweight of animals alive in

a group at a given timepoint.
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Among the animals treated with 2uAt-hIgG 2 of 5 in the 100 kBq/g group, 5 of 5 in the

50 kBq/g group and 5 of 5 in the 25 kBq/g group were still alive after 120 days (Figure 4).

Free 2UAt were injected in two groups. The group given the highest dose, 65 kBq/g, had 0

of 4 surviving at day 120, while the group to receive the lowest dose, 40 kBq/g, had 4 of 4

surviving at day 120 (Figure 5).

Estimates of the absorbed doses to various tissues for an up. injected activity of 1.0 MBq

(56 kBq/g) of either 2UAt-TP-3 IgG, 2nAt-hIgGK or free 2nAt are presented in Table 2. The

estimates were made using the biodistribution data in Paper V.

Table 2 Estimated absorbed dose1 after up. injection of a
hypothetical dose of 1.0 MBq of either 2UAt-TP-3 IgG, 2UAt-hIgGK or
free 2uAt in mice

Tissue2

Blood

Heart

Kidney

Liver

Lungs

Spleen

Stomach

Intestine

211At-TP-3
IgG

5.5

1.9

1.2

1.8

2.0

0.7

4.9

1.3

Absorbed dose (Gy)

211At-hIgGK

9.2

2.2

1.8

2.5

1.8

1.0

1.7

1.7

Free 2 nAt

1.0

2.5

1.1

0.9

5.3

1.9

21.5

2.5

'Estimates using cumulated activity calculated from the biodistribution data
(Paper V) and assuming a complete absorption within tissue of 6.8 MeV/^'At
transformation (ignoring the small contribution from accompaniing X-rays,
y-rays and Auger electrons). The simplification of uniform doses in tissues
was used. ]Muscle and brain had absorbed doses less than 1 Gy. Values
beyond 16 h were extrapolated assuming a clearance rate of 50% in 24 h.
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6. DISCUSSION

The interest for a-particle emitters in internal radiotherapy is increasing due to improved

conjugation chemistry (e.g., Junghans et al., 1993; Zalutsky et al., 1989). Experimental work

has concentrated on 211At and 212Bi since these two nuclides have radiochemical and physical

properties suitable for medical application, as well as reasonable availability. In this work it

is demonstrated that biologically active 211At-labelled compounds can be prepared within a

relatively short time allowing utilization of this 7.2 h a-particle emitter. The routines of

production were not totally optimized with respect to time since such an optimization would

involve construction of a technically more sophisticated production system.

6.1. Inactivation of human osteosarcoma cells in vitro.

The X-ray sensitivities of the three osteosarcoma cell lines OHS, SAOS and KPDX in this

work indicate that the low clinical radiocurability of osteosarcomas (Deacon et al., 1984;

Fertil and Malaise, 1985) is not caused by low cellular radiation sensitivity or high cellular

repair capacity, but more likely by high fractions of hypoxic cells and poor reoxygenation.

This interpretation is in accordance with experimental findings with osteosarcoma tumour

lines in vivo (Rofstad & Brustad, 1980; Van Putten, 1968).

The survival curves for 2llAt-TP-3 treatment simulate the cell inactivation effect of ct-

particle RIT in antigen-positive tumours while the survival curves of 2UAt-BSA simulate the

effects produced by the RIC on antigen negative tissue cells (Paper I). As could be expected,

the best specific cell kill (approximately 2 log) was observed with the highest specific activity

preparation used on the OHS cell line, which had the highest antigen expression. The high

specific activity preparation gave a cell kill of less than 0.5 log on the KPDX cell line, which

had the lowest antigen expression .

In the present study, the specific activities corresponded to l u At atom:MoAb molecule-

labelling-ratios of approximately 1:20 000 (5 MBq/mg) to 1:3300 (30 MBq/mg). Higher

specific activity can be obtained with the astatination method used here (Zalutsky et al., 1989)

and from Figure 2 it can be predicted (provided that all tumour cells contain the antigen) that

a survival level of 10'7 can be reached with preparations able to specifically bind -650
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2nAt/cell before saturation. This implies 21lAt:TP-3 ratios of 1:1100 (OHS) and 1:180

(KPDX). Preparations with the labelling ratio of 1:180 have not yet been produced and it is

uncertain whether radiolysis during preparation may influence the quality of such preparations.

Hence, 2UAt-TP-3 treatment of human osteosarcoma cell lines in vitro gives promising

therapeutic ratios provided a high cellular antigen expression or that RIC with high specific

activity is used.

6.2. Treatment of human osteosarcoma microcolontes in vitro with 2uAt-labelled

monoclonal antibody.

The experimental scenario in this study (Paper II) differs from the situation presented in

Paper I as follows: 1) The target was microcolonies of two different sizes attached to a

surface rather than single cells in suspension, 2) The added 2nAt-preparations were allowed

to decay completely in the microcolony growth medium, thereby giving a more realistic

background dose and 3) the effect was also measured on an antigen negative cell line.

A significant therapeutic gain was achieved with 2nAt-TP-3 on antigen positive cells. As

in the single-cell model study, specific activity was important, but other aspects like

microcolony size and the growth pattern of the cells within the microcolony also influenced

the therapeutic gain. KPDX cells which tended to grow more tightly in the microcolonies, had

a more significant increase in TGF with colony size, probably reflecting an increased intra-

colony crossfire of cc-particles.

The experiments performed with 211At-BSA and 2nAt-TP-3 on the antigen negative cell line

WIX-c showed that the change in size of the carrier protein from molar weight 66,000 to

160,000 did not significantly influence the toxicity of the 211At-protein conjugate, and that

specific activity of the RIC did not significantly influence the nonspecific toxicity.

Thus the experiments indicate that well vascularized tumours or micrometastases may be

candidates for treatment with 211At-MoAbs, if conditions such as strong and uniform binding

of the MoAb to the tumour cells and low cross reactivity with normal tissue are fulfilled.
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6.3. Biodistribution of "'At- and 12sI-labelled TP-3 and TP-1 MoAbs in mice carrying

human osteosarcoma xenografts.

The slope of the immunoreactivity plots of the 2UAt-labelled and 12SI-labelled TP-1 and TP-

3 preparations varied due to differences in the concentration of MoAb. These differences do

not influence the interception value with the ordinate (Undmo et al., 1984).

Studies published on biodistribution of 2"At-MoAbs indicate that the uptake in solid

tumours generally is too slow to give therapeutic interesting ratios of intravenously injected
2nAt-MoAbs (Hadley et al., 1991; Zalutsky et al., 1989). This is also supported by the results

found in the present investigation (Paper III). The biodistribution measurements from the OHS

nude mice xenograft model demonstrate the general problem of RIT with short-lived

radionuclides. The penetration barriers in a solid tumour do not allow a sufficiently rapid

uptake. At which time the tumour to tissue ratios become favourable, a significant proportion

of the nuclide has decayed. The OHS xenograft study demonstrated, however, that the

radioactivity was strongly bound in the tumour tissue and that the localization was similar

with 2UAt and 125I labelled to the MoAbs, except for an elevated content of 2"At in some

normal tissues at late time-points.

6.4. >uAt-labelllng MDPP for radiotherapy: Synthesis, purification and stability.

This study demonstrates that 2UAt-MDPP can be produced with high radiochemical yield

and with a short preparation time (Paper IV). The stability in fetal calf serum, human serum

and human full blood was very high as measured after up to 48 h incubation at room

temperature. The stability of the astatine-MDPP linkage support earlier findings that astatine

bound to aromatic groups can be stable under physiological conditions (Berei & Vasaros,

1983). Particles of different size may be prepared and cell specificity may be achieved by

coupling MoAbs to the particles to further optimize their therapeutic potential.

6.5. Intraperitoneal a-particle radiotherapy with 2UAt-compounds

In this investigation an i.p. surface deposited tumour model was used to study the

therapeutic effects of different carrier vehicles for 211At. The different forms of 211At all led

to prolongation of the survival compared to control (Paper V). Unlabelled MDPP and
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unlabelled proteins did not influence the survival. 2uAt-MDPP were effective at a very low

injected dose, probably because they sedimented nearby the main fraction of the K13 tumour

cells. In contrast, the results indicate that the 2nAt-labelled nonspecific proteins irradiated the

intraperitoneal cavity more effectively than 211At-MDPP at higher doses. The method of local

injection circumvent the problem of slow tumour uptake of intravenously injected RIC. Even

a minor retention of a locally injected short lived radionuclide may give a favourable dose

ratio between the region of injection and the whole body. This principle may also be applied

in treatment of larger inoperable tumours where intratumour injections of 211At- or 212Bi-

labelled MoAbs may give favourable tumour to normal tissue ratios because of the short

halflives of these two radionuclides compared to the clearance rate of the RIC (Rowlinson-

Busza et al., 1991).

The microdistribution is a very important parameter for a-particle emitting

radiopharmaceuticals (Humm & Chin, 1993). Although 2UAt-MDPP is effectively retained i.p.

(Vergote et al., 1992c) whereas 2nAt-TP-3 and 21lAt-hIgGK were slowly cleared, the

therapeutic efficacy were similar or even higher at the high doses for the two latter forms.

This tendency may be explained by a difference in microdistribution due to the huge

difference in size. 2llAt-hIgGK and 2llAt-TP-3 can diffuse into the interstitial space between

cells in contrast to 2nAt-MDPP of large size (1.8 fan in diameter in this study).

It is noteworthy that there was only a minor improvement in survival of the animals that

had received free 211At compared to the untreated control animals. This is in agreement with

the rapid diffusion of free 211At in mice observed using the gamma camera.

The use of regional injection of 211At-MoAbs may be particularly interesting in adjuvant

and palliative treatment of peritoneally disseminated ovarian cancer, since the clearance from

the peritoneal cavity (as reflected by the blood uptake of RIC) occurs even slower in humans

than in mice (Hnatowich et al, 1988; Rowlinson et al, 1987; Ward et al., 1987; Ward et al,

1988).
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6.6. Evaluation of mAt-MDPP particles in vivo and in vitro.

6.6.1. The therapeutic efficacy of2"At-MDPP as a function of specific activity.

In this investigation we hoped to find an optimal value of the number of 211At per particle

for the treatment of intraperitoneally disseminated K13 cells. The 2uAt/MDPP ratio varied

from 19 to 4400 and the nuber of injected particles varied from S.4'105 to 2.0»10* (vs. 10*

cells injected). No significant difference between the groups was observed, althoug the

treatment responses showed larger variations in the two groups that had received 2uAt-MDPP

with highest specific activity. The reasons for the small difference among the groups may be

that the 2uAt-MDPP were moved around on the intraperitoneal surface by peristalsis and

fluctuating intraabdominal pressure. Relatively few 2UAt-MDPP can thereby radiate a larger

area than that defined by the range of the a-particles.

6.6.2. Evaluation of the a-particle radiosensitivity of the K13 hybridoma cell line.

Despite the high X-ray radiosensitivity of K13 cells, the radioresistance against a-particles

emitted from 2UAt-labelled nonspecific proteins was slightly higher for the K13 cell line (Do

of 137 kBq»h/ml) than for the three human osteosarcoma cell lines OHS, SAOS and KPDX

(DgS of 94-113 kBq*h/ml) exposed at similar conditions (Paper I). This indicates that the K13

cell line/tumor line has interesting features as a model in experiments with a-particle regional

radiotherapy because 1) its growth i.p. in normal Balb/c mice resembles a standard tumour

growth pattern with diffuse superficial i.p. tumour spread and ascites, 2) its growth is

correlated to the level of K13 monoclonal antibody in the blood so that the tumour burden

and growth can be followed by analysing blood samples (Vergote et al, 1992a), 3) it gives

a short mean survival (10-12 days for mice inoculated with 10*cells) and 4) its a-particle

sensitivity is similar to that of human tumour cells.

The in vitro cell inactivation caused by 21lAt-MDPP was high compared to 2UAt-labelled

nonspecific protein. This may be due to co-sedimentation between K13 cells and MDPP. This

hypothesis is supported by the observation (using microscope) of massive aggregation in

mixtures of K13 cells and MDPP in vitro. This may also explain the high therapeutic efficacy

at very low injected doses reported in Paper V.
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6.7. Supplementary study. Maximum tolerable dose of anAt-MoAbs in mice.

In order to define the therapeutic potential of radioimmunotherapy with 211At, the maximum

tolerable doses were roughly measured in a pilot study. Studies of in vivo toxicity of 211At-

MoAbs have so far not been published. In a study with i.p. injected 2I2Bi-labelled IgM in mice

(Macklis et al., 1989), death due to toxicity appeared at 400 /<Ci (15 MBq). In another study

with intravenous injection of 212Bi-labelled IgG MoAb no death due to radiotoxicity was

observed (Huneke et al., 1992). If one assumes a similar toxicity of a decay of 211At and 212Bi

when coupled to antibodies, the toxicity of 2nAt-MoAbs would be in the region of 1-2

MBq/mice. With an average weight of 25 g/mouse the toxic level would then be 40-80 kBq/g

bodyweight which is similar to the maximum tolerable dose of free 211At in mice reported to

be approximately 60 kBq/g bodyweight (Cobb et al., 1988).

The preliminary results from the present study confirm these earlier findings about the

toxicity of free 211At, since all mice treated with 65 kBq/g died before day 80, while all

animals treated with 40 kBq/g were alive at day 120 after treatment. Generally, the two 2UAt-

labelled IgGs were less toxic than free 211At. The difference in survival between the two 2UAt-

IgGs observed with injected activities of 100 kBq/g probably reflects the individual

differences in biodistribution. It is interesting to notice that the maximum tolerable injected

doses were higher for 21lAt-MoAb than for free 21lAt, although the estimated absorbed doses

to most tissues were higher for the 2nAt-MoAbs because of slower body clearance. The high

accumulation of free 211At in stomach and thyroid (not measured exactly in this study due to

difficulty in locating the small thyroid glands) may give complications due to radiotoxicity

in these tissues (Harrison & Royle, 1984a). Blood samples taken from mice which had

received 100 kBq/g of 21lAt-hIgGK or 2UAt-TP-3 IgG and were killed because of deteriorating

conditions, indicated that high hematologic toxicity was the main short term response to the

treatment.
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6.8. General discussion.

Papers I and II demonstrate that significant therapeutic gain can be achieved with 211At-

labelled MoAbs on single tumour cells and microscopic disease. {3-emitters are less effective

on microscopic disease because of radiation dispersion, while longer halflives (e.g., **Y and
131I) allow favourable therapeutic ratios to be reached in larger tumours. 2uAt-labelled MoAbs

may therefore possibly be used in combination with p-emitting RIC in systemically delivered

radioimmunotherapy. Larger tumour nodules are then irradiated effectively due to cross-fire

of the longer ranged ^-particles while the fraction of tumour cells distributed as single cells

and micrometastases may be more effectively radiated with 2UAt-RIC (Wheldon &

O'Donoghue, 1990).

6.8.1. "'At at the cellular level

Only a very limited amount of experimental data have so far been published concerning

cell cytotoxicity of 211At-labelled MoAbs (Brown et al, 1981; Vaughan et al., 1981, Vaughan

et al., 1982). Vaughan et al. used the BK19/45 MoAb which had a broad anti-human

leucocyte specificity. After incubating chronic myelogenous leukemia (CML) cells and

myeloid precursor cells (CFU-Q with 211At-BK19/45 they found a D37 of 7 and 8 211At atoms

per cell. Binding of 2UAt-labelled Concanavalin A to CML and the mouse plasmacytoma cell

line NS 1 gave D37 values of 5 and 26 211At per cell respectively. However, the contribution

of the background radiation from nonbound 2UAt was not quantified. In our study we found

a DJ7 of 412uAt/cell as an average for single cell suspensions of the three osteosarcoma cell

lines when we corrected the SFs for background activity. Humm (1987) calculated a 99% cell

inactivation to occur at a mean number of 300 2UAt disintegrations (at cell surface) per cell,

corresponding to a D37 of 65 disintegrations per cell. For RIT with a-particle emitters these

values will mainly depend on geometric parameters, i.e., cell diameters and nucleus diameters.

Parameters governing the X-ray radiosensitivity of the cell lines (e.g., oxygen status and sub-

lethal damage repair capacity), are less important.

Few experimental data exist about the radiotoxicity of free l uAt. Kassis et al. (1986)

investigated the inactivation of Chinese hamster V79 cells in vitro with free 2llAt dissolved

in culture medium. They found that cells in monolayer had a D37 (Do) of approximately 75
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kBq«h/ml (0.6 /iCi/ml for four hours) in good agreement with the values of 53-64 kBq«h/ml

found in our investigation. They also measured a limited uptake of 2"At which was essentially

linear over the range 0 to 4.5 /iCi/ml and found a cytogenetic response typical for high LET

radiations. The limited uptake of free 211At may account for the difference in cytotoxicity

between free 2UAt and InAt-labelled proteins seen in our study (Paper I and Paper II).

The data presented in Paper I, Paper II and Paper VI are the first data published on

cytotoxicity of 211At-labelled nonspecific proteins. The Do values (expressed as average Gy-

dose to the medium obtained by assuming 6.8 MeV absorbed per 211At disintegration) found

for 2UAt-labelled nonspecific proteins agree with published data of 212Bi-labelled nonspecific

proteins (Table 3).

Table 3 In vitro toxicity of nonspecific proteins labelled with a-emitters

Conjugate

212Bi-MOPC-21

2l2Bi-CHIP

212Bi-anti-TAC

2 uAt-BSA

2 nAt-BSA

2 nAt-BSA

2"At-protein
(hlgGK, BSA,

Avidin, TP-3)

Cell line

Shaw

Zyrd

Molt-4

OHS

SAOS

KPDX

K13

Do (Gy)'

0.69"

0.47"

0.35c

0.44"1

o.3r
0.39"

0.53"

References

(Kurtzman et al., 1988)

(Kurtzman et al., 1988)

(Kozak et al, 1986)

(Paper I)

(Paper I)

(Paper I)

(Paper VI)

The average dose to the medium. "Calculated from the D10-value.cCalculated from the DM-
value.'Calculated from the kBq»h/ml-value assuming 6.8 MeV absoibed dose per 2UAt decay.
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6.8.2. mAt in the treatment of tumour cells in vivo.

The efficacy of internal a-particle therapy for treatment of the K13 cells disseminated i.p.

in mice accords with other investigations using 2UAt and 212Bi in treatment of i.p.

disseminated tumour cells. Bloomer et al (1984) used 211At absorbed on tellurium-colloid to

treat murine ovary cancer malignant ascites and Rotmensch et al. (1989) treated mice

inoculated with Ehrlich ascites producing tumour cells with 212Pb/212Bi co-precipitated with

ferrous hydroxide as u-parliclc source. 2UAt absorbed on Te-colloid was later shown to be

unstable (Vergote et al., 1992c) and released free 2"At which accumulated in different normal

tissues. In contrast 21IAt-MDPP showed a high maximum tolerable dose (Vergote et al.,

1992b) and low minimum therapeutically effective dose (Paper V). This demonstrates the

importance of a high chemical stability of the radionuclide bond to the carrier compound.

Data obtained with the K13 model in Balb/c mice suggest that significant therapeutic

effects can be obtained even with nonspecific MoAbs as carrier for 211At. The data in Paper

I, Paper II and Paper VI indicate, in light of the known clearance rate of MoAbs injected i.p.

in patients, a high therapeutic potential of 2nAt-MoAbs in the radiation treatment of

micrometastases and malignant ascites in the peritoneal cavity. In contrast to clinically used

P-emitting radiocolloids and external beam X-rays (Vergote et al., 1992d), intraperitoneal

treatment with circulating 2uAt-compounds may because of the short ranges of the a-particles

(50-80 /an), give less radiation to the deeper parts of the intraabdominal tissues. The

therapeutic study in Paper V taken together with the Supplementary study of maximum

tolerable dose indicate that therapeutic effective doses can be reached without giving

intolerable radiotoxicity. 2nAt-MoAbs should therefore be evaluated for treatment of patients

with intraperitoneal cancer.



44

7. MAIN CONCLUSIONS

1. 2UAt-MoAb has a high cytotoxicity which depends on antigen expression and specific

activity of the MoAb conjugate.

2. 2nAt-MoAb can give favourable therapeutic gain compared to X-rays in the treatment

of disseminated antigen positive microcolonies.

3. Free 2nAt is more cytotoxic than 2nAt-MoAb on antigen negative cells.

4. Intravenously injected MoAb and MoAb fragments are not suitable as carrier for 211At

in treatment of solid tumours because of too slow uptake, but may have a potential in

treatment of micrometastatic or well vascularized cancers.

5. 2nAt-MoAbs show a biodistribution similar to 125I-MoAbs.

6. 2nAt-MDPP are chemically stable in human serum and human full blood, indicating

that NSf^AtJAB may be applied to produce 211At-labelled compounds for use in

humans.

7. 2UAt-MDPP has a high cytotoxicity against suspended cells and may have a potential

in treatment of malignant ascites.

8. Because of the short path length (50-80 /an) of the a-particles emitted after 2IIAt-

disintegration, 2uAt-compounds circulating i.p. can give a high radiation dose to the

peritoneal fluid and the outer layers of the peritoneum with only minor doses to the

deeper regions of the tissues in the peritoneal cavity.

9. Due to the short physical half life of the radionuclide and slow clearance from the

peritoneal cavity, 2UAt-MoAbs injected up. can give high radiation doses to the up.

surfaces compared to the total body radiation doses.
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10. The preclinical data presented here taken together with previously published

preclinical and clinical data suggest that 2UAt-MDPP and 21lAt-MoAbs should be

investigated clinically for palliation of Lp. malignant ascites and subsequently for the

treatment of microscopical Lp. cancer.
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8. FUTURE PROSPECTS

8.1. Optimized production of lnAt.

The separation of 211At from the Bi target would require improvements if treatment with

high radioactivities of 3"At is going be a clinical routine. Possible options may be an on-line

gas jet transport of 211At from a liquid Bi target or a half automatic system for remote

controlled removal and manipulation of target after cyclotron irradiations.

8.2. Improved purification procedures for >nAt-labeIled MoAbs.

HPLC purification of the MoAb conjugate after labelling with 2UAt may improve the

immunoreactivity and optimize the quality of the 21IAt-MoAb preparation.

8.3. Evaluation of different carrier compounds for J11At.

Small molecules with tumour affinity containing aromatic or vinylic groups that can be

astatinated may be of interest. Examples of such compounds are benzylguanidine and melanin

precursors which are under evaluation as carriers for astatine in tumour treatment.

Small particles, which are less steric hindered than the 1.8 [im MDPP, may also be

interesting as carriers of 211At.

8.4. RIT using IUAt-labelIed MoAbs in animal models.

Animal experiments with RIT in relevant models of micrometastasis are highly warranted.

Experiments with 2nAt-MoAbs should be pursued in models for osteosarcoma lung and bone

marrow micrometastases, i.p. ovarian cancer micrometastases, lymphoma, leukemia, and other

types of disseminated cancer.
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Larsen, R. H., Bruland, 0. S., Hoff, P., Alstad, ]., Lindmo, T.
and Rofstad, E. K. Inactivation of Human Osteosarcoma Cells In
Vitro by 2llAt-TP-3 Monoclonal Antibody: Comparison with
Astatine-211-Labeled Bovine Serum Albumin, Free Astatine-211
and External-Beam X Rays. Radiat. Res. 139,178-184 (1994).

The potential usefulness of a-particle radioimmunotherapy in
the treatment of osteosarcoma was studied in vitro by using the
monoclonal antibody TP-3 and cells of three human osteosarco-
ma cell lines (OHS, SAOS and KPDX) differing in antigen
expression. Cell survival curves were established after treatment
with (a) 211At-TP-3 of different specific activities, (b) 2llAt-
labeled bovine serum albumin (BSA), (c) free 2llAt and (d) exter-
nal-beam X rays. The three osteosarcoma cell lines showed simi-
lar survival curves, whether treated with external-beam X rays,
2"At-BSA or free 2llAt. The D0's were lower for free 21lAt than
for 2uAt-BSA. The survival curves for 21lAt-TP-3 treatment, on
the other hand, differed significantly among the cell lines, sug-
gesting that sensitivity to 21lAt-TP-3 treatment was governed by
cellular properties other than sensitivity to external-beam X rays.
The cellular property most important for sensitivity to
2"At-TP-3 treatment was the antigen expression. Cell inactiva-
tion after 2llAt-TP-3 treatment increased substantially with
increasing specific activity of the !nA(-TP-3. At high specific
activities, the cytotoxic effect of !llAt-TP-3 was significantly
higher than that of 2"At-BSA. In conclusion, 2llAt-TP-3 has the
potential to give clinically favorable therapeutic ratios in the
treatment of osteosarcoma.

INTRODUCTION

Cytotoxic effects of radiolabeled monoclonal antibodies
(MoAbs) have been studied in monolayer cell cultures,
multicellular spheroids and human tumor xenografts (1-3).
Low-linear energy transfer (LET) fj-particle emitters like
13II and '"Y were conjugated to the MoAbs in most studies.
These radionuclides may cause significant therapeutic
responses in small primary tumors and metastases due to

radiation cross-fire, but not in single cells and micrometas-
tases due to the long range and the low LET of the p parti-
cles (4). High-LET a-particle emitters, e.g. 211At and Bi,
may be more suitable for radioimmunotherapy of single
cells and micrometastases (5—<S). If specific accumulation of
211At- or 212Bi-labeled MoAbs can be achieved in tumors,
the tumor cells will be exposed to highly localized radiation
with minimal radiation dose to the adjacent normal tissue.
Only a few radioimmunotherapy experiments with a-parti-
cle emitters have been reported so far (9-13), although the
application of a-particie emitters in radioimmunolherapy
has been considered for many years (14-17).

Development of improved methods for halogenation of
proteins has resulted in an increased interest in 2llAt in
radioimmunotherapy. Astatine-211 can now be attached to
MoAbs via an activated intermediate that can be purified
before conjugation to the amino groups at the lysine
residues of the MoAbs (18, 19). This procedure ensures
high immunoreactivity of the MoAbs and facilitates the
production of 2llAt-MoAbs with specific activities high
enough for radioimmunotherapy (6).

Inactivation of human osteosarcoma cells after treat-
ment in vitro with 2llAt-TP-3,2"At-bovine serum albumin
(BSA), free 2llAt and external-beam X rays was studied in
the present work. TP-3 is a MoAb directed against an
80-kDa sarcoma-associated surface antigen (20). Three
osteosarcoma cell lines differing in antigen expression were
chosen for the study. The primary objectives were to estab-
lish cell survival curves after treatment with (a) 2nAt-TP-3
of different specific activities to evaluate the efficacy of
2nAt-TP-3 in inactivation of osteosarcoma cells, (b) 21lAt-
BSA to simulate the nonspecific cytotoxic effect of 2llAt-
TP-3 on antigen-negative cells in normal tissues, (c) free
211 At to simulate the cytotoxic effect of 21lAt that may be
released in vivo due to metabolism or dehalogenation of
211 At-TP-3, and (d) external-beam X rays to compare the
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cell inactivation caused by 2llAt-TP-3, ""At-BSA and free
""At with that caused by conventional low-LET radiation.

MATERIALS AND METHODS

Osteosarcoma Celt Lines

Cells of three human osteosarcoma cell lines (OHS, SAOS and
KPDX) grown in monolayer culture were used. OHS and KPDX were
established at the Norwegian Radium Hospital (20. 21). SAOS was
obtained from the American Tissue Type Collection. The average num-
bers of antigens per cell in exponentially growing cell cultures, deter-
mined by Scatchard analysis using both 2" At-TP-3 and '"l-TP-3 (Fig. 1),
were (7.4 ± 1.6) x 105 (OHS), (6.1 ± 1.6) X 105 (SAOS) and (1.2 ± 0.2) X
10' (KPDX). The association constants (K,) were 3 X 10* M ' (OHS and
SAOS) and 1 X 10* M ' (KPDX) for l!'l-TP-3 and 3 x 10" M ' (OHS.
SAOS and KPDX) for ;"Al TP-3.

The cell lines were m;iinl;mK'U in Wl-cm' tissue culture fhisks
(Nunclon) containing 15 ml of RPMI 164(1 medium (25 mM HEPES and
L-glutamine) supplemented with 13% fetal calf serum, 250 mg/1 penicillin
and 50 mg/1 streptomycin. They were incubated at 37°C in a humidified
atmosphere of 5% COj in air and subcultured every fifth (OHS) or sixth
(SAOS and KPDX) day (treatment with a 0.05% trypsin/0.02% EDTA
solution for less than 2 min). The cell lines had been cultured in vitro for
more than 1 year when the experiments reported here were performed.
Both the Hoechst fluorescence and the mycotrin methods were used to
verify that the cell lines were free from Mycoplasma contamination.

Monoclonal Antibody

MoAb TP-3 (IgG-2b), obtained by fusion of X-63 Ag 865.3 mouse
myeloma cells with spleen cells from mice immunized with human
osteosarcoma cells, was produced as described previously (22). It was
purified from mouse ascites by affinity chromatography using protein
A-Sepharose. The purity was controlled by polyacrytamide gel elec-
trophoresis and by ion exchange chromatography. Concentrations were
measured by UV spcclropholometry at 280 nm. The antigen recognized
by TP-3 is an 80-kDa monomeric polypeptide resistant to proteolytic and
sugar-cleaving enzymes (20).

Production of "'At

Astatine-211 was produced by the OTBi(a,2n)2llAt reaction using the
cyclotron at the Institute of Physics. University of Oslo. Bismuth targets
were irradiated with 8-15 uA of 28 McV a particles for 0.5-2.0 h. The
yield of 2MAt was normally 10-15 MBq/uA/h. Astaline-211 was separat-
ed from the bismuth targets by dry distillation at 650°O in an argon
atmosphere (6). The distillation yield represented 40-70% of the initial
target activity.

Astatination

TP-3 was labeled with 2"At by the ATE method using /V-succin-
imidyl-3-(trimethylstannyl)benzoate (NSTB) as the intermediate. NSTB
with purity >96% was synthesized as reported previously (23). Con-
densed 2MAt was dissolved in 0.5 ml of chloroform, and this solution was
transferred to a 2-rnl reaction vial; 0.5-1.0 mmol NSTB and 15-30 mmol
/m-butylhydroperoxide were added, and the solution was stirred for
25 min and carefully evaporated to dryness in N2 gas. The residue was
redissolved in 50 ml of chloroform. The product formed, N-succinimidyl-
3-[!"At]-astatobcnzoate (NS(21lAt)AB), was purified using either normal
phase HPLC with a hexanc:cthylacetale:acetic acid (70:29.94:0.06 v/v/v)
mobile phase (6), or SEP-PAK silica cartridges with three gradients of
hexanexthyl acetate (100:0, 92:8, 75:25). The eluted fractions containing
the purified NS[z"At]AB were pooled and evaporated to dryness in N2

gas. A 50-ul solution of TP-3 in PBS (5 mg/ml) with added borax (pH
8.5-9.0) was added to Ihe purified NS[ inAl]AB to form the 2"Al-TP-3

CD
w

0 . 0 0 . 2 0 . 4 0 . 6 'O°.O 0 . 1 0 . 2 0 . 3

S P E C I F I C BINDING (nM)

FIG. 1. Scatchard plots for binding of '"l-TP-3 or 2nAl-TP-3 to cells
of the OHS, SAOS and KPDX human osteosarcoma cell lines. The cell
concentrations were 2.5 X 10* cells/ml (l25I-TP-3) or 1.25 x 10* cells/ml
(2MAI-TP-3). Points represent mean values calculated from two
('"l-TP-3) or three ('"At-TP-3) independent experiments.

conjugate. After incubation at room temperature for 20 min. the reaction
was quenched by adding 0.3 ml of 0.2 Mglycine. Finally, the ! " At-TP-3
was purified by eluling the solution through a Sephadcx G-25 PD 10 col-
umn [PBS buffer (100 mM phosphate, 150 mM saline) at pH 7.4]. Batch-
es of2" At-TP-3 of given specific activities were prepared by adjusting
the NS["'At]AB activity to give 2nAt-TP-3 of a slightly higher specific
activity than that required. The required specific activity was then
obtained by allowing diluted samples (2 ml) of the 2llAt-TP-3 to decay
partially for times up to 2 h. The immunoreactivity was not affected sig-
nificantly by this procedure. The specific activities at the time of use were
5-30 MBq/mg. These specific activities are fairly low relative to clinical
requirements. Bovine serum albumin was labeled with 2MAt using the
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FIG. 2. Survival curves for cells of the OHS, SAOS and KPDX human osteosarcoma cell lines treated in vitro with external-beam X rays. Points
and bars represent mean surviving fractions and standard errors calculated from three to five independent experiments.

same procedure as for TP-3 and had final specific activities of 5-15
MBq/mg. Free 2llAt was obtained by washing the condensing trap of the
distillation apparatus with 1 ml of PBS buffer fpH 7.4).

Immitnore activity

The immunoreactive fraction of 2uAt-TP-3 was determined for each
batch produced. The binding of 211At-TP-3 to increasing concentrations
of OHS cells was measured, and linear extrapolation to binding at infi-
nite antigen excess was performed as described previously (24). Nonspe-
cific binding was measured by using antigen-negative human melanoma
cells. An LKB Wallac 1260 Multigamma II counter was used to record
the 77 to 92 keV polonium X rays emitted during 2" At disintegration.
The immunoreactive fraction of 2"At-TP-3 was 0.71 + 0.03 (mean ± SE).
The nonspecific cross reactivity was 1.0- .̂0%. The stability of cell-bound
!"AI-TP-3 was high; cells saturated with :nAt-TP-3 showed >80% of the
initial, decay-corrected activity after incubation in culture medium
(37°C)for 12 h.

Treatment with ln At Preparations
Cells in exponential growth were trypsinized, resuspended in fresh

culture medium (approximately 5 x 105 cells/ml) containing 2llAt-TP-3.
:ilAl-BSA or free 211At, incubated at room temperature under constant
stirring for approximately 1.0 h, diluted 1:20 in culture medium, and plat-
ed for measurement of survival. Cells of at least two different cell lines
were treated with each batch of the "At preparations. The incubation
with ' "At-1 P-3 was performed under nonsatuiatin^ conditions at low
radiation doses and under saturating conditions at high radiation doses.
The mean number of '"At-TP-3 molecules bound per cell at saturation
was approximately 40-220 (OHS|. 30-180 (SAOS) and 5-40 (KPDX) at
specific activities of 5-30 MBq/mg. Examinations using flow cytometry
suggested that the intercellular variability in this number was significant;
individual cells of each line showed large differences in cell size and anti-
gen density.

The average distance between neighboring cells during the incubation
period was considerably longer than the range of the 2llAt a particles
(<80 mm). Cells treated with 2nAt-TP-3 were exposed to radiation from
(a)2" At-TP-3 bound to the membrane of the cells and (b) unbound 2" At-
TP-3 circulating in the culture medium in the immediate vicinity of the
cells. On the other hand, the cells were not exposed to radiation from
2"At-TP-3 bound to neighboring cells due to the long intercellular dis-
tances. Cells treated with 2!1 At-BSA or free 2HAt were exposed to radia-
tion only from circulating 2nAt preparations. The activity of the " 'At

preparations was converted into "dose" in the unit of kBq h/ml; i.e., accu-
mulated activity in the medium. The cell inactivation after treatment with
2"At-TP-3 was thus expected to depend on the radiation dose and the
specific activity of the 2" At-TP-3, whereas the cell inactivation after treat-
ment with 2" At-BSA was expected to depend only on the radiation dose.

External-Beam Irradiation
A Muller RT 250 X-ray unit, operated at 220 kV, 20 mA, and with 0.5

mm Cu filtration, was used for external-beam X irradiation. The irradia-
tion was performed at room temperature at a dose rate of 3.6 Gy/min.
The cells, harvested from cultures in exponential growth, were kept in
1 ml of culture medium in plastic tubes (Falcon 2057) during the radia-
tion exposure, as described previously (25).

Ctonogenic Assay
Osteosarcoma cells treated with J"At-TP-3,2"At-BSA, free 21lAt or

X rays were plated in triplicate in 25-cm2 tissue culture flasks (Nunclon)
containing 1 x 10s lethally irradiated (30.0 Gy) feeder cells plated 24 h
earlier. The use of feeder cells increased the plating efficiency (PE) and
ensured a linear relationship between number of colonies and number of
cells seeded. The PEs were 15-40% (OHS), 30-50% (SAOS) and
15-30% (KPDX). The cells were incubated in a humidified atmosphere
of 5% CO2 in air for 7 to 15 days. The culture medium was changed after
1 week. The cells were fixed in absolute ethanol and stained with melhyl-
onc blue. Colonies weic amnlcil using a .slereomicro>it'itpc.

Curve I'iltitif! ami Statistical Analysis

Survival curves were fitted lo the X-ray data using the single-hil-multi-
target and the linear-quadratic models. Log-linear regression analysis
was used to fit survival curves to the data for 2"At-BSA and free 2llAt.
Smoothed survival curves were drawn through the 2" At-TP-3 data points
using the spline function. The paired Student's (test was used to investi-
gate whether the parameters of two survival curves were significantly dif-
ferent. A significance level of P - 0.05 was used.

RESULTS

Survival curves for OHS, SAOS and KPDX cells
exposed to external-beam X rays are presented in Fig. 2.
The three cell lines were all sensitive to radiation. The sur-
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Cells Ai(Gy)

TABLE I
X-Ray Survival Curve Parameters

n o(Gy ') P (Gy22) SF2"

OHS
SAOS
KPDX

Values calculated from the
Mean ± SE.

0.60 ± 0.03"
0.61 ± 0.01
0.82 ±0.10

linear-quadratic curve tit.

9.9
6.0
3.7

±2.0
±1.2
±1.2

0.13
0.37
0.25

±0.06
±0.03
±0.08

0.23 ±0.01
0.20 ± 0.01
0.16 ±0.02

0.31
0.21
0.32

± 0.02
±0.01
± 0.03

vival curve parameters differed just slightly among the lines
(Table I); e.g., surviving fraction at 2.0 Gy (SF2) ranged
from 0.21 ± 0.01 to 0.32 ± 0.03. KPDX cells showed a signif-
icantly higher D,, than OHS and SAOS cells (/' < 0.05).

Cell survival curves for treatment with 2llAt-BSA and
free 2" At are shown in Fig. 3. The D0's did not differ signifi-
cantly among the three lines, for either 2nAt-BSA or free
211At (Table II). They were higher by a factor of 1.6-1.8 for
211 At-BSA than for free 21lAt.

Figures 4 and 5 illustrate cell survival curves for 2"At-
TP-3 treatment. Unlabeled TP-3 showed no measurable
cytotoxicity in any of the three cell lines. Generally, the
21lAt-TP-3 survival curves were characterized by a steep ini-
tial portion followed by a shallow tail. Measurements of the
amount of cell-bound 2llAt-TP-3 showed that the antigens
became saturated at 211At-TP-3 concentrations correspond-
ing to the inflection point of the survival curves. The cell
surviving fraction at high radiation doses was significantly
lower for OHS cells than for SAOS and KPDX cells
(P < 0.05) and significantly lower for SAOS cells than for
KPDX cells (P < 0.05), as shown in Fig. 4 for a specific activ-
ity of 2llAt-TP-3 of 10 MBq/mg. Moreover, the cell surviv-

ing fractions at high radiation doses decreased substantially
by increasing the specific activity of2" At-TP-3 (Fig. 5). At
high specific activities (approximately 20 MBq/mg) and high
radiation doses (approximately 20 kBq h/ml), the differ-
ences in cell surviving fraction between :"At-TP-3 treat-
ment and 2llAt-BSA treatment were approximately 2 logs
(OHS), 1 log (SAOS) and 0.5 log (KPDX).

DISCUSSION

Treatment with External-Beam X Rays
Osteosarcoma is considered to be a radiation-resistant

tumor clinically (26, 27). A wide range of D0's and SF2's
has been reported for cells of human osteosarcoma cell
lines irradiated in vitro (28-32), suggesting large differences
in cellular radiation sensitivity and repair capacity among
individual tumors. The D0's and SF2's of the three osteosar-
coma cell lines studied here were in the tow range of the
values reported for cells of human tumor cell lines, confirm-
ing the notion that the low clinical radiocurability of
osteosarcoma is not caused primarily by low cellular radia-
tion sensitivity or high cellular repair capacity. Studies of
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FIG. 3. Survival curves for cells of the OHS, SAOS and KPDX human osteosarcoma cell lines treated in vitro with 2llAt-BSA ( • ) or free 2l lAt
(O). Points and bars represent mean surviving fractions and standard errors calculated from three independent experiments.
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TABLE II
D0's for 2"At-BSA and Free 2I1At

Cells

OHS
SAOS
KPDX

"Mean ± SE.

D|
!"At-BSA

113 ± 4"
94 ±5

100 ±3

, (kBq h/ml)
Free2",

54±5
53 ±4
59 ±5

At

rat and human osteosarcoma tumor lines in vivo might indi-
cate (hat the clinical radiation resistance of ostuosarcoma is
rather caused by high fractions of hypoxic cells and poor
reoxygenation (33,34).

Radioimmunotherapy

Current research in radioimmunotherapy of cancer aims
at finding ways to deliver a sufficient radiation dose to the
tumor tissue without causing unacceptable radiation dam-
age in the normal tissues of the body. This aim cannot be
reached unless the tumor-associated antigen and the radio-
labeled MoAb fulfill several biological, chemical and physi-
cal requirements. Some prerequisites for successful
radioimmunotherapy of osteosarcoma with 2UAt-TP-3 are
recognized and elucidated in the present study.

The survival curves for 2UAt-TP-3 treatment (Figs. 4
and 5) simulate the cell inactivation effect of a-particle
radioimmunotherapy in tumors. Biphasic survival curves
were observed for the three osteosarcoma cell lines. The
antigens were not saturated with 2llAt-TP-3 at low radia-
tion doses. Thus the steep initial portion of the survival
curves resulted primarily from specific cell inactivation
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FIG. 4. Survival curves for cells of the OHS ( • ) , SAOS ( • ) and
KPDX (O) human osteosarcoma cell lines treated in vitro with
2"At-TP-3 at a specific activity of 10 MBq/mg. Points and bars represent
mean surviving fractions and standard errors calculated from three to
five independent experiments.

caused by bound 21lAt-TP-3. The antigens became saturat-
ed with 2llAt-TP-3 at radiation doses corresponding to the
inflection point of the survival curves. The shallow tail of
the curves therefore arose from nonspecific cell inactivation
caused by unbound 2llAt-TP-3. This interpretation of the
shape of the survival curves is consistent with the following
three observations: (a) the survival level at which the inflec-
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FIG. 5. Survival curves for cells of the OHS, SAOS and KPDX human osteosarcoma cell lines treated in vitro with 2" At-TP-3 at specific activities
of 5, 20 or 30 MBq/mg. Points and bars represent mean surviving fractions and standard errors calculated from three independent experiments.
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tion point occurred was inversely related to the antigen
density of the cell lines; (b) the survival level at which the
inflection point occurred decreased with increasing specific
activity of the 2llAt-TP-3; and (c) the slope of the shallow
tail of the survival curves was roughly similar to that
observed after 2"At-BSA treatment.

Cells of the three osteosarcoma cell lines showed similar
survival curves for external-beam X rays. On the other
hand, the survival curves for 211At-TP-3 treatment differed
significantly among the lines. Consequently, sensitivity to
2nAt-TP-3 treatment was not governed by the same cellu-
lar properties as sensitivity to low-LET external-beam
radiation. Two conditions suggest that the cellular property
most important for sensitivity to 2HAt-TP-3 treatment is
the antigen expression. First, the cell surviving fraction at
antigen saturation for 21lAt-TP-3 at 20 MBq/mg was
approximately 1.5 logs lower for the cell line having the
highest antigen expression [OHS, (7.4 ± 1.6) x 105 antigens
per cell] than for the cell line having the lowest antigen
expression [KPDX, (1.2 ± 0.2) x 105 antigens per cell].
Second, the cell surviving fraction at antigen saturation
decreased with increasing specific activity of the 2UAt-TP-3,
and the magnitude of this decrease depended on the anti-
gen expression of the cell lines. The decrease was approxi-
mately 1.5 logs for OHS cells (high antigen expression) and
less than 0.5 log for KPDX cells (low antigen expression)
when the specific activity of the 2llAt-TP-3 was increased
from 5 to 20 MBq/mg.

Eradication of osteosarcoma micrometastases by 21lAt-
TP-3 treatment would require cell surviving fractions in the
range of 1 X 10~6-l x 10*7. The lowest surviving fraction at
antigen saturation observed here was approximately
1 x 10"2. This survival level was measured for OHS using
211 At-TP-3 with specific activity of 20 MBq/mg. Surviving
fractions lower than 1 X 10~2 might be achieved by using
cell lines with higher antigen expression than OHS cells or
by using 211At-TP-3 with higher specific activity than
20 MBq/mg. Some osteosarcomas may have higher antigen
expression than OHS cells. However, if2" At-TP-3 is going
to gain a significant position in the treatment of osteosarco-
ma metastases, the At-TP-3 treatment has to prove effi-
cient for tumors having an average antigen expression in the
range of 5 X lOM x 106 antigens per cell. Therapeutically
interesting surviving fractions in the range of 1 x 10~6-l x
10~7 can then be achieved only by increasing the specific
activity of the 2" At-TP-3 to 100-200 MBq/mg. 2llAt-MoAbs
with this specific activity can be produced by the astatination
procedure used here without damaging the immunoreactivi-
ty (6) or compromising the binding integrity (7) significantly.

Inactivation of tumor cells in vivo by At-TP-3 treat-
ment is attended with severe problems not recognized in
experimental studies performed in vitro. The main prob-
lem is that most solid tumors show elevated interstitial

fluid pressure (.'5), which inhibits the interstitial transport
of MoAbs and hence their binding to the tumor cells with-
in a time frame comparable with the 2llAt half-life of 7.2 h.
This problem might be reduced by local application of
2nAt-TP-3 or by conjugating 2nAt to the F(ab')2 or Fab'
fragments of TP-3. Moreover, hypoxic cells and cells with
high repair capacity have been recognized as a potential
problem in radioimmunotherapy of tumors in vivo (3, 5).
However, this problem is limited mainly to (J-particle
radioimmunotherapy; the oxygen effect and the dose-rate
effect are minor for the a particles of 5.9 and 7.5 MeV
emitted by2" At (8).

The survival curves for 2nAt-BSA and free 2"At (Fig. 3)
simulate the nonspecific cell inactivation caused by a-parti-
cle radioimmunotherapy in normal tissues. Nonspecific cell
inactivation by ZMAt-TP-3 was studied by using At-BSA
and the same malignant cells as used in the studies of spe-
cific cell inactivation by 2"At-TP-3. Alternatively, 2nAt-
TP-3 and nonmalignant antigen-negative cells could have
been used. The strategy chosen here ensured that the inher-
ent radiation sensitivity of the cells did not differ in the
studies of specific and nonspecific cell inactivation.

The cytotoxic effect of At-BSA was low compared to
that of 2nAt-TP-3. At radiation doses corresponding to
antigen saturation by 2"At-TP-3 (20 MBq/mg), the cell sur-
viving fraction was 0.5-2.0 logs higher for 2UAt-BSA than
for 2"At-TP-3. This indicates that favorable therapeutic
ratios might be achieved in the treatment of osteosarcoma
with 211At-TP-3. The therapeutic ratio will increase with
increasing specific activity of the 211At-TP-3.

Astatine-211 can be released during 2UAt-TP-3 treat-
ment in vivo due to metabolism and/or dehalogenation of
211At-TP-3. Free 2uAt at high concentrations has been
shown to be cytotoxic to lymph nodes, spleen, salivary
glands, stomach, gonads, bone marrow and thyroid in the
mouse (36). The D0's measured here were lower for free
211At than for 2uAt-BSA, possibly because free 211At
crossed the plasma membrane of the cells whereas 2uAt-
BSA did not (37,38) or because free 211At was complexed
to proteins in the cell membrane (39). The D0's for free
211 At for the osteosarcoma cell lines were similar to that
reported previously for Chinese hamster V79 cells (37). The
survival curves for free 2nAt show that the level of free
21'At should be kept low and monitored carefully during
211 At-TP-3 treatment in vivo to avoid unwanted radiation
damage to normal tissues.

In conclusion,2" At-TP-3 treatment of human osteosar-
coma cell lines in vitro gives promising therapeutic ratios. A
prerequisite is that the osteosarcoma cells have high anti-
gen expression or that2" At-TP-3 with high specific activity
is used. Studies in vivo of the potential therapeutic useful-
ness of2nAt-TP-3 using human osteosarcoma xenografts
are highly warranted.
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Analysis of the therapeutic gain in the treatment of human osteosarcoma
microcolonies in vitro with 2"At-labelled monoclonal antibody

R.H. Larsen'2, 0.S. Bruland'-', P. HoflP, J. Alstad1 & E.K. Rofstad2

'Department of Chemistry. Section D, University of Oslo, Blindern. 0315 Oslo. Norway: Departments of'Biophysics. 'Tumor
Biology anil'-Oncology, The Norwegian Radium Hospital, Montebello, 0310 Oslo, Norway.

Summary Microcolonies were obtained by cultunng cells of two human osteosarcoma lines (OHS and
KPDX) and one human melanoma line (WIX-c) for either 24 or 72 h. The microcolonies were treated with
either oc-particlc radiation emitted by the 2"Al-labelled monoclonal antibody (MAb) TP-3 or external beam
X-rays. Survival of microcolonies was assayed by colony formation. Therapeutic gain factor (TGF) values
were calculated for Wo survival levels, 50% and 20% microcolony regeneration (i.e. at least one cell in 50%
or 20% of the colonies survived the treatments). The TGF values were affected by the specific activity of the
211 At-MAb conjugate, the antigen expression of the cells and the size and growth pattern of the microcolonies.
Treatment with IMAt-TP-3 gave TGF values that vaned from 1.3 + 0.4 to 4.5 + 0.7 (meants.e). The
antigen-rich OHS cell line had on average 1.6 times higher TGF than the antigen-poor KPDX cell line. The
TGF increased significantly with colony size for the densely packed colonies of the KPDX cell line but not for
the OHS cell line, which had colonies with cells growing in a more scattered pattern. Control experiments with
the two non-specific 2"At forms, free 21lAt and IUAt-labelled bovine serum albumin, gave TGF values from
0.6 ±0.1 to 1.0 + 0.3. This study suggests that in vivo evaluation of :"At-MAbs using relevant tumour models
is desirable.

Compounds labelled with the a-particle emitter J"At have for
some time been preclinically investigated as a means for
irradiation of tumour cells (Bloomer et al., 1981; Brown el
al., 1981; Vaughan et al., 1981, 1982; Harrison & Royle,
1987; Link el al., 1989). Although therapeutic effects have
been achieved with compartmentally delivered non-specific
! l lAt preparations in murine models (Bloomer et al., 1984;
Vergote et al., 1992), the use of '"At-labelled compounds
with some degree of selective tumour uptake seems to be the
most promising strategy (Humm, 1987; Humm & Chin,
1993). The therapeutic potential of a-emitters is increased
when they are coupled to molecules with high tumour affinity
because of (he short range and high ionisation density of
o-particles (Brown, 1986; Kozak et al., 1986; Kurtzman et
al., 1988; Macklis et al., 1989).

We have recently studied the cytotoxicity of 3"At-TP-3
monoclonal antibody (MAb) on single-cell suspensions of
three human osteosarcoma cell lines (OHS, SAOS and
KPDX) (Larsen et al., 1994). The study showed that the
sensitivity to 2"At-TP-3 treatment was governed by cellular
properties other than those governing sensitivity to treatment
with external beam X-rays. The cellular property most
important for sensitivity to 2"At-TP-3 was the antigen den-
sity. The cell inactivation was found to increase substantially
with increasing specific activity of the 2"At-TP-3 preparation.
At high specific activities, the cytotoxic effect of 2"At-TP-3
was significantly higher than that of non-specific !"At-
labclled bovine serum albumin (BSA). It was concluded that
3"At-Tl'-3 of high specific activity may have the potential to
give clinically favourable therapeutic ratios in the treatment
of osteosarcoma.

The clinical conditions for many types of cancer arc nor-
mally very different from the conditions in the single-cell
suspension model. Osicosarcoma, for instance, has a strong
tendency to metastasise by cells being trapped in the bone
marrow sinusoids and lung capillaries. Cells in microcolonies
infiltrating or growing adjacent to normal tissue will have
binding kinetic conditions different from free-floating single
cells. Steric hindrance from adjacent cells may reduce the
number of antigens available for circulating MAbs and.
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hence, reduce the potential of radioimmunotherapy (RIT).
On the other hand, radiation cross-fire from radiolabelled
antibody molecules bound to antigens of neighbouring cells
may enhance the efficacy of RIT against tumour cell col-
onies.

In the present paper we have extended our in vitro inves-
tigation of a-particle RIT from the single-cell suspension
model to a surface-deposited microcolony model. A surface-
deposited microcolony model was chosen rather than a mul-
ticellular spheroid model to avoid the large penetration bar-
rier for MAbs usually seen in spheroids. We used two human
osteosarcoma cell lines (OHS and KPDX) with very different
antigen expression, and one human malignant melanoma cell
line (WIX-c) with no significant antigen expression for the
sarcoma-associated MAb TP-3 (Bruland et al., 1986). Micro-
colonies were grown on a plastic surface in tissue culture
flasks. Inactivation was studied following treatment with
2"At-TP-3 MAb, free ! "At , 2"At-BSA and external beam
X-rays. The objective of this study was to measure and
quantify the therapeutic gain from J"At-labelled MAb on
antigen-positive versus antigen-negative microcolonies and to
determine some parameters important for RIT of tumour
micrometastases.

Materials and methods

Cell lines

The two human osteosarcoma cell lines, OHS and KPDX
(Bruland et al.. 1985; Fodstad et al., 1986), and the human
melanoma cell line, WIX-c (Rofstad el al., 1991), have been
described in detail previously. WIX-c is more resistant to
X-rays than OHS and KPDX. The X-ray survival curve
parameters have been found to be: Do = 0.60 ± 0.03 Gy,
n = 9.9 + 2.2 (OHS); O0 = 0.82 ± 0.10 Gy, n = 3.7 ±1 .2
(KPDX) (Larsen et al., 1994); and Do = 0.98 + 0.04 Gy,
« = 2.9± 1.1 (WIX-c) (Rofstad. 1992).

The cell lines were cultured in monolayer in RPMI-1640
medium (25 mM HEPES and L-glutamine) supplemented with
13% fetal calf serum. 250 m g l " ' penicillin and 5 0 m g l " '
streptomycin. The cells were incubated at 37'C in a humidi-
fied atmosphere of 5% carbon dioxide in air and subcultured
every 5-7 days after treatment with 0.05% lrypsin/0.02%
EDTA. Cells in passages 50-100 in vitro were used in the
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present work The cell lines were found to be free from
Mycoplasma contamination by using the Hoechst
fluorescence and the mycotrim methods.

Monoclonal antibody and antigen expression

The MAb TP-3 of subclass lgG2b, which recognises an
80 k Da antigen commonly expressed on sarcoma cells (Bru-
land el al., 1988), was used. Production and purification have
been described elsewhere (Bruland vl al.. 1986) The average
numbers of antigens per cell were 7.4 x 10' and 1.2 x 10' for
OHS and KPDX respectively (Larsen el al.. 1994). WIX-c
had no significant antigen expression for TP-3.

Production <if :"At

'"At (half-lift: 7.2 h) Wiis produced by Ihe '<™Bi|«,2n)'"Al
reaction al the cyclotron ill Oslo University. Alter separation
from the bismuth target (Larson cl al.. I W ) . the astatine
was coupled to the MAb or BSA using the ATE method
(Zalutsky & Narula, 1987; Gaig el al., 1989). The procedures
for astatine labelling of MAbs have been described in detail
elsewhere (Zalutsky el al., 1989). The immunoreactivities
were measured according to previously published procedures
(Lindmo el al., 1984) using OHS cells and were between 55%
and 75%. Solutions with free 2"At were made by dissolving
elementary astatine in phosphate-buffered saline (pH 7.4).

Microcolonies

Cells in exponential growth were harvested by trypsinisation
and plated in various numbers in 25 cm2 tissue culture flasks
(Nunclon) containing I X 10' lethally irradiated (30 Gy)
feeder cells, which were plated 24 h earlier. It was verified
experimentally that the feeder cells themselves did not give
rise to colonies and that the use of feeder cells increased and
stabilised the plating efficiency (PE). The cells were incubated
at 37"C in a humidified atmosphere of 5% carbon dioxide in
air for 24 or 72 h for formation of microcolonies. The size
and growth pattern of the microcolonies were examined by
light microscopy before irradiation. Three control flasks and
three flasks containing irradiated microcolonies were used to
determine each survival level in each experiment.

The number of cells in the microcolonies is presented in
Table I. The cells in the 24 h microcolonies were difficult to
count exactly because of difficulty in distinguishing viable
cells from clonogenically inactive feeder cells. However, a
maximum number of cells per colony was established.

External beam X-ray irradiation

X-ray irradiation was performed at a dose rate of
4.0Gymin~' using a Miiller RT 250 X-ray unit operated at
250 kV and 20 mA, and with 0.5 mm copper filtration of the
beam (Rofstad. 1992).

Incubation with !"At preparations

After addition of '"At preparations, the flasks were
incubated on a tilting platform for 90 min. The platform was
tilted carefully to avoid loss of cells from the surface-bound
microcolonies. The flasks were then placed in an incubator
and the !"At was allowed to decay completely. Activity levels
of 10, 25 and 50 kBq per ml of tissue culture medium (initial
activity) were used

Table 1 Number of cells in microcolomes

Cell line

OHS
KPf>X
WIX-t

24 h microcotonies

I 4

I 4

I 4

72 h miirocotnnies

n.5±0.7
11.5 ±0.6
12.1 ± 1.0

The cells were counted using a stereomicroscopc. The values are
ased on data from four individual experiments (72 h microcolonybased o

values: mean ± s.e.)

Clonogenic assai

The cells were incubated for 1-3 weeks after the radiation
exposure. The culture medium was replaced approximately
once a week. The colonies were fixed in ethanol, stained with
methylcnc blue and counted using a stereomicroscopc The
surviving fraction (SF) of microcolonies was determined as
follows:

SF = (number of colonies after treatment)/
(number of colonies in untreated control)

Curve filling, therapeutic gain calculations and statistical
analysis

Survival curves were fitted to the data using linear dose log
survival interpolation between experimental points. The closes
(medium activities) lo give at least one surviving cell in Ml",,
|/>MI Mv,i| and 20% |/»,,, (.4).,,)| of Ihe microcolomcs were
found by linear dose (medium aclivily) log survival inter-
polation between two experimental points. Standard errors
(s.e.) were calculated from the s.e. of the two nearest experi-
mental points. Therapeutic gain factor (TGF) for ?"At-TP-3
RIT relative to X-ray treatment was calculated according to
the equation (e.g. OHS. 50% colony survival):

TGFW = (OW (X-rays, OHS)M»(2"At-TP-3, OHS)]/
[O,0(X-rays, WIX-c)//fw(2"At-TP-3. WIX-c)]

i.e., the antigen positive osteosarcoma cell lines were used as
models for tumour tissue and the antigen-negative melanoma
cell line was used as model for normal tissue TGF for
2"At-TP-3 RIT was also calculated according to the equation
(e.g., KPDX, 20% colony survival).

TGFS, = MM(;"At-BSA, KPDX)]/|/4w(;"At-TP-3. KPDX)]

i.e. the tumour tissue damage was modelled by the cell
inaclivation caused by the '"At-TP-3 treatment and the nor-
mal tissue damage by the cell inactivation caused by the
:"AT-BSA treatment.

The TGF values were calculated using both 50% and 20%
survival of microcolonies. One-way analysis of variance fol-
lowed by a Student Newman- Keuls test was used to iden-
tify differences between cell lines. A significance level of
P = 0.05 was used.

Results

X-ray irradiation

The external beam X-ray survival curves for microcolonies
are presented in Figure 1. The survival increased with micro-
colony size, in agreement with the increase in cell number per
microcolony and the PE of the single cells in the micro-
colonies. The WIX-c cell line was more resistant than the
OHS and KPDX cell lines (P<0.05), which had a similar
response to X-rays. The Dx and Dx values for X-ray irradia-
tion of microcolonies are presented in Table 11.

:" AT-TP-3 MAb

The microcolony survival curves for OHS, KPDX and WIX-c
incubated with 2"At-TP-3 are shown in Figure 2. Figure 2a
presents the curves for 24 h microcolonies incubated with
luAt-TP-3 of HMBqmg- 1 . The curves for 24 h micro-
colonies exposed to !"At-TP-3 of 50 MBq mg"' are shown in
Figure 2b. A comparison of Figure 2a and 2b shows that the
increase in specific activity resulted in reduced regeneration
of microcolonies for the OHS line, whereas the KPDX line
showed a significant difference only at the 50 kBq ml '
medium activity level. In Figure 2c the survival curves lor
72 h microcolonies are presented. At the 10 kBq ml"' activity
level the difference between the survival of OHS and KPDX
was minor. At higher medium activities the OHS line was
affected considerably more than the KPDX line.
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The survival for both OHS and KPDX was clearly lower
than that for WIX-c at all activity levels. AK and Ax values
for OHS, KPDX and WIX-c incubated with 2"At-TP-3 MAb
are presented in Table III. For the 24 h microcolonies
incubated with '"At-TP-3 of 14 MBq mg '. OHS and KPDX
had similar Av values. Otherwise. OHS had significantly

Dose IGY)

Figure 1 OHS (O). KPDX (D) and WIX-c ( • ) microcolonies
irradiated with X-rays 24 h (•) or 72 h (b) after plating of single
cells on a plastic surface in tissue culture flasks. Survival fraction
points represent geometrical mean (± s.e.) calculated from 3 5
experiments.

Table II D<0 and Dx values for external beam X-ray irradiation of
microcolonies

24 h microcolonies 72 h microcolonies
Cell line Dx (Gy) Dx IGy) D» (Gy) Dx IGy)

OHS
KPDX
WIX-c

1 5 ± 0.1
1.5 ± 0.1
3.3 ±0.2

3.0 ±0.4
3.1 ±0.7
4.9 ±0.6

1.6 + 0.2
2.0 + 0.1
4.2 ± 0.5

3.6 ±0.5
4.3 ±0.4
6.0 ± 1.2

The dose (± s.c.) in Gy to give 50% (Dw) and 20% (D!o) survival
of microcolonies calculated using linear dose-log survival
interpolation between experimental points (Figure I), s.e. values were
calculated from the s.e. values of the two nearest experimental
points.

0 10 20 30 40 50
Activity (kB1 ml"')

Figure 2 OHS (O). KPDX (D) and WIX-c ( • ) microcolonies
exposed to 2"At-TP-3 monoclonal antibody with a specific
activity of 14 MBq mg" ' 24 h after plating (»). 50 MBq mg-' 24 h
after plating (b) and 50 MBq mg-1 72 h after plating (c) of single
cells on a plastic surface in tissue culture flasks. The activity was
allowed to decay completely. Survival fraction points represent
geometrical mean ( ± s c ) calculated from 3 6 experiments.
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lower AK and Ax values than KPDX (/><0.05), and both
had significantly lower AK and Ax values than WIX-c
(P<0.05). There was no significant change in survival of
24 h microcolonies of WIX-c caused by the increase in
specific activity from 14MBqmg~' to 50MBqmg~' of the
2"At-MAb.

"'At-BSA and free 2"At

The microcolony survival curves for 2"At-BSA and free 2"At
are presented in Figures 3 and 4. At activity levels of 25 and
50 kBq ml"', free 2"At was significantly more toxic than
'"At-BSA (/"<0.05). The curves for 24 h microcolonies of
WIX-c incubated with ;"At-BSA and 2"Al-TP-3 are similar.
Aw and AK values for the two forms are presented in Table
IV.

I'ltcrttpt'tttic fittin f'tuwr

'i Cit-' values were calculated for Ihe treatment of OHS anil
KPDX microcolonics with -'"At-TP-.i MAb by using WIX-c

T«bk III A*, and Ax values for !llAl-TP-3 added to Ihe culture
medium of microcolomes

Cell line

24 h microcolonies

SOMBqmg-1

72 h microcolonies
50MBqmg-'

OHS

5.2 ±0.9
I5.7±3.l

3.3 ±0.3
7.7± 1.1

6.0 ± 0.7
14.5 ± 1.5

KPDX

5.8 ±0.7
24.6 ± 0.7

6.8 ± 0.5
20.1 ±3.9

8.0 ±0.6
28.4 + 3.1

WIX-c

28.4 ± 1.0
49.6 ±9.1

25.9 ± 10
46.9 ± 6.8

46.3 ± 3.7

Added activity {± s.e.) in kBq ml ' in the culture medium to give
50% MM,) and 20% {A^) survival of microcolonics calculated using
linear activity log survival interpolation between experimental
points (Figure 2). The 3MAl preparations were allowed to decay
completely (> 72 h) before the medium was changed, s.e. values were
calculated from the s.e. values of the two nearest experimental
points. "The 20% survival level was outside ihe region covered by
experimental data for WIX-c.

•2 10 '

(Table V) or treatment with 2"At-BSA (Table VI) as
references. TGFW and TGF;0 were consistently above unity
and were on average a factor of 1.6 larger for OHS than for
KPDX, and this agrees with the higher antigen expression of
the OHS cell line.

TGF values were also calculated for the non-specific 2"At
forms free :"At and 2" At-BSA for comparison (Table V).
There was no significant difference between the two osteosar-
coma cell lines. The values were varying from 0.6 ±0.1 to
1.0 ± 0.3 (mean ± s.e.) and there was no significant difference
between free ;llAt and ;|'At-BSA.

Discussion

Therapeutic gain measured in ritro reflects to a large extent
Ihe experimental conditions. It is noteworthy that the experi-
mental procedures used here did not allow any strong mixing
of Ihe cells and Ihc "Al-MAb preparations, and thai Ihc
unbound "At preparations were allowed to decay complete-
ly in the growth medium, giving a high non-specific dose to
the cells. Nevertheless, significant therapeutic gain was
achieved with 2"At-TP-3 on antigen-positive cells. The
parameter most strongly influencing the therapeutic gain was
the specific activity of the :llAt-MAb preparation. Owing to

* 10

0 10 20 30 40
Activity (kBq ml ')

Figure 4 OHS (O), KPDX (D) and WIX-c ( • ) microcolonies
exposed to free 2"At 24 h after plating of single cells on plastic
surface in tissue culture flasks. The activity was allowed to decay
completely. Survival fraction points represent geometrical mean
(±s.e.) calculated from six experiments.

T»W« IV Ax and Ax values for "'At and :"At-BSA added to ihe
culture medium of microcolonics

10 20 30 40 50
I

60

Cell line

24 h microcolonies
Free !"At

A »

!"At-BSA

OHS

12.4 ± 1.0
22.3 ±3.1

15 0+ 1.8
32.7 ± 15.9

KPDX

10.2 ± 1.0
17.3 ±2.5

15.5 ±0.9
32.8 ±3.1

WIX-c

(5.4 ± 19
26.4 + 6.9

26.8 + 2 1
48.3 ± 12.6

Activity (kBq m r ' l

Figure 3 OHS (O), KPDX ( • ) and WIX-c ( • ) microcolonies
exposed to !"At-BSA 24 h after plating of single cells on plastic
surface in tissue culture flasks. The activity was allowed to decay
completely. Survival fraction points represent geometrical mean
(±s.e.) calculated from six experiments.

Added activity (± s.e.) in kBq ml"' in the culture medium to give
50% (Aw) and 20% M20) survival of microcolonies calculated using
linear activity-log survival interpolation between experimental
points (Figures 3 and 4). The :"At preparations were allowed to
decay completely (>72h) before the medium was changed, s.e.
values were calculated from the s.e. values of the two nearest
experimental points.
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Table V Therapeutic gain factors

Cell line OHSIWlX-c KPDXIWIX-c

24 h microcolonies
Free ; "A t

TGFW

TGFM
:llAt-BSA

TGFW

TGF.,,

24 h microcolonies
MMBqmg- 1 inAt-TP-3

TGFW

TGF,0

50MGq "' 2"A(-TP-3
TGF,,
TGF™

0.6 ±0.1
0.7 + 0.3

0.8 ± 0 2
0.9 ±0.3

2.5+0.5
2.0 ±0.6

3.7±0.5
3.8 ± 1.0

72 h microcolonies
50MBqmg-' !"At-TP-3 2.9 ± 0.6

0.7 + 0.1
1.0 + 0.3

0.8 + 0.1
1.0 + 0.3

2.3 + 0.3
1.3 + 0.4

1.810.2
1.5 + 0.3

2.7 + 0.4

The therapeutic gain factors for 50% (TGFM) and 20% (TGFa)
microcolonics survival. TGF (± s.e.) was calculated according to the
following equation (e.g. TGFW, OHS, :"At-BSA):

TGF=[Cso (OHS, X-rays)//<M (OHS, !" At-BSA)]/(£I» (WIX-c,
X-rays)//** (WIX-c, -"At-BSA)].

Tible VI Therapeutic gain factors for !"At-TP-3 vs 2"At-BSA

Cell line

MMBqmg- 1

TGFjo
TGF^

SOMBqmg-'
TGFW

TGFT,

OHS

2.9 ± 0.6
2.1 +0.6

4.5 ±0.7
4.2 ± 1.0

KPDX

2.710.4
1.3 ±0.3

2.3 ±0.2
1.6 + 0.3

WIX-c

0.9 + 0.1
1.010.3

1.010.1
1.0 + 0.3

The Iherpeutic gain factors were determined for 50% (TGFW) and
20% (TGFM) survival of 24 h microcolonies. TGF (Is.e.) was
calculated according lo thu following equation (e.g. OHSJ:

\\\V - |.4V, (OHS. -'"Al-BSA)//*,, (OHS. '"Al-TP-3)]

the short range of the a-particles (<80um) the radiation
dose to the target cells mainly comes from cell-bound !"At-
MAbs. The dose is therefore under ideal conditions (i.e. all
target cells contain antigens to the MAb) proportionally
dependent on the number of '"At bound to the cells. At
antigen saturation, this number is proportional to the specific
activity of the MAb. Optimisation of immunoreactivity,
specific activity of : " At-MAb and clearance of non-bound
"At-MAb will therefore increase the therapeutic gain fur-

ther.
The therapeutic gain was in this study measured in two

ways. Firstly, TGF values were determined for the antigen-
positive cell lines using the antigen-negative cell line as

reference. In this case corrections for differences in X-ray
sensitivity were included. Secondly, TGF values were deter-
mined by comparison of the cytotoxicity of the cell-binding
JllAt-MAb with that of a non-specific 2"At-protein using the
same cell line. The target tissue (OHS and KPDX osteosar-
coma microcolonies) was more sensitive to X-rays than the
control tissue (WIX-c melanoma microcolonies). A system
with resistant tumour cells and sensitive control cells would
have given higher therapeutic gain. This is because cell lines
generally show less variability in radiation response when
treated with high linear energy transfer (LET) radiation, e.g.
ot-particles and slow neutrons, than when treated with low-
LET radiation (Hall, 1988).

A characteristic that may be important for the therapeutic
gain of a-particle RIT is the growth pattern of the cells
within a microcolony. Microscopical examinations revealed
that the OHS cells tended to grow in a scattered pattern
while the KPDX cells tended to grow tightly in the micro-
colonies. The a-particle intra-colony cross-fire was therefore
more important for the KPDX than for the OHS micro-
colonies. This explains why the 72 h microcolonies had
significantly higher TGF values than the 24 h microcolonies
for KPDX but not for OHS.

The experiments with 21lAt-BSA and 2"At-TP-3 on the
antigen-free WIX-c cell line show that the change in
molecular size from approximate molecular weight (MW) of
66,000 to approximate MW of 160,000 did not influence the
cytotoxicity of the 2"At-protein conjugate. Moreover a
change in the specific activity of !"At-TP-3 from 14 to
50 MBq mg~' did not change the non-specific cytotoxicity
against WIX-c microcolonies significantly. It can therefore be
concluded that the cytotoxicity of non-specific !"At-labelled
proteins is not significantly influenced by the size and the
specific activity of the 2"At-protein conjugate.

The uptake of radiolabelled MAbs measured in tumours in
patients has generally been low (Epenetos el al., 1986).
Clinically, intravenously injected short-lived ot-parlicle-
cmitting radioimmunoconjugtites such as -"Al- l'P-3 cannot
be expected to give substantial therapeutic gain in the treat-
ment of large solid tumours. The in vitro study presented
here indicates, however, that a well-vascularised tumour or
micrometastases may be candidates for treatment with !"At-
MAbs, on the conditions that the MAb binds strongly to the
tumour cells and has a low cross-reactivity with normal
tissue. Further in vivo studies with relevant tumour models
are therefore desirable.

The technical assistance of Eivind Olscn, Department of Physics,
University of Oslo, during the cyclotron irradiations is gratefully
acknowledged. Financial support was received from The Norwegian
Cancer Society, Grant 90077.
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Summary.

Two anti-osteosarcoma monoclonal antibodies (TP-3 IgG and TP-1 F(ab')2) were

labelled with the ct-particle emitting radionuclide 2"At and, for comparison of stability,

with 125I using the N-succinimidyl-3-(trimethylstannyl)benzoate intermediate. The quality

of the final preparations was measured with immunoreactivity analyses using intact

osteosarcoma cells. Immunoreactivity was well retained with values in the range of 65%

to 85% for 2nAt-labelled and 12JI-labelled TP-3 IgG and approximately 60% for both

2"At-labelled and l25I-labelled TP-1 F(ab)2. Tumour uptake and retention as well as

normal tissue distribution in mice with osteosarcoma xenografts were measured. The

uptake of the two radionuclides in tumour was similar, while there was a slight general

increase in normal tissue activity at later points for the 2"At-labelled MoAbs compared

to the 12SI-labelled MoAbs, probably caused by a minor release of free 2llAt from the
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MoAb preparations. The stable retention in tumor tissue demonstrated in this study

indicates that 2"At-labelled MoAbs may have potential in the treatment of tumours that

allow a rapid uptake.

Key words: Astatine-211; a-particle emitting radioimmunoconjugate; osteosarcoma.

Introduction.

Since the advent of the hybridoma technology (1) monoclonal antibodies (MoAbs)

have been extensively studied as carriers of radionuclides for diagnostic and therapeutic

applications (2,3). Clinical radioimmunotherapy (RIT) with MoAbs has been partly

successful (4-6), but many problems concerning their practical use are still unsolved (7).

One problem is the in vivo detachment of the radionuclide from the conjugate observed

for the most frequently used labelling methods (9). Another problem is the low dose rate

delivered to single tumour cells and micrometastases from the ^-emitting radionuclides

used up to now (8).

The latter problem with RIT may be overcome by introducing a-particle emitters

instead of the p-emitters used today, since the radiotoxicity of a-particles is virtually

independent of dose rate (10). Moreover, the high energy radiation is absorbed within

a radius of < 100 /an from the site of disintegration indicating that a very limited

number of disintegrations has to occur nearby a cell to cause cell-death (11).

In recent years a new method for labelling MoAbs with the cc-emitting radionuclide

lnAt based on the bifunctional compound N-succinirnidyl-3-(trimethylstannyl)benzoate

has been developed (12,13). This method (termed the ATE-method) is a two-step

procedure. Firstly, the trimethylstannyl group is substituted with 211At and the product,

N-succinimidyl-3-[2"At]astatobenzoate is purified. Secondly, the N-succinimidyl ester

function is used to conjugate the astatobenzoic unit to lysine residues on MoAbs under

mildly basic conditions. This method has been reported to give 2"At-MoAb conjugates

with well preserved immunoreactivity and in vivo localizing capacity (14).
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In an earlier report it was demonstrated that the anti-sarcoma MoAbs TP-3 and TP-1

labelled with 125I and 131I using the Iodo-Gen method localize selectively in osteosarcoma

xenografts at day 1 to 4 after intravenous administration (15). In the present study we

wanted to investigate the biodistribution of TP-3 IgG and TP-1 F(ab')2 within the

timeframe relevant to the 7.21 h halflife of 2"At, in order to evaluate these MoAbs as

carriers for this radionuclide. To gain information about the stability of the conjugate,

the biodistribution of the 21IAt-MoAbs was at selected time points compared to that of

125I-MoAbs also labelled using the NSTB intermediate.

Materials and methods.

Monoclonal antibodies

TP-1 (IgG 2a) and TP-3 (IgG 2b) are two antibodies which bind to two different

epitopes on an antigen expressed on the surface of osteosarcoma cells (16). The

production and purification of the antibodies has been described elsewere (17). The

F(ab')2 fragments were obtained by digestion with pepsin as previously described (15).

Radiolabelling of monoclonal antibodies

2HAt was produced at the cyclotron at the Department of Physics at Oslo University

using the IO'Bi(a>2n)211At reaction at 28 MeV ct-energy. The radionuclide was separated

from the bismuth target using a dry distillation procedure previously described in detail

(18). The labelling of MoAbs was performed according to described procedures (14)

Briefly, J11At in 0.3 ml chloroform was added to 0.5 /anol N-succinimidyl-3-

(trimethylstannyl)benzoate (NSTB) and 30/imol terr-butylhydroperoxide and thoroughly

mixed for 20 min. Then the chloroform was removed by evaporation and the product,

N-succinimidyl-[211At]astatobenzoate, was purified on a sep-pak silicagel cartridge

(Waters) by elution with 30 ml hexane, 30 ml 8% ethylacetate in hexane and finally 12

ml of 30% ethylacetate in hexane collected in 1 ml samples. Samples 3-5 contained the

main activity and were pooled into a reaction vial and evaporated to dryness.
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Approximately 0.4 mg of TP-3 IgG or TP-1 F(ab')2 antibody in 100 fil of borate buffer

(pH 8.S-9.0) was added to the reaction vial which was then incubated on a shaker for

20 min before the reaction was terminated with 0.3 ml 0.2 M glycine in borate buffer

(pH 8.5-9.0). The labelled MoAb was then purified on a Sephadex G-25 PD 10 column

eluted with 0.1 M phosphate buffered saline (PBS, pH 7.4). The labelling with lMI

(Amersham) was done in a similar manner except that an aqueous 125I solution was

added to the chloroform containing the reactants. The pH was adjusted to 5-6 by means

of acetic acid at the start of the reaction with NSTB.

Immunoreactivity measurement

The quality of the preparations was controlled with immunoreactivity measurements

using OHS osteosarcoma cells according to published procedures (19). Briefly, 0.25 ml

in 2 ml test tubes in triplicates of seven different concentrations varying between 9«104

and 6*10* cells per ml were incubated with a fixed amount of radiolabelled MoAb.

After 2 h the incubation was stopped and the the total radioactivity per test tube was

measured. Cells were washed three times with PBS, and the cell-bound radioactivity was

then measured. The immunoreactivity was determined at infinite antigen excess by linear

extrapolation to the ordinate of the regression line derived from the experimental points

(Figure 1). Binding experiments were also carried out with antigen negative cells to

estimate cross-reactivity. The K13 murine hybridoma cell line (20) was used as negative

control.

Biodistribution measurements

Male BALB/c athymic (nu/nu) mice with a bodyweight of 25-30 g carrying one or

two OHS human osteosarcoma xenografts were used in the biodistribution studies. The

biodistribution experiments were performed two to three weeks after subcutaneous

implantation of tumour tissue, when the tumour sizes varied from 5-20 mm in diameter.

Animals were selected to give both small and large tumours within the same group. The
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radiolabeiled antibody preparations were injected into the tail vein. Animals were

sacrificed by cervical dislocation and dissected at different times within the first 42 h

after administration of the antibodies.

Statistical evaluation

The students t-test with the level P < 0.05 was used to determine any significant

difference between the biodistribution values.

777

Results,

The production yield of 2uAt measured on target after the end of the cyclotron

irradiations was 11±2 MBq/(uA»h) (mean ± SD) as measured from two experiments.

After distillation for 1 h, 40-60% of the target activity was recovered in the chloroform

from which 40-60% was finally measured in the purified 3uAt-MoAb conjugate fraction

after the labelling procedure. This gives an overall yield from target to final MoAb-

preparation of 16-36% (12-27% decay-corrected).
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Figure 1 Immunoreactivity for incubation of 10 ng/ml 211At-labelled TP-3 IgG (•, continous

line) and 110 ng/ml lIil-labelled TPr3 IgG (•, dashed line) with various concentrations of OHS

osteosarcoma cells. Each point represents the mean of a triplicate.
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Figure 2 Immunoreactivity for incubation of 21 ng/ml of "'At-labelled TP-1 F(ab')2 (•,

continous line) and 40 ng l23I-labelled TP-1 (Fab')2 (a, dashed line) with various concentrations

of OKS osteosarcoma cells. Each point represents the mean of a triplicate.

Immunoreactivity plots for TP-3 IgG and TP-1 F(ab')2 labelled with 2"At and 125I are

presented in Figure 1 and Figure 2. The immunoreactivity for the batch with mAt-TP-3

IgG was approximately 60% and for the batch with 123I-TP-3 IgG approximately 80%.

The immunoreactivities for 2UAt-TP-l F(ab')2 and 12JI-TP-1 F(ab')2 were approximately

60% for both batches. Cross-reactivity with antigen negative cells was less than 5%.

The biodistribution in terms of percent of injected dose per g tissue (% ID/g) for

2nAt-TP-3 IgG and '"At-TP-1 F(ab')2is presented in Table 1 and Table 2. The uptake

of 2"At-labelled MoAbs in different tissues was measured up to 40 h in order to more

clearly detect any dehalogenation which would give an increased uptake in tissues

accumulating elementary astatine (e. g. stomach and neck including thyroid).

The tumour uptake of2" At-TP-3 IgG increased up to 16 h, whereafter the level was

essentially stable up to 40 h post injection. The 21IAt-TP-3 level in blood was high up

to 24 h but decreased significantly from 24 h to 40 h. The other tissues had a clearance

similar to the blood. Exceptions were stomach and neck (i.e. thyroid) where the level

of radioactivity was maintained up to 40 hours.
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Table 1 Distribution of 2"At-labelled TP-3 IgG in athymic mice with OHS osteosarcoma

xenografts'

tissue 3.5 h 16 h 24 h 40 h

blood 20.2 ± 5.4 17.8 • 3.9 15.1 ± 4.3 7.3 i 4.3

heart 7.3 1 2.0 4.8 ± 1.3 3.7 + 0.3 1.9 + 0.5

kidney 9.6 * 3.7 4.4 • 0.4 5.0 + 0.6 2.7 ± 1.0

liver 6.3 ± 1.3 3.4 +0.3 3.5 ±0.1 1.3 • 0.5

lungs 11.4 + 2.0 7.5 i 1.0 9.1 + 2.0 4.9+1.2

neck 11.6 + 8.5 5.4 + 4.8 10.0 + 4.6 5.8 + 3.7

spleen 7.5 • 3.4 5.0 + 0.6 6.8 + 4.2 3.1 + 0.4

stomach 8.2 + 6.0 4.9+1.7 6.5 + 1.3 5.8 + 0.9

tumour 4.6 + 2.6 10.3 + 2.2 13.9 + 4.3 11.0 + 5.5

•Results were obtained for n = 3 mice per point and are given as mean • SD of the percent

injected dose/g (% ID/g), corrected for decay of 2uAt.

The retention of activity in tumour was high without any significant difference at

the points measured after injection of ailAt-TP-l F(ab')2, although the blood clearance

was quite rapid with a decrease from 12.1% ID/g at 3.5 h to 2.5% ID/g at 16 h. The

different normal tissues showed some retention of activity compared to blood while neck

and stomach had some accumulation of activity.
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Table 2 Distribution of 2"At-labelled TP-1 F(ab')2 in athymic mice with OHS osteosarcoma

xcnografts'

tissue 3.5 h 16 h 24 h 40 h

blood 12.1 • 2.5 2.5 ± 0.7 1.6 i 0.7 0.7 ± 0.1

heart 4.7 ± 0.8 1.5 ± 0.6 1.5 ± 0.8 0.6 ± 0.3

kidney

liver

lungs

neck

spleen

stomach

tumour

7.8 i 2.1

7.2 * 2.0

8.4 ± 2.5

3.5 i 2.2

7.5 t 1.6

3.3 i 2.0

6.1 l 2.2

2.8 1 1.2

1.8 + 0.3

3.6 ± 2.2

4.3 1 3.5

3.9 ± 1.0

5.3 ± 1.2

7.2 + 2.2

2.0 ± 0.4

1.2 ± 0.3

4.5 • 1.9

26.8 + 16.3

3.3 ± 1.2

4.3 ± 2.3

5.5 ± 1.6

1.4 1 0.1

0.7 ± 0.1

3.9 ± 1.0

8.2 ± 7.7

2.0 * 0.5

6.7 ± 2.2

5.2 ± 1.1

'Results were obtained for n « 3-5 mice per point and are given as mean ± SD of the percent

of injected dose/g (% ID/g), corrected for decay of 2"At.

The biodistribution of the two different 2nAt-labelled antibodies was similar at 3.5

h except for blood where 2"At-TP-3 IgG had significantly higher values. At later time-

points 2"At-TP-3 IgG gave in general higher tissue activity than 2"At-TP-l F(ab'')2 This

was probably caused by a more rapid renal clearance of the smaller F(ab')} molecule

reflected by the difference in radioactivity in the blood at the later time-points.
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Table 3 Distribution of '^-labelled TP-3 IgG and ltJI-labelled TP-1 F(ab')j in athymic mice

with osteosarcoma xenografts'

tissue

blood

heart

kidney

liver

lungs

neck

spleen

stomach

3.5 h

TP-3 IgG

18.1 ± 2.0

3.9 ± 1.1

4.5 ± 0.6

4.2 £ 0.9

5.0 1 1.4

3.1 ± 0.9

3.7 i 0.5

0.9 * 0.4

TP-1 F(ab')2

11.0 ± 2.2

3.7 1 0.5

6.5 ± 1.0

4.9 i 0.7

8.5 i 1.5

3.3 ± 0.7

4.9 ± 1.2

0.8 1 0.1

24 h

TP-3 IgG

12.9 ± 3.5

3.3 ± 0.7

4.8 ± 1.5

3.3 + 1.1

4.6 i 1.3

5.2 ± 1.4

3.4 i 1.0

0.9 ± 0.4

TP-1 F(ab')2

1.7 ± 0.9

0.4 ± 0.2

1.0 ± 0.2

0.5 1 0.1

1.6 ± 1.2

0.8 ± 0.1

0.8 1 0.3

0.2 i 0.1

tumour 6.0 ± 4.0 4.1 ± 1.9 18.7 ± 5.8 4.1 ± 1.4

'Results were obtained for n = 3-6 mice per point and are given as mean ± SD of the percent

injected dose/g (% ID/g), conected for decay of 211At.

The biodistribution of 125I labelled TP-3 IgG and TP-1 F(ab')2 is presented in Table

3. Generally, the distribution was similar to that of the JnAt-MoAbs. There was a

significantly higher uptake of radioactivity in tissues like stomach, neck and lung at late

points associated with the 2llAt-MoAb conjugates compared to the l23I-MoAb conjugates.
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Discussion.

The immunoreactivity plots of 2llAt-labelled and l25I-labelled TP-3 vary due to

differences in concentration of MoAb, but this difference does not influence the

interception value with the ordinate (19). The difference in immunoreactivity of the

2llAt-TP-3 and the 123I-TP-3 is most likely caused by a difference in the amount of free

radionuclide in the two batches. Because of differences between I" and At" in affinity

to sulfhydryl groups on proteins the gel filtration purification may be less effective as

a means of separating free 2"At from MoAb (21). The use of HPLC separation to purify

the NS[2"At]AB before MoAb conjugation (14) and another HPLC separation to purify

the final radioimmunoconjugate (22) may give higher quality preparations.

The biodistributions of 2uAt-TP-3 IgG and 2IIAt-TP-l F(ab')2 presented here indicate

that favourable tumour to tissue ratios can be achieved, although the penetration barriers

associated with solid tumours of the size used here did not allow an early uptake

suitable for RIT with 2uAt.

The degree of tumour uptake demonstrated in this study was comparable with similar

studies (14,23). The uptake and retention in tumour tissue demonstrated a high tumour-

affinity of the 211At-MoAb conjugate. While the radioactivity was cleared from other

tissues it was strongly retained in tumour tissue up to 40 hours after injection, indicating

a high stability of the radioimmunoconjugates.

The biodistribution of the 211At-labelled and 12iI-labelled MoAbs was similar for most

tissues. The stomach and neck (containing the thyroid) were the only tissues showing

differences, with slightly higher retention of 211At at 24 h and 40 h. Earlier studies

showed that free 2I1At to a large extent accumulated in these tissues (13,23). No thyroid

or stomach blocking agents were given to the animals, and minor amounts of free 2 uAt

could therefore easily be spotted by an increase of radioactivity in thyroid and stomach.

A small fraction of free 211At occuring either as a coinjected radiochemical impurity or

because a catabolism product of the 21IAt-MoAb conjugate may have been the cause of
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the thyroid and stomach uptake seen in this study. Enzymatic dehalogenation is a less

likely cause since the radioactivity was bound in tumour tissue and because there was

no significant de-astatination in serum and wholeblood of 2uAt-labelled aminated

polymer particles labelled via the same procedures as presented here (18).

Because of the short half-life of the nuclide, treatment of solid tumours wilh J11At-

MoAbs through intravenous injection is not a realistic option. The most likely

application is in treatment of single cells, completely vascularized cancers and

micrometastatic cancers with small penetration barriers allowing a rapid uptake of

MoAbs. Another possible approach would be direct intracavitary and intratumour

injections (24) in inoperable tumours. The short half-life of the nuclide may then be

beneficial because a large fraction of the radioactivity will have decayed before the

2UAt-Moab conjugate has cleared from the tumour.

In conclusion, the uptake and retention of 211At-MoAb conjugates in tumour tissue

and the distribution in normal tissues indicate that "'At may have a potential in

radioimmunotherapy of malignancies allowing a rapid uptake of MoAbs. The uptake in

stomach and thyroid must be monitored carefully, since a high uptake in these tissues

indicates release of free 211At. To minimize the amount of free 2"At in the

radioimmunoconjugate preparations improved purification procedures by using HPLC

purification of the final 2UAt-MoAb should be developed.
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Summary.

Cyclotron-produced 2"At was distilled from a Bi metal target and coupled to N-

succinimidyl-3-(trimethylstannyl)benzoate. The resulting N-succinimidyI-3-

(J11At)astatobenzoate was thereafter coupled to aminated monosized polymer particles with

a diameter of 1.8 fun. The total time elapsed from the end of the cyclotron irradiation until

the final product was prepared was about 2.5 hours. From 23 to 51 % of the target activity

at the end of bombardment was measured in the final conjugate. Solid-liquid extraction

purification of the astatinated intermediate, using Sep-pak columns (Waters), gave more

reproducible yields in the final conjugation step. The 2"At-labelled particles were incubated

with fetal calf serum, human serum and human full blood at room temperature. The 2UAt
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activity on the particles was measured before and after three times washing at 4, 24 and

48 hours. The stability was not significantly different from 100 % for all media and for all

time points. This indicates that 2"At-labelled particles can be stable under in vivo

conditions, and may thereby be a promising agent for intracavitary radiotherapy on free-

floating cancer cells or surface fixed cells.

Key words: Astatine-211; radiolabelled polymer-particles; a-particle emitting

radiopharmaceutical; radiotherapy.

Introduction.

For many years,1"At has been considered as a nuclide with a potential for radiotherapeutic

use. With a half-life of 7.21 hours, this radionuclide decays along two branches to 207Bi and

201Pb, in either case leading to a emittance. The energies of the a-particles are 5.87 and

7.45 MeV and the ranges in unit density tissue are 55 fjm and 80 fmi, respectively (1).

Hence, the density of ionisation in tissue is very high compared to X-rays, y-rays and (3-

particles and the potential for irreparable cell damage is therefore far greater for the cc-

particles. If coupled to tumor-selective compounds, astatine can give a highly localized

radiation dose to the malignant cells (2).

Astatine is the heaviest member of the halogens (the new Group 17 or the old Group

VIIB) and many of its chemical properties are similar to those of iodine, although At has

a more metallic nature (3). Organic astatine compounds are normally less stable than their

iodine analogs. However, when incorporated in aromatic structures or vinyl groups, the C-

At bond may be sufficiently stable for in vivo conditions. Some of these aromatic

compounds show a stability similar to their iodinated analogs (4).

Most biological studies with astatine have been focused on the application in tumor

targeting with monoclonal antibodies (5-7) or with smaller molecules with high tumor

affinity (8). Although this approach has been partly successful in preclinical settings, there
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are still many problems to be solved before application in humans. Another approach is to

use astatine absorbed on tellurium colloid for intracavitary treatment. This strategy was

succesfully exploited in a peritoneal ovarian cancer model in mice, but the margins between

therapeutic and toxic doses were very narrow (9). The release of astatide from the colloid

led to serious toxic effects in various tissues. 211At complexed to sulphydryl groups on

albumin particles was reported to have a higher in vivo stability than astatine absorbed on

Te-colloid. However, the uptake of astatine in thyroid and stomach indicated a considerable

release of free astatide (10).

The primary objective for the present investigation was to develop a new astatinated

compound for selective radiation of cavitary regions. The compound had to be large enough

to be trapped in the intraperitoneal cavity, and yet small enough to be able to give an

efficient irradiation of free-floating and surface bound cells and micrometastases.

Furthermore, the labelled compound had to be radiochemically stable at physiological

conditions. In addition, the radiolabelling and purification steps should be completed within

resonable time compared to the halflife of the nuclide, and the procedures should be

conducted in consistence with safety rules for a-particle emitters. To meet these criteria we

applied a two-step labelling procedure based on the activated tinn ester (ATE) method

using N-succinimidyl-3-(trimethyIstannyl)-benzoate, which had earlier been succesfully used

for astatine labelling of proteins (6,11).

In this paper we describe the complete production route for production of astatine,

labelling of the particles and stability testings of the final product.

Materials and methods.

Coupling-reagent and polymer particles.

N-succinimidyl-3-(trimetylstannyl)benzoate (NSTB) was prepared according to

previously published procedures (12). It was purified twice by flash-chromatography, and

the purity confirmed to be larger than 95% on normal phase HPLC (column, silicagel;
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mobil phase, 69.9% hexane, 30% ethylacetate, 0.1% acetic acid). Monosized polymeric

particles (13) (type 2731) were provided by the polymer research group at SINTEF,

Trondheim, Norway. The particle size was 1.8 fan and they were aminated to a density

3.55 /«nol/mg particles as described elsewhere (14).

Cyclotron irradiations.

2UAt was produced by bombarding a 0.25 mm thick 209Bi-target, fused onto a water-

cooled aluminium-backing, with a 10-12 pA particle beam of 28 MeV a-particles. The

irradiations lasted for 1-2 hours.

Separation of2"At from Bi target.

21IAt was distilled from the bismuth target by dry distillation (15) at 650-660 °C for

30-45 min. Argon or nitrogen was used as carrier gas and the gas stream was led through

refluxing chloroform in a water-cooled condensation column filled with glas spheres. The

column was connected in series with a gas-washing flask, a carbon gas-mask filter and

finally a water aspirator (Fig. 1).

Labelling of aminated monosized polymer particles with lnAt using the ATE method.

After the end of the distillation, the column was washed with about 0.2 ml chloroform.

The vial was carefully disconnected and 0.5-1.0 /onol of NSTB and 20-40 /rniol of tert-

butylhydroperokside were added. The solution was stirred for approximately 30 min to give

N-succinimidyl-3-(2uAt)astatobenzoate (NS^'A^AB) (Fig. 2), using a magnetic stirrer,

whereafter the solution was evaporated to dryness by a stream of argon. The residue was

dissolved in 50 /il of chloroform and loaded on a sep-pack silicagel column. The reaction

vial was washed with additional 50 fd of chloroform which was also loaded onto the

column. Elution with 30 ml of hexan, 30 ml of 8 % ethylacetate in hexane and finally 15

ml of 30% ethylacetate in hexane was performed to purify the astatinated intermediate from

unconjugated astatine and the major part of the NSTB. The 30 % etylacetate fractions
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Chloroform reiervolr

Heater

Ou-muk Glter

Connection to
water aspirator

Hydruine solution

220V

Figure 1. Schematic presentation of a set up for separation of astatine from bismuth. The target was placed

on a quartz disc in the still, whose upper and lower parts were held together with clamps. The temperature

of the heater (Mflller, Germany) was controlled via a thermocouple placed between the heater and the still.

The thermocouple was connected to a regulator that controlled the power supply to the heater. The still with

the funnel was made of quartz. The outlet of the still/funnel was connected to a condenser via a glass lube.

The condenser consisted of a bubbler in series with a water cooled column filled with glass spheres and with

a reservoir for chloroform on top of it. The outlet of the condenser was connected to a teflon tubing which

led to a gas-washing bottle with a 0.1 M hydrazine solution. The outlet of the gas-washing bottle was

connected to a carbon gas-mask filter, which was connected to a water aspirator.

During distillation a gas pipe was connected to the carrier-gas inlet on the still. The carrier-gas (Ar or

Nj) flow and the water aspirator were adjusted to give a gentle flow through the condenser. The still was

heat insulated with mineral wool and aluminium foil. Evaporized astatine was retained when the carrier gas

passed through the bubler and the column which contained refluxing chloroform. After discontinuing the

distillation and stopping the gas flow the column was washed with chloroform from the reservoir, which was

collected in the bubbler. Thereafter, the bubbler was disconnected from the rest of the condenser.

Dimensions of components: Aluminium target backing, 42x40 mm, thickness 3 mm and with a machined

circular cave with a diameter of 25.4 mm and depth of 0.5 mm; bismuth target, thickness 0.25 mm fused into

the cave and machined; still, height 20 cm, i.d. 7 cm; condenser column, length 5 cm, i.d. 5 mm.

containing NS^'AtJAB were concentrated, transferred to a glass vial and evaporated to

dryness with a stream of N2 or Ar.
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v°-^
o «»At in Chloroform

N-Succinimidyl-3-

(triintthylstannyl)benzoate

TBHP

v^°-N-

» u At

N-Succinimidyl-3-(8 l lAt)

astatobenzoate

Particle
pH"^ 9

Fig. 2. Labelling of aminated monosized polymer particles with "'At using the activated Una ester (ATE)

method. TBHP: *e«-butylhydroperoxide.

A dispersion of 5-10 mg monosized aminated particles in 0.5-1.0 ml of water was

added borax to adjust pH to about 9. The solution was then transferred to the vial

containing NS(2nAt)AB and mixed on a rotary shaker for 20 min. Then the astatinated

particles were added PBS-buffer (0.1 M phosphate, 0.15 M saline, pH 7.4) to dilute the

reaction mixture to 1/4 of its original concentration. The particles were finally centrifuged

and washed three times with PBS.

Stability testings of the final conjugate.

Volumes of 35 ftl of a dispersion of 5 mg/ml 2nAt-labelled particles in PBS, with a

specific activity of 2 MBq/mg particles, were added to test tubes with 150/d of either fetal

calf serum, human serum or human full-blood. The stability of the astatinated particles was

analysed by incubating at room temperature with an incubating shaker for either 4, 24 or

48 hours. After an incubation period, triplicates of each type of suspension were measured

for radioactivity in a LKB Wallac 1260 Multigamma II counter, before washing in PBS and
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centrifugation. After repeating the washing step two times, the particles were again

suspended in 185 /il PBS to adjust the detection geometry and the radioactivity measured

once more. The decay corrected activity measured after the washing procedure was divided

by the original activity to find the fraction astatine stably bound to the particles.

Results.

The routine irradiation of bismuth at the cyclotron gave a production yield of 8-12

MBq//tA h. By distillation, 40-70 % of the activity was collected in chloroform after one

hour. 70-90 % of the activity was incorporated into NS(*"At)AB in 30 min.

The conjugation of NS(2nAt)AB to the particles gave a reaction yield of 80 to 95 %

after 20 min. reaction. The total preparation time from the end of bombardment at the

cyclotron to the end of washing of the final product, was normally about 2.5 hours.

Approximately one third of the astatine initially on the target was recovered on the final

labelled microspheres (Table 1).

The stability measurements (mean ± SD for three paralleles per point) are presented

in Table 2. The stability was not significantly different from 100 % at any point.

Experiments were performed without the sep pak purification to see if it was possible

to save time. Although the total number of particle-bound amino groups exceeded the total

number of NSTB molecules by a factor of 10 or more, the quality of the final preparations

were varying. There was an increase in absorption of activity on the walls in the reaction

vial probably caused by the lipophilic NSTB which has a relatively low solubility in water.

To secure the reproducibillity of the experiments all preparations used for stability tests

were therefore purified using the sep-pak procedure.

Discussion.

When developing radiopharmaceuticals for therapy with shortlived nuclides like 2uAt,

short production time, high purity and high stability of the final compound are critical. In
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Table 1 Recovery of 2UAt during preparation

Procedure

Separation of 21IAt from Bi

target

Labelling of NSTB +

purification

Conjugation to particles +

purification

Decay correction

Total recovery of 21lAt

Chemical yield

40-70 %

80-95 %

90-95 %

29-63 % x 0.81*

23-51 %

Time spent

60 min.

40 min

35 min

Total: 135 min

'Fraction of 211At activity left after 135 minutes decay.

Table 2 In vitro stability (% astatine bound to the microspheres)

Medium

FCS

HS

HFB

Incubation period (hours)

4 24 48

99 ±7

99 ± 1

101 ±3

99 + 6

100 ±4

99 ±2

103 i 9

101 ±3

100 ±5

The in vitro stability (• SD for triplicates) of the mAt-labelled polymer particles after incubation and three

times centrifugation and washing. FCS: Fetal calf serum; HS: Human serum; HFB: Human full blood.

this study we describe the complete route for production of a new compound for selective

radiation of cavitary regions, like the intraperitoneal cavity, which fulfils these criteria.



2"At-labelling of Polymer Particles 985

At the distillation step, the temperature was the most critical parameter. The most

reproducible results were obtained when the distillations were performed at a temperature

just below the melting point of the aluminium target-backing (660 *C).

There was no difference in yields between nitrogen and argon as carrier gas. Less than

5 % of the volatile astatine activity escaped the condensing column. During and after the

distillation no activity was measured after the gas-mask filter.

NS(*nAt)AB was synthesized without using any type of carrier from the precursor

NSTB. The astatodestannylation step attached astatine covalently to an aromatic carbon

atom. The final amide bonding was expected to be stable at physiological conditions and

this was confirmed by our in vitro stability tests and has also been confirmed by in vivo

experiments which have been presented elsewhere (14).

In summary, we have demonstrated that aminated polymer particles can be labelled with

311At in high yield and that the final product has a very high stability within the time-frame

of several 2"At half-lives. The stability found for the astatine-particle linkage supports

earlier findings that aromatically incorporated astatine can be stable under physiological

conditions. Even for the complex enzymatic environment in human blood, the stability was

convincing. By using the compound described in this paper it seems possible to selectively

irradiate the intraperitonal cavity and surface with a high radiation dose with negligible

simultaneous irradiation of the deeper areas of abdominal organs like spleen, liver, kidneys

and intestines. Experiments performed with tumor bearing mice indicate that therapeutic

responses can be achieved at very low dose levels compared to the toxic dose-levels (16).

This may be possible due to the short range of the a-particles emitted from the decay of

2uAt, and the high chemical stability of the astatinated compound.
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ABSTRACT

Four different chemical forms of the a-particle emitting radionuclide 21lAt were

injected intraperitoneally in mice inoculated intraperitoneally 30 h in advance with 10*

cells of the K13 murine hybridoma cell line. The different 2nAt forms were a) free 2uAt,

b) 2UAt-labeled TP-3 nonspecific monoclonal antibody ("'At-TP-3), c) 2UAt-labeled

human IgGK ("'At-hlgGK), and d) 2UAt-labeled monodisperse polymer particles ^"At-

MDPP). A significantly prolonged survival (P < 0.05) was observed with injected doses

down to 7 kBq for the 2nAt-MDPP, and down to 25 kBq for 2UAt-hIgGK. There were

no significant differences in survival between 2uAt-MDPP, 2uAt-hIgGK, and 2nAt-TP-3

at the 200 kBq dose level. The group receiving 250 kBq free 211At per animal had a

shorter survival than the three other forms at 200 kBq. The groups treated with 500

kBq, 200 kBq, and 65 kBq 2UAt-MDPP had a similar survival. The group given the

highest dose of 2nAt-hIgGK (275 kBq) had the highest fraction (50 %) of long term

survivors of all groups. Biodistribution measurements and total body scintigrams in mice

without tumor revealed that the free 2UAt was distributed all over the body within 10

min after injection while at 2 h a high fraction of the 2uAt-TP-3 and 2UAt-hIgGK was

still present intraperitoneally. In conclusion this study indicates that 211At-labeled MDPP

and 2UAt-labeled IgG's may be efficient tools for treatment of intraperitoneal superficial

tumor cells and malignant ascites.
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Prtcis: Treatment with 2UAt-labeled monodisperse polymer particles and 211At-labeled

IgG improved survival significantly compared to free 2uAt and control untreated mice

with disseminated intraperitoneal tumor cells.
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Patients with ovarian cancer treated by surgery have a tendency to relapse

intraperitoneally due to small amounts of tumor cells that escape the treatment [1,2].

Because of the radiosensitivity of some cells of the intraabdominal organs,

intraperitoneal micrometastases are not well suited for external beam radiotherapy [3].

Intraperitoneal radiotherapy with colloids of the fl-emitters 32P and 198Au have been used

as adjuvant treatment, but without major therapeutic gains [4]. As an alternative,

intraperitoneal therapy with ot-particle emitters has been suggested. [5-9]. The high

energy of the a-particles is absorbed over a short path length which gives a high, but

very range-limited cytotoxicity [10]. The short range of a-particles (typically less than

100 fan) imposes a high demand on the microdistribution of the radiopharmaceutical.

Inhomogeneity in the distribution in the target region may cause a reduction of the

therapeutic efficacy. The choice of radionuclides must therefore be based upon both

their physical characteristics and chemical properties.

Due to their physical as well as chemical properties 112Bi and 2nAt have been

suggested as perhaps the two most suitable nuclides for a-particle internal radiotherapy

[8,9,11-13]. 211At has a longer half life than 212Bi (7.2 h vs. 1.0 h). This may be

advantageous if the carrier-vehicle is relatively large (e.g. polymer particles and

monoclonal antibodies), restricting its ease of diffusion in vivo. The a-particles of 5.87

MeV (42%) and 7.45 MeV (58%) from 211At disintegration, have tissue ranges of 55-80

^m. The average linear energy transfer (LET) value of 99 keV/^m is near the optimum

value [6]. This implies that the a-particles show a low oxygen enhancement ratio (OER)

and a high relative biological efficacy (RBE) in tissues [14]. The polonium K X-rays

of 77-92 keV following 211At decay may be useful for imaging the radionuclide

distribution in vivo [15].
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In an intraperitoneal tumor model in mice 211At absorbed on tellurium colloid was

reported to be therapeutically effective [16], but a later report concluded that 21IAt was

too rapidly released from the tellurium colloid, leading to an unfavorable biodistribution

[15]. A new radiopharmaceutical was therefore made by covalently binding 2>1At to

monodisperse polymer particles (MDPP) [17]. In vitro and in vivo experiments showed

that the 211At-labeled MDPP had high stability and a favorable biodistribution compared

to "Y and 32P colloids in mice [15]. Moreover, 2nAt-MDPP were found to be

therapeutically effective at very low doses in the K13 murine hybridoma cell

intraperitoneal tumor model [18].

The present investigation was made to evaluate the therapeutic potential of different

chemical forms of 211At. The intraperitoneal K13 hybridoma model [19] was used to

compare and evaluate free 2"At, two different 21IAt-labeled IgG proteins, and 21lAt-

MDPP.

MATERIALS AND METHODS

Polymer particles. Compact monodisperse polymer particles (MDPP) with a diameter

of 1.8 /mi were prepared by copolymerization of glycidyl methacrylate and ethylene

glycol dimethacrylate (8%) as described previously [20]. The epoxy groups of the

MDPP were treated with ethylenediamine resulting in 3.55 mmol NHj/g polymer.

IgG molecules. K13 tumor cells produce a monoclonal antibody that binds to human

IgGK (hlgGK). The hlgGK was therefore chosen for modeling the immuno-complexing

between administered antibody and shed antigens observed clinically [21]. Scatchaxd
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analyses [22] in vitro confirmed that the cell-binding capacity on K13 cells was

negligible for both 123I- and 2nAt-labeled hIgGK (no significant binding compared to

human osteosarcoma cells). This indicates low concentrations of and/or short resting

time for the K13-monoclonal antibody on the cell membrane. The hIgGK could therefore

be considered as a nonspecific protein with respect to the K13 cells. To quantify

possible therapeutic impact of any possible interaction between circulating K13

monoclonal antibody and 2nAt hIgGK, a murine anti-sarcoma monoclonal antibody, TP-

3 [23], of the class IgG2b was used as a control. Scatchard analyses verified that there

was no significant binding of TP-3 to K13 cells.

Labeling of proteins and polymer particles with 2uAt. 211At was produced with the

2WBi(a,2n)JllAt reaction. Thereafter, the 2uAt was released from the bismuth target by

a dry distillation procedure based on a method described previously [11,17]. The

radionuclide was coupled to the proteins and the MDPP using the activated tin ester

(ATE) method [24]. Briefly, 211At in 70 fd of CHC13 was added 0.3 /umol of N-

succinimidyl-3-(trimethylstannyl)-benzoate and 20 /anol of ferf-butylhydroperoxide and

stirred for 20 min. Thereafter the solution was eluted on a Sep-pak silicagel column

(Waters) as described earlier [17]. After removal of solvent from the purified product

(N-sucdnimidyl-([2uAt]astato)-benzoate) with Ar gas, 100 (A of MDPP dispersion (10

mg/ml, pH ~ 9) or 100 fA of hIgGK or TP-3 (5 mg/ml pH - 8.5) were added and the

reaction mixture was mixed for 20 min. After terminating the reaction with 0.3 ml of

0.2 M glycine in borate buffer (pH - 9) the 2llAt-hIgGic and 211At-TP-3 produced were

purified by elution on a gelfiltration column (Sephadex G-2S, PD 10) with 0.1 M

phosphate buffered saline (PBS) (pH = 7.4). After labeling, the 2UAt-MDPP were

washed twice with 0.1 M PBS (pH = 7.4). Free 211At was made by washing the
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condensing trap of the distillation unit with the PBS buffer described above. The

specific activity of the 211At-MDPP were approximately 4 MBq/mg particles, and the

specific activities of 211At-hIgGK and 211At-TP-3 ranged from 15-30 MBq 2UAt/mg

protein.

Tumor model. The K13 hybridoma model was used as tumor model [19]. K13 is a

murine B-cell hybridoma clone originally selected for its ability to produce an antibody

reactive to the kappa light chains of human IgG. The K13 cells grow well both in vitro

and intraperitoneally in Balb/c mice. Intraperitoneal injections of 106 cells in mice lead

to a rapid tumor progression and a median survival of the mice of 10-12 days only.

Female Balb/c mice were purchased at Charles River U.K., Ltd. (Kent, England). The

animals were treated following the Guidelines in Care of Laboratory Animals of the

Royal Society/UFAW [25], and the UKCCCR Guidelines for the Welfare of Animals in

Experimental Neoplasia [26]. The mice were allowed food and water ad libitum and

weighed approximately 20 g at the time of tumor cell implantation. K13 hybridoma cells

were harvested from in vitro cultures, washed and centrifuged before the concentration

was adjusted to 2 x 106/ml by suspending the cells in Dulbecco's modified Eagle's

medium whereafter the inoculation of 10* cells intraperitoneally in the mice was done.

Groups of 8-10 mice were injected intraperitoneally with 211At-preparations dissolved

in 0.5 ml of saline solution 30 h after tumor cell inoculation. The tumor progression in

the mice was followed by weight increase, and blood samples were taken for

measurements of K13 monoclonal antibody level (which is an indication of tumor

growth), three times a week during the first three weeks, and thereafter once a week.

Animals were killed by cervical dislocation if the weight increased more than 20%.

Tumor progression was normally confirmed by the K13 level in the blood [19], and by
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autopsy. Treated mice were followed for at least 120 days.

Biodistribution of the mAt forms. Female Balb/c mice without tumor were used to

investigate the tissue uptake and clearance rate, corresponding to the conditions of

miaoscopical tumor burden with unblocked lymphatics. The animals had a body weight

of 18 ± 1 g (mean t SD) and were injected intraperitoneally with 0.5 ml of saline

solution with either 750 kBq free211At, 50-100 kBq 2"At-TP-3 or 200 kBq 2UAt-hIgGK.

The specific activity was 25 MBq/mg for 2UAt-TP-3 and 15 MBq/mg for 2UAt-hIgGK.

Groups of 3 animals were sacrificed by cervical dislocation and dissected after 10 min,

2.5 h and 16 h. Tissue samples were weighed and measured for radioactivity as

described earlier [15]. Whole body scintigrams were taken at 10 min and 2 h

respectively, after injection of 0.5 ml of saline solution with either 1.6 MBq free2"At,

0.8 MBq 211At-TP-3 or 0.8 MBq 2uAt-hIgGK. A Siemens LFOV gamma camera with

a low energy high resolution collimator was used. A 25% energy window around 82

keV was used to detect the 77-92 keV X-rays from the Po daughter of 2nAt.

Statistical method. The significance of treatment response was evaluated using the

Wilcoxon rank sum test with a significance level of P < 0.05.



RESULTS

Survival. Dose survival plots of mice treated with 2uAt-MDPP are presented in Figure

1. Injected doses of 2nAt-MDPP down to 7 kBq gave a significant increase in survival

(P < 0.05) compared to the control. The therapeutic efficacy was similar for the dose

range of 65-500 kBq. For the 500 kBq group the survival was 20% for 100 days, but

one mouse was sacrificed at day 107 due to tumor progression, while one (10%)

survived above day 120. The 200 kBq group had no survivors above day 53. The 65

kBq group had one (11%) long term survivors. At the 2 kBq level the survival was not

significantly different from the untreated control group. Treatment with unlabeied MDPP

gave no difference in survival compared to the untreated group (data not shown).

In Figure 2 the survival of the groups treated with 25-275 kBq 2uAt-hIgGK is

presented. Ail groups had a significantly (P < 0.05) longer survival than the control

group. Treatment with unlabeled hlgGK (data not shown) gave no increase in the

survival compared to the untreated control group. The group treated with 275 kBq2UAt-

hlgGK had 50% long term survivors which was significantly (P < 0.05) higher than any

other group treated with 211At-labeled protein or 2nAt-MDPP.

The survival of mice treated with 211At-TP-3 and free 21lAt is presented in Figure 3

and Figure 4. The group injected with 200 kBq 211At-TP-3 had one (12.5%) long term

survivor. Otherwise, there was no difference between the 75 kBq and 200 kBq groups.

The survival of the 15 kBq group was not significantly different from the untreated

control group. The mice injected with free 211At had a significant (P < 0.05) increase in

mean survival at 250 kBq but no significant increased survival at 150 kBq compared

with the control group. However, the efficacy was significantly (P < 0.05) lower for the
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free 2uAt than for similar dose levels of the 2uAt-MDPP or the 2llAt-labeled IgG

proteins. Survival at the 200 kBq level was similar (no significant difference, P > 0.05)

for "'At-MDPP, 2UAt-hIgGK, and 2UAt-TP-3.

Biodistribution. Biodistribution data and whole body scintigram of 2nAt-MDPP have

been presented earlier [15]. It was then found highest radioactivity values in the

intraperitoneal fat with above 90% of injected dose/ per g tissue at 16 h. The diaphragm

had approximately 20%, the peritoneal walls had approximately 15%, and

intraabdominal organs like stomach, liver, spleen, intestines and kidneys had below 10%

of injected dose/g tissue at 16 h. The lung and the thyroid also showed some

radioactivity uptake (approximately 3% of injected dose/g). Blood, muscle and bone all

had values below 1%. Generally the uptake (% of injected dose) in tissues was higher

at 16 h than at 3 h.

In the present study biodistribution was measured for blood, intraperitoneal fat,

stomach, intestine, spleen, kidney, heart, liver, lung, muscle, and bone. The thyroid

glands were difficult to locate and were therefore not measured. The radioactivity

distribution calculated as percent of injected dose per g tissue is presented for free 2nAt,

2UAt-TP-3, and 2llAt-hIgGK in Figure 5. Free 211At was distributed rapidly all over the

body as indicated by the % of injected dose/g blood which was approximately similar

at 10 min and at 16 h after injection. Free 2uAt showed a particularly high uptake in the

stomach with 46.3% and 58.4% of injected dose/gram tissue at 2.5 h and at 16 h after

injection. The lungs had also a high uptake of free 211At with 15.6% of injected dose/g

tissue at 16 h after injection. The 2UAt-labeled proteins showed their highest uptake in

the blood. Uptake of 2uAt-TP-3 in blood was low at 10 min but increased to 14.2% of

injected dose/g tissue at 2.5 h. The level was approximately similar at 16 h. The uptake
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of 2UAt-hIgGK in blood was also low at 10 min but reached 18.6% and 27.6% of

injected dose/g tissue at 2.5 h and 16 h after injection, respectively. The InAt-TP-3

showed a high uptake in stomach (maximum 14.0% at 2.5 h) compared to 3UAt-hIgGtc

(maximum 5.1% at 2.5 h), which may indicate some release of 2uAt from the

radioimmunoconjugate.

Total body gamma camera scintigrams. Previously published total body scintigraphic

image of 211At-MDPP at 3 h after intraperitoneal injection in mice confirmed that most

of the radioactivity remained intraabdominally [15], The gamma camera scintigrams in

Figure 6, upper row, show the distribution of free 211At at 10 min (left) and at 2 h

(right) after injection. The radioactivity was spread all over the body already after 10

min. and after 2 h the stomach, bladder, and neck (probably thyroid) were visible

because of their high uptake. Figure 6, medium row, shows the distribution of 211At-TP-

3 10 min (left) and 2 h (right) after injection. A high level of radioactivity was retained

in the peritoneal cavity at 10 min. At 2 h after injection the intraperitoneal cavity still

retained a large fraction of the radioactivity, but some was also observed in the neck

and head indicating some blood uptake. Figure 6, lower row, shows the distribution of

2nAt-hIgGtc at 10 min (left) and at 2 h (right) after injection. A high level of

radioactivity was retained in the peritoneum without any visible uptake in the rest of the

body at both points of time.
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DISCUSSION

In the present investigation, four different chemical forms of the a-emitting

radionuclide JUAt were used, Le., free :uAt dissolved in PBS buffer, luAt-TP-3 IgG,

2UAt-hIgGK, and 21IAt-MDPP. It is noteworthy that every 2uAt-preparation had a

significant therapeutic (life prolonging) effect compared to the control group.

This study confirms the earlier finding [18] that IUAt-MDPP give therapeutic response

at a very low dose level. This can be explained by the high regional retention of MDPP

that causes the main fraction of the 21IAt to decay intraperitoneally. However, the

therapeutic responses for 21lAt-MDPP seems to reach a plateau where a further dose

increase does not give further therapeutic gab. This may be due to heterogeneous

distribution of the 2UAt-MDPP. Particles dispersed in a solution do not behave like

dissolved molecules which diffuse randomly. There may be some hot spots with many

particles and other spots with fewer particles. Steric hindrances may also exist,

preventing the particles from approaching some remote tumor cells. Both these effects

may lead to dose inhomogeneity and surviving tumor cells, and are important to be

aware of for any clinical application of 211At-MDPP.

The therapeutic efficacy of free 2uAt was limited by the rapid clearance from the

peritoneum, which gave a poor distribution advantage for the peritoneal region compared

to the rest of the body. Clearance from the peritoneal cavity occurred more slowly with

21lAt-labeled IgG molecules than with free 21lAt due to the difference in molecular size.

Because of the slight intraabdominal retention of the carrier vehicle and a relatively

short half-life of the nuclide, a substantial fraction of the 211At bound to TP-3 and hlgGtc

decayed within the peritoneal cavity. Compared to 211At-MDPP, however, the 2UAt-
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labeled IgG's had a large uptake of radioactivity outside the abdominal region. The ratio

of intraperitoneal radioactivity to whole body radioactivity may be increased by the

application of F(ab')2 or Fab fragments which are normally more rapidly eliminated

from the body. It should also be noticed that the clearance rate measured in mice

without tumor may be different from that in mice with tumor, since lymphatic blocking,

leading to ascites formation, gives a slower clearance rate of monoclonal antibodies

from the peritoneal cavity [27]. The biodistribution of 2UAt-TP-3 and 21lAt-hIgGK

confirms other studies which have shown an advantage with intraperitoneal injections

of monoclonal antibodies [28]. Clinical studies indicate that the intraperitoneal route of

administration may be even more favorable in humans, since the blood uptake after

intraperitoneal injections is slower and the maximum value much lower than the values

observed in mice [29-31].

The IgG proteins used as carriers of 2UAt in this study were clearly nonspecific with

respect to the K13 cells. The cytotoxic potential of the a-particles against the tumor

cells could therefore not be fully exploited, since the efficacy is greatly enhanced by cell

binding monoclonal antibodies [32,33]. The comparsion between 2uAt-TP-3 and 211At-

hlgGK at the 200 kBq dose level indicates that complexion between K13 monoclonal

antibodies and 21tAt-hIgGic did not influence the survival significantly.

It seems likely that the 2UAt-labeled proteins are more suitable than 2uAt-MDPP

because diffusion will give a more smooth dose distribution with 211At-labeled proteins,

although the proteins not are completely retained in the peritoneum. This is probably the

explanation for the higher fraction of long term survivors seen in the 275 kBq 2nAt-

hlgGK group compared to the 500 kBq 211At-MDPP group.

In this investigation the 211At doses given did not cause any sign of radiotoxicity. In
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the previous study [18], toxicity of 2nAt-MDPP was measured in mice without tumor,

which survived more than 120 days after receiving doses up to 17 MBq 2uAt-MDPP per

animal. The radiotoxicity for 2aAt-labeled proteins is likely to vary with differences in

clearance rate and biodistribution of different proteins. Preliminary results from an

ongoing experiment at our institution indicates that the maximum tolerable dose may

be between 50 and 100 kBq/g bodyweight (1 to 2 MBq/animal) of intraperitoneal

injected 211At-hIgGK and 2"At-TP-3 in Balb/c mice. The doses given in this investigation

may therefore not be the optimal therapeutic doses. The toxicity of free 211At has been

investigated and the maximum tolerable dose was found to be approximately 60 kBq/g

bodyweight in mice [34], and about 70 kBq/g bodyweight in rats [35]. Pathological

changes were reported to occur at considerably lower doses in both species [35,36]. Free

21lAt is therefore far from as promising as 2UAt-MDPP or 2UAt-IgG proteins for treating

intraperitoneal micrometastases and malignant ascites.

In conclusion, 2UAt-labeled proteins and 2nAt-MDPP both seem to have a high

therapeutic potential for intraperitoneal radiotherapy, while the high cytotoxicity, rapid

compartmental clearance, and unfavorable biodistribution makes free 211At not suitable

for this application. The therapeutic efficacy of 211At-labeled nonspecific IgG proteins

demonstrated in this study may also be important in the evaluation of 2llAt in

radioimmunotherapy (RIT) against intraperitoneal micrometastases. The results in this

study indicate that even antigen negative subpopulations can be greatly affected by

treatment with 2"At-labeled monoclonal antibodies. Investigations with a tumor specific

monoclonal antibodies in an intraperitoneal tumor model is therefore warranted.
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FIGURE LEGENDS

FIGURE 1. Survival of mice injected intraperitoneally with 10*K13 hybridoma cells

and treated 30 h later with 2uAt-MDPP compared to the control group.

FIGURE 2. Survival of mice injected intraperitoneally with 10* K13 hybridoma cells

and treated 30 h later with kBq 2UAt-hIgGtc compared to the control group.

FIGURE 3. Survival of mice injected intraperitoneally with 10* K13 hybridoma cells

and treated 30 h later with 2nAt-TP-3 IgG compared to the control group.

FIGURE 4. Survival of mice injected intraperitoneally with 106 K13 hybridoma cells

and treated 30 h later with free 211At compared to the control group.

FIGURE 5. Distribution of free 2UAt (upper plot), 21IAt-TP-3 (medium plot), and2llAt-

hlgGK (lower plot). Columns represent mean ± SE of percent of injected dose per g

tissue of three animals per time point. Abbreviations used on the x axis: Bio, blood; IPF,

intraperitoneal fat; Sto, stomach; Int, intestines; Spl, spleen; Kidn, kidney; Hrt, heart;

Liv, liver; Muse, muscle.

FIGURE 6. Total body scintigrams (dorsal views) 10 min (left) and 2 h (right) after

intraperitoneal injection of 1.6 MBq free 2uAt (upper row), 0.8 MBq 211At-TP-3

(medium row), or 0.8 MBq 211At-hIgGK (lower row) in one mouse each.
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Abstract The a-particle emitter 211At was covalently coupled to 1.8 fan aminated

monodisperse polymer particles (MDPP) and proteins (avidin, bovine serum albumin,

TP-3 IgG monoclonal antibody, and human IgGic) using the bifunctional labeling

precursor N-succinimidyl-3-(trimethylstannyl)benzoate (termed ATE). The specific

activity may influence the microdistribution and, hence, the therapeutic efficacy of a-

parttcle emitting compounds. The influence of specific activity was investigated for

2nAt-MDPP using mice with 106 tumor cells intraperitoneally disseminated. Groups of

mice (10 animals per group) were treated with intraperitoneal injections of 100 kBq of

2I1At-MDPP with specific activities of 0.19, 0.55, 1.7, 5.0, 15, and 45 MBq/mg. A

significantly prolonged survival was observed in the 6 groups that received 2UAt-MDPP

compared to the control group (from 19 to 26 days vs. 12 days, median). The difference

in survival between the groups treated with 2UAt-MDPP was not significant, but some

animals with short survival was observed in the groups that had received the 0.19, 15

and 45 MBq/mg preparations. K13 mAb values, indicating tumor growth, was high in

some animals in the 15 and 45 MBq/mg groups (day 7 values). This indicates that

specific activty of 2nAt-MDPP should be kept below 15 MBq/mg to secure more

reproducible treatment responses. Long term survivors (survival exceeding 120 days)

were observed in the 0.55 MBq/mg and 45 MBq/mg groups (one animal in each group).

Inactivation of K13 murine hybridoma cells with external beam X-Tays,2uAt-MDPP and

2uAt-labeled proteins was measured in vitro. X-ray irradiation gave Do = 0.53 ± 0.03

Gy, treatments with 21lAt-proteins gave D37 = 137 ± 10 kBq/ml (combined data for all

proteins) for 1 h incubation, and treatments with 2UAt-MDPP gave D37 = 37 ± 4 kBq/ml

(mean + SE) for 1 h incubation. Microscopy indicated that the high in vitro efficacy of

the 211At-MDPP was caused by a co-sedimentation of K13 cells and MDPP.



INTRODUCTION

Radiotherapy with a-particle-emitting radiopharmaceuticals has been suggested as an

alternative to ^-emitting radiocolloids in treatment of intraperitoneally disseminated

cancer and ascites (Bloomer et al., 1981; Macklis et al., 1989; Rotmensch et al., 1989).

The highly localized energy deposition, low oxygen enhancement ratio and high relative

biological effectiveness (RBE) of a-particles may be advantageous provided the tumor

cells can be effectively targeted (Brown, 1986). High therapeutic efficacy has been

demonstrated with a-emitters in preclinical models, but because of a relatively high

uptake of the radionuclides used in some normal tissues, the margins between lethal and

therapeutic doses were narrow (Bloomer et al., 1984; Macklis et al., 1989).

Recently, we developed a procedure where 211At was covalently attached to micro-

particles by coupling 211At to 1.8 fan aminated monodisperse polymer particles (MDPP)

using the activated tin ester (ATE) method (Larsen et al., 1993). The ATE method is

a two step procedure originally used for iodination and astatination of proteins (Zalutsky

& Narula, 1987). In vitro and in vivo experiments confirmed a high stability and a

favorable biodistribution of 2UAt-MDPP. Autoradiography after injection of 2UAt-MDPP

showed that the radioactivity remained mainly on the surface of intraperitoneal organs

(Vergote et al., 1992c). The K13 murine hybridoma cell line was used as a tumor

model. Intraperitoneal injections of 106 cells into Balb/c mice resulted in a rapid and

uniform intraperitoneal superficial tumor spread and a short mean survival (10 days) of

the animals (Vergote et al., 1992a). The therapeutic efficacy of 2UAt-MDPP was

compared with that of *°Y and 32P colloids in this tumor model, and in contrast to the

two radiocolloids 2uAt-MDPP caused cures at low doses. Treatment with unlabeled
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MDPP did not improve the survival compared to untreated control. One level of specific

activity (0.8 MBq 2nAt per mg MDPP) was used and four dose levels of 2"At-MDPP

(0.1,0.5, 1.0, and 2.5 MBq/mouse) were investigated. The number of cures was similar

(27-29%) for the 0.1 to 1.0 MBq groups but no cures were observed in the 2.5 MBq

group (Vergote et al., 1992b). The lack of a dose response relationship probably reflects

a heterogeneous microdistribution of 2UAt-MDPP in the peritoneal cavity of mice.

Chemical composition, size, and specific activity are parameters governing the

microdistribution of carrier-vehicles in internal therapy with radionuclides. With

radiation ranges typically less than 100 fan, a-particle emitters are particularly

influenced by source microdistribution (Humm, 1987; Humm & Chin, 1993).

Specific activity of 2uAt-MDPP may be a parameter influencing the micro-distribution

of the radiation. If the short ranged a-emitter is labeled to a small number of particles,

heterogeneous distribution of radiation may be the consequence. If the specific activity

is low, the size of the MDPP (1.8 fan) may sterically prevent a sufficient number of

2nAt-disintegations to occur within the a-particle range (< 80 fim) of the cells, resulting

in a lower probability of cell-inactivation. This may be a problem particularly with

tumor cells growing adjacent to normal tissue.

In the present work the influence of specific activity of luAt-MDPP was investigated

using the K13 intraperitoneal tumor model. In addition, the difference of MDPP and

protein as carrier for 2uAt was studied in vitro. First, the influence of specific activity

of 2nAt-MDPP was studied using mice inoculated with K13 cells. Groups of mice were

treated with 100 kBq/animal of 211At-MDPP of various specific activity ranging from

0.19-45 MBq/mg and compared for survival. Secondly, 2uAt-MDPP was compared to

zuAt-labeled nonspecific protein to see whether there was a general difference in the
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microdistribution and, hence, cell inactivation of the two types of sources. Survival

curves for K13 cells exposed to 2UAt-MDPP and nonspecific 21lAt-labeled proteins were

established. Different 2nAt-labeled proteins were combined in the same plot to derive

a regression line reflecting a free circulating 2"At source. The different 211At-labeled

proteins could thereby also be controlled against each other to ensure nonspecificity to

the K13 cells. Finally, the in vitro X-ray irradiation sensitivity of the K13 cells was

measured.

EXPERIMENTAL PROCEDURES

Production of "'At. 2nAt was produced at the cyclotron (Scanditronix MC 35) at

Oslo University using the 209Bi(a,2n)211At reaction by irradiation of a 0.2 mm thick

bismuth layer melted onto an aluminum backing (Larsen et al., 1993). An a-energy of

28 MeV and a beam intensity of 10-12 /JA were used. 2UAt was separated from the Bi-

target by dry distillation at 650-660 "C for 30-60 min. Argon was used as carrier-gas

and the 211At was trapped in two serial ice-cooled 2 mL gas-washing bottles containing

0.5 mL of chloroform.

Detection of 211At. During the chemical procedures 21IAt was monitored using a

Geiger Muller counter (Sealer Timer ST 7, Nuclear Enterprises), at two fixed distances

between the counter and the preparations. Samples of lower radioactivity were measured

using a multiwell LKB Multigamma 1640 counter which was adjusted for detection of

the 77-92 keV X-rays accompanying the 211At disintegration.



Carrier Compounds for mAt. Compact monodisperse polymer particles (MDPP)

with a diameter of 1.8 fan, were prepared according to the activated swelling method

(Ugelstad et al., 1980) by copolymerization of glycidyl methacrylate and ethylene glycol

dimethacrylate followed by treatment of the epoxy groups with ethylene diamine. The

MDPP had 3.55 mmoles of NHj/g polymer.

The proteins used were TP-3 IgG, a monoclonal antibody (mAb) against osteosarcoma

(Bruland et al., 1986), human IgGK (hlgGK) (Vergote et al., 1992a) avidin (Sigma

Chemical Company), and bovine serum albumin (BSA, Sigma Chemical Company).

Labeling Intermediate. The labeling intermediate N-succinimidyl-3-

(trimethylstannyl)benzoate (NSTMB) (termed the ATE-method) was used. The synthesis

of NSTMB was done according to published procedures (Garg et al., 1989), the

composition of the product was confirmed using nuclear magnetic resonance

spectroscopy, and the purity was determined to be above 96% using high performance

liquid chromatography (silicagel column, Supelcosil SPLC-si; mobile phase of

hexane/ethylacetate/acetic acid 70/29.91/0.09 v/v%; detection at 254 nm).

Conjugation of m At to the Carrier Compounds. 2UAt was bound to the NSTMB

using a method previously described (Zalutsky et al., 1989) with only minor

modifications. Briefly, 211At in 0.5 mL of chloroform was added 0.25 mg of NSTMB

and 2 mg of ferf-butylhydroperoxide and mixed strongly for 20 min. The reaction

mixture was then evaporated to dryness in a stream of Ar-gas, resolved in 50 /<L of

CHCI3, and loaded onto a Sep-pak silicagel cartridge (Waters). The Sep-pak was eluted

with 30 mL of hexane, 30 mL of 8% ethylacetate in hexane, and finally 10 mL of 30%

ethylacetate in hexane collected in 1 mL fractions. Fractions 3-5, which contained the

major portion of the eluted N-succinimidyl-S-^'Atjastatobenzoate, were used further.
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The fractions were pooled and evaporated to dryness with Ar-gas. Thereafter 0.5 mg of

protein in 150 pL of borate buffer (pH 8.5-9.0) or 100 /JL to 2 mL of MDPP solution

(10 mg/mL in borate buffer, pH 8.5) was added. The solutions were incubated on a

mixer for about 20 min. The protein labeling reaction was after that terminated with 0.3

mL of 0.2 M glycine in borate buffer. The 2llAt-labeled proteins were purified on

Sephadex G-25 PD10 columns (Pharmacia) eluted with 0.1 M phosphate buffered saline

(PBS, pH 7.4). 2llAt-MDPP were washed in PBS and centrifuged and the supernatant

with unconjugated 211At was removed. If the supernatant contained more than 5% of the

activity the washing step was repeated. Specific 211At activities of 0.19-45 MBq/mg for

the MDPP and 8-21 MBq/mg for the proteins were used.

Quality Control and Stability of the Preparations. The stability of 2uAt-MDPP

was measured after 24 h incubation in fetal calf serum (FCS) at room temperature. After

three times washing/centrifuging the stability was found to be above 90% for all

preparations. The quality of the 21IAt-labeled proteins used in this study was not

measured for the individual preparations. However, the validity of the production

method was supported by the following observations: (a) multiple labeling experiments

with 211At and 125I of TP-3 mAb gave radioimmunoconjugates with a high and similar

immunoreactivity to antigen positive cells (Larsen et al., 1994b), (b) 2nAt-BSA

incubated in FCS for 2 h was eluted through Sephadex G-25 PD 10 columns with a

recovery exceeding 80% (Larsen, unpublished results), (c) The in vitro toxicity of 211At-

BSA and 2uAt-TP-3 on antigen negative cells was similar (Larsen et al., 1994a), and (d)

the distribution of 2nAt-TP-3 and 211At-hIgGK compared to free 2uAt in mice was

completely different (Larsen et al., manuscript submitted).
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Cell Line. The murine B-cell hybridoma line, K13 was cultured in 80 cm2 plastic

tissue culture flasks (Nunclon) containing IS mL of Dulbecco's modified Eagle's

medium (DMEM) supplemented with 10% fetal calf serum, sodium puryvate (1 mM),

L-glutamine (2 mM), penicillin (100 units/mL) and streptomycin (100 ftg/mL).

Incubation was done at 37°C in humidified atmosphere of 5% CO2 in air and the cells

were subcultured every third day.

Binding of the 2nAt-labeled proteins with the K13 cells was tested to ensure a

nonspecific irradiation of the cells. 211At-labeled proteins and K13 cells were mixed and

incubated on a shaker for approximately 1 h. A K13 cell concentration of 5»10*

cells/mL and a protein concentration of 0.2 /<g/mL in 150 f£L of cell culture medium

were used. After washing three-times in PBS and counting for cell bound radioactivity

as described (Vergote et al., 1992c), it was verified that the binding of mAt-labeled

proteins to cells was low (less than 30 000 molecules/cell at the highest doses). The

nonspecificity was also confirmed using 123I-labeled proteins (Data not shown). Although

the K13 mAb produced by the cells binds to hlgGK, the binding of MgGK to K13 cells

was not significantly different from the other proteins used.

In Vivo Studies. Female Balb/c mice were purchased at Charles River U.K. Ltd.

(Kent, England). The animals were taken care of in accordance with the Guidelines on

Care of Laboratory Animals of the Royal Society/UFAW (UFAW, 1987; UKCCCR,

1988). The mice weighted approximately 20 g at the start of the experiment.

Approximately 10* K13 cells obtained from in vitro cultures and suspended in 0.5 mL

of DMEM were inoculated intraperitoneally in each mouse. Intraperitoneal injections of

100 kBq of 2nAt-MDPP with various specific activity were given 30 hours later to

groups of 10 animals. Tumor progression was followed by measuring the K13 mAb
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level in blood samples as described (Vergote et al., 1992a). Bodyweight of the mice was

also measured and animals were sacrificed by cervical dislocation when showing a

weight increase of more than 20% or deteriorating condition.

Treatment of K13 Cells with J"At-MDPP, 3"At-Labeled Proteins, and External

Beam X-Rays in Vitro. Suspensions of K13 cells were made from cells collected in

exponential growth and the cell concentrations were adjusted to approximately S ÎO5

cells/mL in culture medium. Plastic tubes (Nunclon, 10 mL) with 0.5 mL of single cell

suspension were added either 211At-MDPP or one of the znAt-labeled proteins and

incubated on a shaker for approximately one hour at room temperature. Immediately

after incubation the cell suspensions were diluted 20 times with culture medium.

Cell suspensions of 1 mL in 10 mL plastic tubes were irradiated using a Miiller RT

250 X-ray unit, operated at 220 kV, 20 mA and with 0.5 mm Cu-filtration (Rofstad,

1992). Irradiations were performed at a dose rate of 3.6 Gy/min at room temperature.

Immediately after exposure the cell suspensions were diluted 10 times with culture

medium. Washing followed by centrifugation was not done, to avoid a-particle crossfire

in the pellets from co-sedimented 211At-MDPP. The treated cell suspensions were

additionally diluted 10-1000 times with culture medium before plating in 96-well plates

(Nunclon), using 1-3 plates for each dose level at each experiment. Based on initial

experiments the number of cells plated in each well was adjusted to give in average 0.3

to 1.5 colonies per well. Finally, 50 jiL of cell suspension was added to each well and

the cells were incubated in humidified atmosphere of 5% CO2 in air for 2 weeks with

addition of culture medium after 1 week. Colonies were counted using a

stereomicroscope. The plating efficiencies varied between 55% and 100%.
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Statistics and Dose Calculation. Each 96-well plate was considered as a triplicate

with 32 wells as one statistical unit. A theoretical X-ray survival curve was fitted to the

data obtained from the in vitro experiments using the multitarget-single-hit model. Log-

linear regression analyses were used to fit survival curves to the in vitro experimental

data for 2uAt-labeled proteins (data combined for all the different proteins) and 2uAt-

MDPP. The exposure with }"At is expressed as added activity (kBq/mL) to the cell

suspensions. The paired students f-test with a significance level of P = 0.05 was used

to investigate differences between the D37 values of 2uAt-MDPP and 2uAt-labeled

protein. The difference in survival of the different animal groups were investigated using

Wilcoxon's rank sum test.

RESULTS

Typical yields of the cyclotron irradiations were 10-14 MBq/(uA»h). The recovery

of 2UAt from target to the final product was 30-60% (25-50% net radioactivity

recovery) for 2nAt-MDPP and 20-40% (16-32% net radioactivity recovery) for 211At-

proteins. The time required in a typical run was 2 h 15 min for 21lAt-MDPP, and 2 h

30 min for 2nAt-labeled proteins from the end of the cyclotron irradiations to the end

of the final purification step.

Survival data of mice with K13 tumor treated with 100 kBq of 211At-MDPP with

specific activity ranging from 0.19 - 45 MBq/mg show that the treatments had a

significant therapeutic effect for all six groups (P < 0.05) when each group was

individually compared to the untreated control group. The survival of the treated animals
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is presented in Table I. The control group had a survival of 12 days median. No

significant differences in median survival were observed among the2nAt-MDPP groups.

However, some animals with short survival were found in the groups given 0.19, 15,

and 45 MBq/mg preparations. Long term survivors (no signs of tumor development

within 120 days) were observed in the 0.55 MBq/mg and 45 MBq/mg groups (one

animal in each group).

K13 mAb level in blood of mice with K13 tumor is presented in Table II. The data

represent the values at day seven after cell inoculation. The median K13 mAb levels

were similar in the 211At-MDPP treated groups and in average approximately 1/10 of the

level of the control group. A larger spread in values was seen in the 15 and 45 MBq/mg

groups compared to the other 2nAt-MDPP groups.

The external beam X-ray cell survival curve for the K13 cell line is presented in

Figure 1. The cell line was found to be radiosensitive with a Do of 0.53 t 0.03 Gy

(mean ± SE) and a n value of 16.1 ± 2.5. The cell survival curve for K13 cells treated

with 2uAt-BSA, 2UAt-TP-3,2IIAt-avidin and 2UAt-hIgGK is presented in Figure 2. The

D37 was 137 ± 10 kBq/mL (mean ± SE), for 1 h of incubation, for the combined data

from the four different proteins. There was a good agreement with the regression line

for all data points, and this indicates that the four 2UAt-labeled proteins had a similar

cytotoxicity. Unlabeled proteins had no measurable cytotoxicity.

In Figure 3 the cell survival curve of K13 incubated with 2nAt-MDPP is presented.

The D37 was measured to be 37 ± 4 kBq/mL (mean ± SE), for 1 h of incubtion. Based

on the in vivo data showing a similar efficacy at intermediate specific activities, data

from batches with specific activities of 2, 3, 8, and 9 MBq/mg were pooled. Unlabeled

particles had no measurable cytotoxicity.
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DISCUSSION

Particles with the composition and size of the MDPP are dispersed rather than

dissolved in aqueous media, and may therefore differ from dissolved compounds (e.g.,

proteins) as a carrier of radionuclides. The use of a physiologically stable 2"At-MDPP

conjugate makes it possible to radiate a cavity selectively and, due to the short ranges

of the a-particles emitted, without delivering harmful radiation doses to the deeper

regions of adjacent tissues. That is because21'At-MDPP injected intraperitoneally mainly

localizes on the surface of intraperitoneal organs, as shown previous with

autoradiography (Vergote et al., 1992c).

In this investigation we hoped to find an optimal value of the number of 2UAt per

particle for treatment of intraperitoneally disseminated K13 cells. No significant

difference was found even though the 211At/particle ratio varied from 19 to 4400 and the

number of injected particles varied from 8.4-105 to 2.0«10* (vs. 10* K13 cells injected).

However, short survival of some animals was observed in the 0.19,15, and 45 MBq/mg

groups. Comparison of K13 mAb blood-level values show a high spread of values in

the 15 and 45 MBq/mg groups while the 0.19 MBq/mg was similar to the intermediate

groups. This suggests that a specific activity below 15 MBq/mg should be used to give

more reproducible treatment responses.

The treatment of tumor-bearing mice with 2 n At-MDPP gave a therapeutic response

consistent with our previous findings (Vergote et al., 1992b), although the percent long-

term survivors was higher in the previous study.
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It is noteworthy that the 21IAt-MDPP had a significantly lower D37 value than the

2nAt-proteins, as measured on single cell suspensions in vitro. This indicates that 2UAt-

MDPP delivers a higher radiation dose to the cells than extracellular, relatively

homogeneously distributed, 2uAt-labeled protein. This may be explained by a tendency

of MDPP to aggregate to the K13 cells. When MDPP and K13 cells were mixed in

vitro, massive aggregation was observed by microscopy. The reason for this

phenomenon is probably electrostatic attraction and/or co-sedimentation between K13

cells and MDPP.

The X-ray survival curve of the K13 cell line indicates a high radiosensitivity to low

linear energy transfer (LET) radiation. However, the survival curve had a relatively large

shoulder as indicated by the « value. The curves of the 21lAt-preparations show typical

pattern of high LET radiation, i.e., straight curves with no initial shoulders.

In conclusion this study shows that a wide range of specific activities of 2uAt-MDPP

can be used without significant changes in median survival of groups of mice with

intraperitoneal tumor. However, specific activities below 15 MBq/mg may give more

reproducible treatment responses. This study also shows that 2uAt-MDPP are particularly

effective against K13 cells in suspension. If this tendency is general for cells, and can

be confirmed with human cancer cells, 2UAt-MDPP may be a potential agent for

treatment of malignant ascites. Further studies with human cancer cells are therefore

warranted.
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Table I. Survival of mice inoculated intraperitoneally with 10* K13
cells and treated 30 h later with JUAt-MDPP of different specific
activity.

Survival6 (days)
Specific activity*

(MBq/mg) ~~
Median Range

0.19 21 14-30

0.55 26 19-120*

1.7 23 19-52

5.0 19 16-21

15 21 14-42

45 19 12-120°

Control 12 9-14

"Each mouse was injected with approximately 100 kBq of J"At-MDPP.
"Each group consisted of 10 animals.
'Surviving animals were sacrificed at day 120. No signs of tumor
growth were observed at necropsy.
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Table II. K13 mAb level in blood of mice with intraperitoneai
K13 tumor treated with mAt-MDPP or different specific
activity.

Specific activity*
(MBq/mg)

0.19

0.55

1.7

5.0

15

45

Control

K13

Median

4.0

4.5

6.5

6.5

6.0

7.0

55

level' (mg/L)

Range

0.2-11

0.2-13

0.2-11

3.0-12

0.2-50

0.2-60

9.0-110

"Each mouse was injected with approximately 100 kBq of M1At-MDPP.
bAt day 7 after tumor cell inoculation. Each group consisted of 10 animals.
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FIGURE LEGENDS

Figure 1. X-ray irradiation survival curve for the K13 hybridoma single cell suspensions.

Points, mean t SE calculated from 4-5 individual experiments (each experiment done

in three parallelles at each dose level). .

Figure 2. Survival curve for K13 hybridoma single cell suspensions treated with 2"At-

labeled proteins. Points, mean ± SE of 2 individual experiments (each experiment done

in three parallelles at each exposure level) with 2"At-hIgGK (A), 2uAt-TP-3 (D), 2uAt-

BSA (o) and 211At-avidin (•).

Figure 3. Survival curves for K13 hybridoma single cell suspensions treated with 211At-

labeled polymer particles ("lAt-MDPP). Points, mean ± SE calculated from 2-3

individual experiments (each experiment done in three parallelles at each exposure level)

with 2uAt-MDPP.
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