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Summary

This thesis covers research on radiotherapy of bone cancer using bone seeking
radiopharmaceuticals i.v. applied. Such research generally has been confined to the treatment
of bone pain in people with metastatic bone cancer but on occasion also for Ireating cases of
osteosarcoma. It is typically used when there are multiple metastatic lesions in the skeleton,
which makes local and focal treatment impractical and systemic treatment the alternative. The
treatment is tumour specific since the radiopharmaceutical targets the area of increased
mineral tumover. This allows selective uptake and prolonged radiopharmaceutical retention in

these areas.

An ideal radiopharmaceutical for the treatment of neoplastic bone disease would be a
radiolabelled compound, which would predominantly accumulate in the bone lesion with

limited access to normal bone and other organs.

Criteria governing the selection of the radionuclide are pariticle range, physical half-life,
gamma yield (for scintigraphic monitoring), chemistry and type of hgand. The most
commonly used radionuclides at present are phosphorus-32, strontium-89, fin-117m,

samarium-153, and rhenium-~186/188.

Currently the available bone seeking agents which are phosphonate containing ligands tend to
localize throughout the skeleton. This thesis focuses on methylenediphosphonic acid (MDP),
1- hydroxy-ethylenediphosphonic acid (HEDP), and the novel agent polvethyleneimine
functionalised with methylene phosphonate groups (PEI-MP) from this laboratory, as well as
the octa-anion ethvlenediaminetetramethylphosphonate (EDTMP). MDP and HEDP are
bisphosphonates, EDTMP a multidentate aminophosphonate. In targeted therapy EDTMP is
used in combination with "**Sm and might be binding to hydroxyapatite crystals in a different
manner than HEDP.

""*Re-HEDP is used for palliation of bone pain to metastatic bone cancer. Complications
known with **$Sm-EDTMP and '"*Re-HEDP treatment are myelotoxicity and in some cases a

transient  increase in  bone pain  following treatment (flare  response).
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In contrast to this "**Re-HEDP appears to fulfil the criteria of a good radiotherapeutic agent as
it has a stronger B-emission than '**Sm and "**Re and a shorter physical and biological half-

life which reduces myelotoxicity.

The aim of this research is 10 optimise and investigate novel bisphosphonate containing
ligands for targeted radiotherapy of neoplastic bone disease using rodent and primate animal

models and scintigraphy.

The successful outcome of these studies requires that the normal primate (Papio ursinus) with
its in vivo bisphosphonate behaviour for purposes of scintigraphic monitoring, (using *™Tc-
MDP), be validated as a useful model to interpret experimental results and extrapolate to man

as was done successfully in the fracture healing experiments discussed here.

The pharmacokinetics of '**Sm-EDTMP, the well known therapeutic radiopharmaceutical
used for palliation in painful human skeletal metastases, was determined in normal primates
by scintigraphic monitoring and compared with available human dala in order once more to
establish sufficient similarity of in vivo behaviour and thus direct the meaningful confinuation

of these biodynamic investigations.

A novel approach for ligand optimisation involving neoplastic tissue’s abnormal blood supply
(increased permeability) and lack of lymphatics (EPR eflect) was investigated, whereby
radiolabelled macromolecules accumulated selectively at the target site. The synthesis of the
macromolecule polyethyleneiminomethyl phosphonic acid (PEI-MP), and its labelling with
?™Tc, as well as quality control have been described in detail. Macromolecular sizes ranged
from 3 to 300 kDa and the label ™ Tc was selected 10 serve as tracer for the scintigraphic
biodistribution studies performed in normal adult male primates. The results allowed the
identification of a suitable size-fraction, i.e. 10-30 kDa of PEI-MP, as a bone-seeking ligand.
Molecular sizing of the polymeric PEI-MP can drastically alter its pharmacokinetic

properties.

To exploit these encouraging results, of organ spaning and speedy urine excretion a study of
bone tumour accumulation of ®™T¢c-PEI-MP was done in five dogs with spontaneous
occuring appendicular osleosarcomas. Mean tumour: background uptake of 4:]1 was obtained

with the molecular size fraction 10-30 kDa. To fulfil a therapeutic role the most suitable
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ligand would have to form a stable and appropnate complex with one or more of the

therapeutic radionuclides e.g. **Sm, "Re and ''"™Sn(II).

For informed selection of such a radionuclide which would be successfully complexed with
the ligand PEI-MP for targeted delivery to osteosarcoma/metastatic bone tumours, metal ion
speciation in blood plasma was used to predict the in vivo behaviour of the potential bone-
seeking therapeutic radiopharmaceuticals. The blood plasma model ECCLES used here,
included PEI-MP as ligand, and predicted good in vivo behaviour of ''"™Sn(II)-PEI-MP, but
not so when complexed with **Sm and '**Ho. Labelling of PEI-MP with ""™Sn(II) and aiso

with '"®Re was subsequently successfully achieved.

It is known that changing the radionuclide label of a particular ligand might change the
resultant biodistribution. Therefore the biodistribution of variously molecular sized 17mg n(In)-
polvethyleneiminomethyl phosphonate complexes were investigated in the normal primate
model to establish their potential as selective therapeutic bone agents. The in vivo stability of
H7mgn-PEI-MP, and reduced accumulation in the kidneys and normal bone observed from
these biodistribution studies prompted the investigation of its potential to exploit the EPR
eflect due 10 its macromolecular nature, where bone malignancies are present. The tumour
uptake of '""™Sn-PEI-MP in different types of canine osteosarcoma induced into nude mice,

was therefore studied.

The osteosarcoma model followed from subcutaneous injection of canine osteosarcoma cells
with high lung metastatic capacity (HMPOS) in some mice, and without this capacity (POS)
in another group. The former yielded faster growing non ossified tumours compared to slower
growing tumours from POS cells, with ossified tissue, both observed histologically, The high
accumulation of ''"™Sn-PEI-MP in the bladder wall is of great concern and a focus of

continuing research.

There is however no doubt that the ligand PEI-MP exhibits promising characteristics for
targeted delivery of therapeutic radionuclides to neoplastic bone lesions and essentially spares

vital organs and normal bone.

The normal primate furthermore tumed out to be a uselul model from which to interpret

scintigraphic results related to in vivo bisphosphonate behaviour, also for scintigraphic

1ii
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monitoring ol the pharmacokinetics and biodistribution of bone therapeulic

radiopharmaceuticals.



Opsomming - Nuwe Fosfonaatbevattende Ligande vir die
optimaal teikengerigte Radioterapie van Neoplastiese
Beenletsels deur gebruik

van Dier Modelle en Sintigrafie

Hierdie proefskrif handel oor navorsing in radioterapeutiese behandeling van beenkanker
deur gebruik te maak van beensoekende radiofarmaseutika wat binneaars toegedien word. Oor
die algemeen was sodanige navorsing dusver beperk tot die behandeling van beenpyn in
persone met metastatiese beenkanker, maar by geleentheid ook vir die behandeling van
gevalle van osteosarkoom. Dit word tipies gebruik waar daar veelvuldige melastatiese letsels
in die skelet aanwesig is, wat plaaslike en fokale behandeling onprakties maak en sistemiese
behandeling die alternatief is. Die behandeling is tumorspesifick aangesien die
radiofarmaseutika die area van vermeerderde mineraalomsetting as teiken het. Dit maak

voorstening vir selektiewe opname en verlengde radiofarmaseutiese retensie in daardie areas.

‘n ldeale radiofarmaseutikum vir die behandeling van neoplastiese beenletsels sou n
radioaktief gemerkte verbinding wees wat hoofsaaklik in die beenletsels akkumuleer met

beperkte opname deur normale been en ander organe.

Kriteria wat die keuse van die radionuklied bepaal, sluit in die reikwydte van die partikels,
fisiese halfleefiyd, gamma-lewering (vir sintigrafiese monitering), chemie en die tipe ligand
Die radionukliede wat 1ans die meeste gebruik word, is fosfor-32, stronfium-89, tin-117m,

samarium- 153 en renium-186/188.

Die beensoekende middels tans beskikbaar, naamlik ligande wat fosfonate bevat, neig om
deur die tolale skelet te versprei. Hierdie proefskrif konsentreer op metileendifosfoonsuur
(MDP), 1-hidroksie-etileendifosfoonsuur (HEDP) en 'n nuwe middel poli-etileenimien
gefunksionaliseer met metileenfosfonaatgroepe (PEI-MP) (uit hierdie studie), asook die okta-
anmioon etileendiamientetrametielfosfonaat (EDTMP). MDP en HEDP is bisfosfonate,
EDTMP is ‘n multidentaataminofosfonaat. By teikengerigle terapie word EDTMP saam
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met '*Sm pebruik en sou moontlik bind aan hidroksiapatiet kristalle op ‘n ander wyse as
HEDP.

1% Re-HEDP word gebruik om beenpyn by metastaticse beenkanker te verlig. Bekende
komplikasies, wat voorkom by '“*Sm-EDTMP en '*Re-HEDP-behandeling, is
miélotoksisiteit en in sommige gevalle, ‘n beenpyn van verbygaande aard wat n4 behandeling
aanwesig is (flare response). '"*Re-HEDP voldoen in ‘n groter mate aan die kriteria van ‘n

3
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goeie radiolerapeutiese agent, in die lig van die sterker bela-uilstraling teenoor die van
en "*°Re, asook ‘n korter fisiese en biologiese halfleefiyd het, met gevolglike verminderde

miélotoksisiteit.

Die doel met hierdie navorsing is om nuwe ligande wat bisfosfonaat bevat te optimaliseer en
hul aanwending te bestudeer by teikengerigte radioterapie van neoplastiese beenletsels deur

gebruik te maak van sintigrafie en knaagdier- asook primaatmodelle.

Die suksesvolle uitkoms van hterdie studie sou vereis dat die in vivo bisfosfonaatgedrag in die
normale gesonde primaat/Kaapse bobbejaan (Papio ursinus) vir doeleindes van sintigrafiese
monitering. (deur gebruik te maak van “™Tc-MDP), beveslig moe! word, om sodanig as ‘n
geskikte model te dien vir interpretering van eksperimentele resultate en vir ekstrapolering na
die mens. In hierdie doel is suksesvol geslaag soos aangetoon deur

fraktuurgenesingseksperimente.

As gevolg van abnormale bloedtoevoer (verhoogde permeabiliteit) na en gebrek aan limfvate
in neoplastiese weefsel, sou radioakhel gemerkte makromolekules (bisfosfonate) selektiel

akkumuleer 1n die letsels.

Hierdie vorm dus die basis vir ‘n nuwe benadering van ligand optimalisering, Die sintese van
die makromolekuul poliétileeniminometiel {osfoonsuur (PEI-MP) en die merking daarvan met
7™, sowel as kwaliteitskontrole word breedvoerig beskryf, Makromolekulére groottes wat
wissel van 3 tot 300 kDa en ®™Tc is gekies as spoorder (‘tracer’) vir die sintigrafiese
biodinamika studies uitgevoer op normale volwasse manlike primate. Die resultate maak die
identifisering van fraksies met geskikte groottes, naamitk 10-30 kDa van PEI-MP, as ‘n
beensoekende ligand moontlik. Die grootte van die makromoiekules van die polimeriese PEI-

MP kan die farmakokinetiese eienskappe drasties verander.

vi
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In die lig van belowende resultale van orgaanbeskerming en snelle uitskeiding in urien is ‘n
ondersoek gedoen, to.v. beemumor akkumulasie van *™Tc¢-PEI-MP, in vyf honde mel
spontane appendikulére osteosarkomas, Gemiddelde tumor tot agtergrond-opnames van 4:1 is
verkry met molekulére fraksie-grootie van 10-30 kDa. Om die terapeutiese doel te bereik,
moet die mees geskikle ligand ‘n stabiele en toepaslike verbinding vorm met een of meer van

die terapeutiese radionukliedes, byvoorbeeld 'Sm, '"**Re en "'"™Sn (I1),

Vir die ingeligte keuse van so ‘n radionuklied, wat suksesvol bind met die ligand PEI-MP, om
die osteosarkoom / metastaliese beentumors e leiken, was metaalioon spesiéring in
bloedplasma gebruik om die in vivo gedrag van die potensieel beensoekende terapeutiese
radiofarmaseutika te voorspel. Die bloedplasma-model ECCLES wat hier gebruik is bevat
PEI-MP as ligand en het goeie in vivo respons van '"™Sn(1I)-PEI-MP aangedui wat nie die

geval was met '*Sm en '*Ho komplekse nie.

Merking van PEI-MP met ''"™Sn(II) en met '*Re was daama suksesvol uitgevoer. Dit is
bekend dat die verandering van die merker (radionuklied) van ‘n spesifieke ligand die
biodistribusie moontlik kan verander. In die lig hiervan is die biodistribusie van verskeie
molekulére groottes van ''7™Sn(ll)-poliétileeniminometiel fosfonaat verbindings ondersoek by
die normale primaaimodel om die geskiktheid te bepaal as selekliewe terapeutiese
beenmiddels. Die in vivo stabiliteit van ''"™Sn-PEI-MP en die verminderde akkumulasie in
die niere en normale been soos uit hierdie biodistribusie studies waargeneem was, het as
aansporing gedien om die potensiéle toepassing te bestudeer van die EPR-effek (Verhoogde
permeabilitert en retensie effek) by been tumore a.g v. die makromolekulére eienskappe van
die polimeer by die tumore. In die lig van die laasgenoemde was die tumor-opname
ondersoek van ''"™Sn-PEI-MP in verskillende soorle honde-osteosarkomas, in muise

geinduseer.

Die osteosarkoommodel volg vanuit die subkutane inspuiting van die selle van honde-
osteosarkoom met hoé longmetastatiese kapasiteit (HMPOS) in sekere muise en sonder
hierdie kapasileit (POS) in die ander groep. Eersgenoemde het snellergroeiende nie-
ossiliserende tumore gelewer teenoor die stadigergroeiende tumore van POS-selle met
histologies bevestigde ossifiserende weefsel. Die ho# voorkoms van ''"™Sn-PEI-MP in die

blaaswand, is kommerwekkend en gevolglik ook ‘n fokus van voorigesette navorsing.
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Hierdie navorsing het duidelik aangetoon dat die PEI-MP-ligand belowende eienskappe toon
vir teikengerigte lewering van terapeutiese radionukliedes aan neoplastiese beenletsels, sonder

om lewensbelangrike organe en normale been te benadeel.
Die normale primaat blyk ook ‘n geskikte proefdier te wees om sintigrafiese resultate van

bisfosfonaatgedrag te interpreteer. asook vir sintigrafiese monitering van die farmakokinetika

en biodistribusie van beenterapeutiese radiofarmaseutika.
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Chapter 1 - Introduction

1.1 Background

The field of research reported on in this thesis covers procedures of radiotherapy of bone
cancer using bone seeking radiopharmaceuticals i.v. applied. To a large extent such research
generally has been confined to the treatment of bone pain in people with metasiatic bone
cancer but on occasion also in cases of osteosarcoma (Goeckeler er /., 1987; Holmes 1992;
Bruland et al., 1996; Serafini, 2001). It is typically used when there are multiple melastatic
lesions in the skeleton, which makes local and focal treatment impractical and systemic
treatment an attractive alternative (Lewington, 1996). The treatment is tumour specific since
the radiopharmaceutical targets the area of increased mineral tumover. This allows for
selective uptake and prolonged radiopharmaceutical retention in these areas (Goeckeler ef al.,
1987). It also sugpests that treatment would be more effective in predominantly sclerotic
lesions associated with brisk osteoblastic reaction than in destructive lesions. Since the
treatment is localized to the active lesions in certain parts of the skeleton, toxicity is reduced
minimising damage to healthy tissue. However this is not always the case as myelotoxicity
occurs with high doses of radiopharmaceuticals (Lattimer er al., 1990, Bayouth ¢/ al., 1994;
Milner er al., 1998; Franzius er af., 2002; Anderson er al., 2002).

An ideal radiopharmaceutical for the treatment of neoplastic and inflammatory (benign) bone
diseases would be a radiolabelled compound, which would predominantly accumulate in the

bone lesions with limited access to normal bone and other organs. (Bouchet ef a/., 2000)

Critena governing the selection of the radionuclide are particle range, physical half-life,
gamma vield (scintigraphic momtoring), chemistry and type of higand. The most commonly
used radionuclides at present are listed in Table 1-1 (Atkins, 1998; Liepe ef al., 2000; Body &
Mancint, 2002).

Currently the available bone seeking agents which are phosphonate containing ligands tend to
localize throughout the skeleton. This thesis focuses on methylenediphosphonic acid (MDP),
1- hvdroxy-ethylenediphosphonic acid (HEDP), and a novel agent polyethyleneimine
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functionalised with methylene phosphonate groups (PEI-MP), as well as the octa-anion
ethylenediaminetetramethylenephosphonate (EDTMP). MDP and HEDP are bisphosphonates,
EDTMP a multidentateaminophosphonate which tends to form a more stable chelate with
fewer structural forms than HEDP (Lin, 1996). In targeted therapy EDTMP is used in

. - . 1
combination with **

Sm and might be binding to hydroxy-apatite crystals in a different way
than HEDP. In a review by Serafini (2001) the effect of EDTMP on bone neoplasia was
mentioned 1o require further investigation as it was thought that the ligand in itself may effect
bone neoplasia. '*Re-HEDP is used for palliation of bone pain 1o metastatic bone cancer.
Complications known with '**Sm-EDTMP and ‘**Re-HEDP treatment are myeloloxicity and
tn some cases a ftransienl increase in bone pain following treatment (flare response)
(Farhanghi er al, 1992; Brenner ef al., 2001; Liepe ef al., 2005). In contrast 1o this '"*Re-
HEDP appears to fulfil the critenia of a good radiotherapeutic agent as it has stronger f-

153

emission than '**Sm and "*Re and a shorter physical and biological half-life which reduces

myelotoxicity (Palmedo e al., 2000; Li et al., 2001, Liepe et al., 2003; Palmedo et al., 2003).

Research currently focusses on optimisation of phosphonate containing ligands carrying
therapeutic radionuclides, These are designed 1o reach a target area and be retained there as a
radiopharmaceutical to achieve optimal therapeutic efficacy. Some of the ligands used in
radioisotope therapy are themselves pharmacologically active agents and may even contribute
to the function of the radiopharmaceutical (Klenner er al., 1990, Body er al., 1998; Diel,
2000; Body & Mancini, 2002). HEDP is known as etidronate and is used therapeutically in

osteoporosis in humans where it inhibits bone resorption (Manolagas, 2000).

An alternative and novel approach for ligand optimisation is to use neoplastic tissues’
abnormal blood supply leading to increased permeability, as well as lack of lymphatics, which
will lead to selectively accumulated radiolabelied macromolecules at the target site (Seymour,
1992). This enhanced permeability and retention effects (EPR) (Maeda et a/., 2001) form the
basis of the unique study presented here using various molecular sizes of the radiolabelled
macromolecule *™T¢ polyethyleneiminomethylphosphonate (written as 0T c-PEI-MP) so as
to increase selectivity by the ligand, of bone seeking radiopharmaceuticals. This effect is
applicable only to macromolecules and lipidic particles. not to low-molecular-weight
compounds, the category to which most drugs in use today belong (Maeda er al., 2001). Low
molecular weight compounds are distributed freely by diffusion to various tissues and organs;

the compounds move against the concentration gradient until finally an equilibrium results.
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Their concentration in tumours cannot be higher than in blood plasma, nor can they be
retained al high concentrations in tumours for a significant time period because of rapid
excretion (washout) into the bloodstream. The plasma concentration also dimimshes rapidly
as a resull of efficiem renal clearance via the unne (Maeda er o/, 2001). In conirast.
macromolecules and polymeric drugs are retained in tumour tissue al a much higher
conceniration than in plasma (Maeda ef al., 2001). There is thus a great difference between
low- and high-molecular-weight compounds in their intratumour accumulation. This
phenomenon, the Enhanced Permeability and Retention (I:PR) effect, is now recognized as a
general characteristic of viable and rapidly growing solid tumours. Another general
characteristic is the structural deficiencies of tumour blood vessels, which also cause
enhanced leakiness (Maeda er af., 2001).

Table 1-1: Physical Properties of Therapeutic Radionuclides

Nuclide | Half-life | Range in Beta-emission | Gamma- Abundance
| (davs) tissue (mm) | Epy (MeV) emission (%)
| (keV)

1143 8 1.7

Phosphorus-32

Strontium-89 50.5 7 (146

Tin-117m 13.6 0.3 iL(Zonversion 158 87

electrons

Rhenium-186 138 2.5 1.07 137 9

Samarium-153 1.9 37 i 0.8 103 29

Rhenium-188 169 3 2.1 155 15

| hours |

Molecular sizing of polymeric PEI-MP can drastically alter the pharmacokinetic properties
(Dormehl er af,, 2001), which can be exploited to suil different applications and targeting of
specific organs, tissues and pathological affecled areas. The localisation of PEI-MP is also
essentially in the surface areas of bone tumours (Milner, personal communication). In order to
obtain an optimal molecular size, which would largely exclude damage to normal bone and

other organs, the pharmacokinetics, i.e. biodistribution of various *™Tc-PEI-MP size fractions

could be investigated using various groups of experimental baboons (Papio ursinus). Once an
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optimal molecular size is identified it could be used in rodent experiments eventually using
osteosarcoma bearing nude mice. The murine mode! is a familiar approach and useful for

development of tumour seeking ligands to enhance targeted radiotherapy (Pool et ai., 1988).

Information conceming the in vivo behaviour of drug formulations following administration
to human subjects can be obtained from radionuclide imaging techniques in investigative
procedures (Siegel ef al., 1999). In general the radiolabelling can be achieved with gamma-
emitting radionuclides e.g. *™Tc as tracer and monitored using a gamma camera. The

153 86,
Sm, 186,188

therapeutic isotopes Re can in low activity imaging dosages serve as its own

tracer with the relevant accompanying ligands.

The non-human primate has always served as an extremely suitable animal model in drug
development and analysis, even in the very complex field of neurology, where remarkable
similarities to human anatomy and physiology exist (Connolly, 1950; Le Gros Clark, 1960;
Fridman & Popova, 1988; Fridman & Popova, 1988; Louw ef al., 1991). The advantage ol
this model together with regular nuclear medical equipment for scintigraphy lies in its size
which will allow flexibility in extrapolating raw data from images, as well as of evaluated

data to man. Dosimetry is an example of where the primate model becomes very useful.

Before embarking on bone seeking drug development however the baboon and its
bisphosphonate bone biodynamics had to be studied, i.e. in fracture healing experiments,
where the pattem of bone healing could be scintigraphically monitored. The applicability of
the results from *™Tc-MDP images thus obtained, to humans would encourage subsequent
studies to establish the pharmacokinetics of ***Sm-EDTMP in the normal primate. Since such
data obtained from gamma camera scintigraphic monitoring are also available for humans,
good agreement would validate the use of the primate model for future novel drug

development.

An established primate model, would permit novel phosphonate ligands to be studied. The
biodistribution of variously sized macromolecules of radiolabelled polyethyleneiminomethyl

phosphonic acid as a seleclive bone seeker for therapy could thus be studied in the normal
primate model, bearing in mind sparing the bone marrow, kidnevs and liver from excessive

radiation exposure,
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Metal ion speciation in blood plasma could be used to predict the in vivo behaviour of the
potential bone-seeking therapeutic radiopharmaceuticals. The object here is to construct a
blood plasma model which includes PEI-MP (May e al., 1977; Jarvis & Wagener, 1995).
This would enable informed selection of the radionuclide for delivery to osteosarcoma and
metastatic bone tumours by PEI-MP. This gives an indication of the ability of the
radiopharmaceutical to survive competition for the radionuclide by other blood plasma
ligands. Therapeutic p-particle emitting radionuclides under consideration are '**Sm, '%Ho,

981, 191%9Re. as well as the Auger electron emitter *'"™Sn.

To evaluate the therapeutic potential of suitably labelled PEI-MP the biokinetics of e.g. the
10-30 kDa fraction (in diagnostic activities of radionuclide) could conceivably be studied in
canine osteosarcoma bearing nude mice (Balb C) (Kadosawa e al., 1994), Osteosarcoma is
the most common bone tumour in man and accounts for 20% of all bone malignancies. It
furthermore resembles canine osteosarcoma in histological appearance and biological
behaviour (Owen, 1976; Brodey, 1979, Knapp & Waters, 1997; Macewen, 1990; Hahn ef al.,
1994). This accounts for the approach taken here to model bone neoplasia from naturally
occuring canine osteosarcoma in rodents (Parodi. 1982: Pelfrene, 1985; Pool ef al., 1988). It
is also the closest to modelling human metastatic bone cancer, although the process involved
in the production of osteolytic and osteogenic metastases differs from the abnormalities,
largely of chromosomal origin, in osteosarcoma cells. Diagnosis of metastatic disease is
similar for osteosarcoma and include radiographs, CT, scintigraphy and MRI (Forrest ef al.,
1992 Leibman et al., 2001; Davis et al., 2002, Wallack ef al., 2002). The therapy for both is
commonly directed at palliation of bone pain, and the drugs generally used consist of non-
steroidal anti-inflammatory drugs, narcotic analgesics and bisphosphonales also with
radionuclides as in this study (Straw et al., 1990; Milner et al., 1998; Ramirez ¢t al., 1999,
Tomlin et al., 2000).

Svnthetic polymers provide a broad technology platform for applications in the
pharmaceutical sciences (Alexander, 2001). A variety of compounds can be coupled directly
or with a selection of appropriate linkers to an amino group containing the ligand PEI-MP to
form many different possible polymer-drug conjugates. In the area of drug delivery,
especially to tumours and inflammatory areas, PEI-MP could have a unique and novel role to

play also without a radionuclide label.
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1.2 Aim and Objectives

In view of the discussion above the aim of this research was to investigale novel

bisphosphonate contaimng ligands for targeted radiotherapy of neoplastic bone disease using

rodent and primate animal models and scintigraphy. The success of the oulcome sets very

specific requirements for the sequence of investigation as is described in the section on

experimental design (Chapter 3).

This required sequence directs the specific objectives of the study as follows:

(1)

(i)

(1)

(iv)

(v)

(vi)

(vii)

(viii)

To validate the primate model for its bisphosphonate bone metabolism in fracture
healing where the pattern of bone healing was scintigraphically monitored and
compared 1o human images.

To establish the pharmacokinetics and biodistribution of the known therapeutic

radiopharmaceutical agent '**

Sm-EDTMP scintigraphically in primates, compare it
to human data and thus validate the primate model for this experimental approach.
To design a novel ligand with optimised tumour localisation potential sparing the
other vital organs by making use of the EPR principle.

To confirm the in vivo characteristics of this novel ligand (PEI-MP) through
biodistribution studies in the normal primate model as established above, using
scintigraphy with "™Tc labelling of the ligand.

To perform metal 1on speciation in blood plasma (ECCLES model) o predict the
in vivo behaviour of this novel potential bone-seeking therapeutic
radiopharmaceutical, labelled with various therapeutic B-emitting radionuclides in
order to allow informed selection of the radionuclide delivered (o a bone lesion.

To develop labelling techniques of the ligand with '*Re, and/or ''™™Sn, in order to
obtain the required therapeutic radiopharmaceutical.

To investigate the labelled ligand '"™Sn-PEI-MP scintigraphically for suitable
biokinetic and biodistribution properties of tumour targeting initially in the normal
primate model.

To evaluate the potential therapeutic properties of ''"™Sn-PEI-MP, through

biokinetic biodistribution studies in canine osteosarcoma bearing nude mice, and

6
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to calculate the radiopharmaceutical uplake by various tumours. This would

indicate the therapeutic potential of the labelled ligand.
1.3 Study Design

The procedures used in this investigation include the highly specialized techniques of isotope
production in a nuclear reactor (Safari-1, NECSA, Pelindaba), and the associated
radiochemistry of isotope separation, and preparation to deliver the radionuclide to be used in
the radiopharmacy laboratory for labelling the ligand, which had been designed through

various synthetic chemistry considerations.

In vivo studies of the labelled ligand using the non-human primate model and rodents (Wistar
rats and Balh C mice) will be performed with scintigraphic procedures (gamma camera), and
organ counting in a well counter (rodents). These biodistribution studies will take place with
the animals under controlled anaesthesia. Theoretical mathematical modelling will provide
information on appropriate radionuclide selection (ECCLES), dosimetry (MIRD) and

compartmental distribution of the radiopharmaceutical.

These studies will be performed after approval by the Ethics Committee of the University of
Pretoria, according to the guidelines of the National Code for Animal use in Research,
Education and Testing of Drugs and Related Substances in South Africa. These guidelines are

in line with international standards.
1.4 Presentation of Thesis

The reader is reminded that this thesis is presented in the format, whereby the methods,
results and discussions relating to the various studies were incorporated into the ten papers
(chapters 4-13, see [-5). Attention is drawn to the fact that the ten papers have already been
published internationally. Also note that the references to chapters 4-13 are presented as in the

original publications,
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Chapter 2 - Literature Review on the Research and
Development Models of Phosphonate containing

Ligands to target bone Tumours for Radiotherapy

In this chapter the scientific background and latest developments, also our own work,
associated with all the concepts involved in the investigations covered in this thesis
are discussed, as well as the rationale behind the experimental design and the
procedures performed. The concepts of interest would clearly include aspects of bone
physiology and pathology. in humans and animal models, the role of bisphosphonates
in bone metabolism, and together with radionuclides in diagnostic scintigraphy and
radiotherapy, the relevant instrumentation, computational procedures as well as
mathematical models from which to obtain biokinetic data which could pronounce on

therapeutic efficacy and dosimetry
2.1 Bone
2.1.1 Bone Physiology

Bone consists of three types of cells viz. osteoblasts, osteocytes and osteoclasts.
Osteoblasts are responsible for the production of osteoid (protein matrix), which
becomes mineralised. Mineralisation is under control of the osteoblast during which
time local conditions of calcium and phosphate are regulated to promote hydroxy
apatite formation (Manolagas, 2000; Rodan & Martin, 2000). The major product
produced by osteoblasts is coilagen type-1 which undergoes further extracellular
processing to form collagen fibrils. Osteoblasts end up either being incorporated into
bone and transform into osteocytes or form lining cells which are on the surface of
quiescent bone (Shane & Bilezikian, 1995; Rodan & Martin, 2000). Osteoblasts
express high amounts of alkaline phosphatase which is anchored to the external
surface of the plasma membrane (Shane & Bilezikian, 1995; Rodan & Martin, 2000).
Osteocytes, osteoblasts, bone marrow stromal cells and endothelial cells communicate

with each other and form a functional syncytium (Grigoriadis et al., 1996). The
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osteocyte is postulated to function as a mechanosensory cell which is then responsible for the
initiation of modelling or remodelling activity of bone (Grigoriadis e al., 1996; Marcus
1996). Osteoclasts cannot bind directly to collagen layers covering bone and require lining
cells to release collagenase and remove the protein matrix (Shane & Bilezikian, 1995). It is
postulated that the lining cells give the homing signal to osteoclasts that initiates bone

resorption (Shane & Bilezikian, 1995).

Morphologically osteoclasts are recognized as multinucleated cells with abundant
mitochondria, lysosomes and free ribosomes. The most remarkable feature is the ruffled
border which is surrounded by a clear zone, The clear zone delineates the area of attachment
to bone and seals off a distinct area of bone. The area below the osteoclast allows for a
microenvironment suitable for bone resorption (Manolagas, 2000). The osteoclasts secrete
hydrogen ions via an ATPase proton pump and proteolytic enzymes to accomplish a
resorptive process. Proteolytic enzymes such as matrix metalloproteinase and cathepsin K, B
and L are secreted by the osteoclast. Osteoclasts also contain high levels of a
phosphohydrolase enzyme, tartrate-resistant acid phosphatase (TRAPase). Systemic
hormones such as parathyroid hormone (PTH) and vitamin D; and calcitonin exert a
significant effect on osteoblasts and osteoclasts. PTH and vitamin D; are potent initiators of
osteoclast formation. Calcitonin inhibits osteoclast development and promotes osteoclast
apoptosis. Other hormones that have significant metabolic affects on bone are sex hormones,

glucocorticoid and thyroid hormones (Manolagas, 2000).

The physiological process of bone formation and resorption involved in remodelling are
considered as a unique temporary structure known as a basic multicellular unit (BMU)
(Grigoriadis er al., 1996). The BMU consists of a cluster of osteoclasts in the front and
osteoblasts in the rear, a central vascular capillary, a nerve supply and associated connective
tissue {(Grigoriadis ef al., 1996). Each BMU travels from a point of origin to the target and in
some cases beyond until termination. In cortical bone BMUs excavate a tunnel which is
replaced by remodelled bone. In the case of trabecular bone a trench is excavated and
replaced. In humans about | million BMU’s are active at any one moment (Grigoriadis ef al.,
1996; Marcus, 1996).
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This remodelling process will slow down in normal and physiologic conditions, settling to an
approximate rate of 5 percent annually during aduithood. Of course, this rate of renewal can
vary greatly when increased demand for bone turnover is present, be it from chemical,
endocrine, mechanical, neoplastic, or other etiology. A balance between bone formation and
bone resorption is always attempted and in progress in the skeleton. This mechanism has been
elegantly explained in relation to the osseous remodelling occuring at the site of osteoblastic
and/or osteolytic bone metastasis. It has been called carcinomatous osseous dysplasia
(Burkhardt et al., 1982). This concept explains the true development of an ossecous shell
around a primary bone tumour, with very active and fast resorption and formation of bone
occurring on the periphery of the tumour, probably by very accelerated periosteal bone

deposition.

Another well known example of accelerated bone remodelling is seen during the healing stage
of a fracture, when the periosteum develops frantic osteogenic activity in producing callous.
This healing process, sometimes not detected by radiographs, is a brilliant indication for a
nuclear bone scan, which may demonstrate hecaling stress fractures in adults and infants
{(Mettler, 1988).

2.1.2 Bone Anatomy

Onee bone has completed its growth and has stabilized in a more or less permanent size and
shape, a state of biodynamies is established with the ultimate purpose of homeostasis. Bone is
a remarkable configuration of mesenchymal tissue, serving essential mechanical functions of
support for soft tissue and for protection (cranium and vertebral column) and also plays an

essential role for storage of calcium and phosphorus.

The vehicle to transport all the nutrients, hormones, oxygen, minerals, and metabolic waste
disposal in and out of bone is the circulating blood. The volume of blood flow is a principal
determinant in the image formation of a nuclear bone scan. Radiographs, of course, only show
the inert component of bone, the mineral framework mostly of calcium apatite, enclosing a

large radiolucent space.
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Variations in bone density give a general idea of the blastic or clastic activity, expressing the
degree of deviation from a homeostatic bone balance state. This method of demonstrating
resorption or formation of bone has a greater radiographic specificity than is available from a
nuclear bone scan, due to the ability of radiograph imaging to show patterns of calcification or
lysis with greater resolution. Unfortunately sensitivity is much lower than that of the nuclear
bone scan. It is a well-known fact that Iytic destruction of trabecular bone by a neoplastic
process must reach between 30 and 50 percent of the bone mass before it can be detected as a

density deficit in a radiograph.

The empty or radiolucent spaces secn on a radiograph of bone indicate the site where the
highly vascular mesenchymal parenchyma is located. This soft tissue is formed by marrow
and afferent and efferent blood vesscls. There is a very rich capillary sinusoidal nctwork
located in the marrow and in the trabecular and cortical bone that reaches the haversian
systems through the Volkman’s canals. This rich circulatory network is organized in
nutritional circulatory fields (Allman & Brower, 1981). A nutritional circulatory field is a unit
of territory with special behaviour patterns. This concept of nutritional circulatory fields is
quitc important for the understanding of the meaning of the uptake patterns in the nuclear

bone scan.

There are three well-defined nutritional circulatory fieids that are freely anastomosed by a rich

network of adjacent arterics. They are the following:

. The nutrient system arteries, consisting of the nutrient artery entering the diaphysis
and branching to both ends of the bone, supplying the marrow and inner bone
surfaces.

2. The periosteal-cortical system arteries, originating in the periosteum and entering
perpendicular to the cortex, supplying the haversian systems and osteocytes through
the Volkman’s canals.

3. The epiphyseal-metaphyseal system arteries, arising from perjarticular soft tissues.
They remain as separated fields until the closure of the growth plate, when they form a

unit.
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The osseous circulatory sysiem described above carries the radiopharmaceutical 1o the bone,
where other physiologic mechanisms of physical and chemical nature will take place,
determining the appearance of the final image of the nuclear bone scan. The important key

factors here arc (Silberstein, 1984):

I. Size of radiopharmaceutical molecule

Capillary wall permeability

Capillary diffusion

Rate of radiopharmaceutical extraction per pass
Radiopharmaceutical dispersion in extracellular fluid

Bone mineral surface

N v R e

Kinetics of bone uptake

On the three-phase nuclear scan, the “blood pool” image corresponds to the configuration of
the nutritional circulatory fields and the delayed phases (at 3 to 4 hours) generally correspond

10 bone uptake.

2.1.3 Bone Metabolism

Bone is the result of a very specialized configuration of mesenchymal tissue serving the two
main missions of support and storage. Support function is met by the ground substance of the
matrix formed mostly by collagen fibres. These collagen fibres are composed of periodic
segments repeating every 640 A, arranged or lined up end-to-end and overlapping side-to-
side, like bricks on a wall, This organic protein of collagen fibres forms 90 to 95 percent of
the bone matrix and is arranged also along lines of stress, providing the great tensile strength
characteristic of bone. (Mathews, 1975; Nimni, 1975). The remaining 5 to 10 percent of the
ground substance is formed by extraceilular fluid and proteoglycans, especially hyaluronic

acid and chondroitin sulfate.
The storage function is fulfilled by the mineral phase of bone — mainly bone salts. These

crystalline deposits are composed principally of caleium and phosphate, forming the major

crystalline salts known as hydroxyapatites. Other ions also intervene in the composition of
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these salts, such as magnesium, sodium, potassium, and carbonate. Each bone salt crystal,
shaped like a long, flat plate, measures 400 A in length and 100 A in width, and it is between
10 and 30 A thick. Hydroxyapatite crystals have the ability to conjugate with different ions,
and some of them may be foreign to bone, such as lead. The bony uptake may be very rapid,
and when combined with the gencrous blood flow through the bone, up to 200 to 400 ml/min,
the uptake acquires the characteristics of a detoxifying mechanism, removing foreign ions
from the circulating blood, therefore relieving toxic manifestations. This ability is responsible

for the uptake of fluoride (fluoridation-fluoridosis).

This uptake allows the performance of bone scans in the diagnostic range, but, unfortunately,
the same uptake occurs with thorium, strontium, uranium, plutonium and other transuranic
elements, gold, and lead and other heavy metals. These long-lived radionuclides conjugate
with hydroxyapatite crystals in bone and cause prolonged radiation of bone tissues with

possible induction of osteogenic sarcoma.,

Hydroxyapatite has mechanical characteristics resembling those of marble and provides
significant compressional strength. The crystals lic adjacent to the collagen fibres, and this
intimate bonding provides high resistance to shear. This combination of organic and mineral
phases of bone strongly resembles the structure of reinforced concrete, and actual
measurements of tensile and compressional strength of bone equal or surpass that of
reinforced concrete (Carter & Hayes, 1977). The initial formation of hydroxy apatite crystals,
called crystal seeding or nucleation (Guyton, 1986) is not in the form of geometric crystals
but rather of amorphous compounds (noncrystalline) (Fig. 2-1). Approximately 20 to 30
percent of bone salt may be found permanently in this configuration as amorphous
compounds. These compounds form very small molecules with a very large combined
surface. This is very important, because these salts ean be absorbed very rapidly when there is

need for supplementary calcium in the extracellular tluid.

The total amount of calcium present in the adult human body is approximately 1100g (1.1
kg). Ninety-nine percent of it is deposited in the skeleton. Calcium in bone is found as
hydroxyapatite crystals, forming a large stable pool. About | percent of the Ca™ in bone is

available in the form of amorphous salts for rapid Ca™ ion exchange.
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The adult human body contains between 500 g and 800 g of phosphorus, and 85 to 90 percent
of that is stored in the skeleton, combined with calcium in a ratio of Ca/P 1.3:2.0 on a weight

basis, forming crystalline salts of hydroxyapatites (Guyton, 1986).
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Fig. 2-1: Calcium in human bone. Seventy percent of the calcium salts containing about 25, 000 mmol
are in crystallized stable state. Thirty percent of the calcium salts containing about 100 mmol are in

amorphous exchangeable state. (Mettler, 1988)

2.1.4 Human Osteosarcoma

Bone sarcomas represent only 0.2% of all new cancers diagnosed, approximately 2,500 new
cases are diagnosed in the United Sates annually (Fuchs & Pritchard, 2002). The incidence is
approximately 3 cases per militon people. Osteosarcoma is the most common primary bone
tumour in humans and accounts for 20% of all bone malignancies (Fuchs & Pritchard, 2002).
A biphasic incidence pattern is observed in human osteosarcoma, with the early peak
occurring in adolescence as a primary cancer and then in the elderly as a secondary tumour
associated with Paget’s disease and irradiated bone (Fuchs & Pritchard, 2002). The human
osteosarcoma stemming from abnormalities largely from chromosomal origin resembles
canine osteosarcoma in histological appearance and biological behaviour (Slayter et al., 1994;
Fuchs & Pritchard, 2002; Ragland et al., 2002). Osteosarcoma can arise in any bone but
commonly occurs in the long bones of the lower extremity (Slayter et al., 1994). Metastasis
is to the lungs and occurs with a metastatic rate of 10-20% on presentation (Fuchs &
Pritchard, 2002). Radiographic techniques used in the staging and diagnosis of human
osteosarcoma include radiographs, CT, scintigraphy and MRI (Saifuddin, 2002).
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The response to chemotherapy as measured by bone necrosis at the time of surgery is the
single most important predictor of outcome in human osteosarcoma (Mercadante, 1997).
Local control and control of metastasis are significantly achieved by chemotherapy. Surgery
often includes limb-sparing techniques but may include amputation in more advanced cases
(Mercadante, 1997). Conventional radiotherapy is typically not used in human osteosarcoma
cases except peri-surgically for cytoreductive purposes (Mercadante, 1997). Few reports exist
using targeted radiotherapy as a primary treatment, however where it has been reported a
response to treatment has occurred (Bruland et al., 1996; Franzius ef al., 1999, Sawyer et al.,
1999; Franzius ef ai., 2001).

2.1.5 Human metastatic bone cancer

There are no reliable figures for the incidence of metastatic bone cancer, but from the one
million people that die from cancer every year in the United States 70% are either from breast,
lung or prostate cancer (Mundy, 2002). In the progressed state of the disease most of these
patients have metastatic disease which would be estimated as 350,000 with metastatic bone
cancer {Mundy, 2002).

The molecular pathways proposed for bone metastasis have been discussed and reviewed by
Mundy, (2002). Osteolysis is not directly caused by the tumour cell but rather by activation of
normal osteoclasts. While osteolytic or osteogenic bone lesions occur, generally both types of
lesions exist in any one metastatic bone cancer {(Mundy, 2002). In osteolytic lesions the
primary target cell is thought to be the osteoclast. The metabolic pathways which lead to
activation ar¢ mediated by the production of PTHrP/ PTH and [I-1, -6, -11 (Fig 2-2). These
factors stimulate production via the osteoblast and stromal cells of the receptor activator of
nuclear factor-kB (NF- xB) ligand (RANKL). PTHrP also has a negative effect on the
production of osteoprotegerin (OPG). OPG functions as a decoy receptor that prevents
binding of RANKL to RANK. Signaling through RANK in the osteoclast activates
transcription factors AP1 and NF-xB, leading to osteoclast progenitors differentiating into
mature osteoclasts (Mundy, 2002). Differentiation of osteoclast leads to an increase in bone

resorption.
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Fig 2-2: The RANK-RANKL system in osteolytic bone metastasis (Mundy, 2002)

In the case of osteoblastic lesions the model used is human prostate cancer which when
undergoing metastasis produces a predominantly osteoblastic lesion. Production of factors
such as fibroblast growth factors (FGFs), bone morphogenetic proteins (BMPs), platelet
derived growth factor (PDGF), and transforming growth tactor-p (TGF- B) by cancer cells
stimulate osteoblast activity and bone formation (Mundy, 2002) (Fig 2-3). Proteases such as
prostate specific antigen (PSA) are induced by urokinase (uPA). Proteases can activate latent

TGF-p, release IGFs from inhibitory binding proteins (IGFBPs) and inhibit PTHrP, to

promote bone formation (Mundy, 2002).

Fig 2-3: Model of osteoblastic bone metastasis caused by prosiate cancer (Mundy, 2002)
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Diagnosis of metastatic disease is similar as for osteosarcoma and includes radiographs, CT,
scintigraphy and MRI (Forrest ¢f al., 1992: Leibman er 4f., 2001; Davis ef al., 2002; Wallack
et al., 2002; Verma et al., 2002). In most cases, this r¢presents end stage disease and so
commonly, the therapy is directed at palliation of bone pain (Mercadante, 1997). Therapy
includes drug therapy, teleradiotherapy and radiopharmaccuticals. Commonly drugs used in
the control of bone pain consist of non-steroidal antiinflammatory drugs (NSAIDS), narcotic
analgesics and bisphosphonates which are the important aspect of this research.
Teleradiotherapy plays an important role in the treatment of metastatic bone cancer, but is
generally confined to single lesions or lesions confined to regional areas. Of primary interest
eventually is the use of targeted radiotherapy for the treatment of metastatic bone pain
(Bouchet e al., 2000).

2.2 Bisphosphonates and Radionuclides

2.2.1 Bisphosphonates

The first indication that radioactive substances accumulate in bone came from the
observations made in 1921 of luminous dial workers who had ingested radium (Bickel, 1921).
In 1935 Chiewitz and Hevesey were the first 1o report the concentration of an artificially
produced radionuclide, phosphorus-32, in bone. This deposition of phosphate in bone is the
basis for what was to later become the most commonly used class of skeletal imaging agents,

the technetium phosphates,

It was in 1958 that Bauer and Ray demonstrated that strontium-85 could be counted outside
the body. Strontium-85, however, is not optimal for imaging or dosimetry, because it has a
physical half-life of 65 days and releases a 510-keV gamma photon, but remained the
radionuclide imaging agent of choice until the introduction of technetium-99m labelled
phosphate (*’"Tc-P) by Subramanian and McAfee in 1971 (Subramanian & McAfee, 1971).

The ¥™Tc labelled radiopharmaceutical first described by Subramanian and McAfee (1971)

was " Tc-tripolyphosphate, which was one of a group of polyphosphate compounds having
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in common a chain of phosphate groups bound by P-O-P bonds. Controversy soon followed
regarding the optimal number of phosphate groups required tor imaging (Dewanjee et al.,
1972, Subramanian er af., 1972; Bok et al., 1973; King er al., 1973; Schumichen & Nakken,
1974; Rosenthall & Lisbona 1983). Pyrophosphate (PYP), (Fig 2-4) which contains the
minimum number of phosphate groups possible (two), was found to have the best

characteristics for imaging with ¥™Tec.

In 1972 hydroxyethylene diphosphonate (HEDP) (Fig 2-4) was introduced, (Subramanian er
al., 1972) which was the first of another class of ™ Tc-P compounds, the bisphosphonates,
which had in common multiple phosphate groups bound by P-C-P bonds. It had a faster
clearance, greater deposition in bone, and better in vivo stability than pyrophosphate. In 1975
another bisphosphonate, methylene bisphosphonate (MDP), was introduced (Subramanian et
al., 1975), with 5 to 10 percent greater deposition in bone and a more rapid blood clearance
than HEDP. It has since remained the most popular skeletal imaging agemt, in spite of

continous research (Fueger et al., 2004).

Bisphosphonates form a family of drugs, which are characterized pharmacologically by their
ability to inhibit bone resorption, and are pharmacokinetically similar in absorption,
distribution and elimination (Lin, 1996). Development of bisphosphonates arose from the
carlier studies which showed inorganic pyrophosphate P-O-P had the ability to bind strongly
with calcium phosphate thereby inhibiting crystal formation, and to inhibit crystal dissolution
in vitro (Lin, 1996). However, no effect in vivo was noted due to hydrolysis of pyrophosphate
before it reached the bone (Lin, 1996). It was to resist hydrolysis that bisphosphonates were

developed. They are characterized by P-C-P bonds.

Bisphosphonates are used as therapeutic agents for osteoporosis and bone pain associated
with metastatic disease, Paget’s disease, hypercalcemia of malignancy as well as in diagnostic
nuclear medicine and targeted radiotherapy (Lin, 1996; Hahn et al., 1990; Manolagas, 2000
Li et al., 2001; Body & Mancini, 2002).

Since bisphosphonates are present at low levels in the plasma, their fate is best studied in the
body once they have been labelled to *™Tc or '*C. It needs to be noted that the radionuclide
itself does effect organ distribution. '*C radiolabelled palmidronate had a two fold greater

uptake in bone than when labelled with *™Tc (Lin, 1996).

26



Chapter 2 — Litcrature Review on the Research and Development Models of Phosphonate containing Ligands to
target bone Tumours for Radiotherapy

Most research into the antitumour effect of bisphosphonates has been in metastatic bone
disease due to prostate and breast cancer (Body & Mancini, 2002). Some research has
however been done into the effects of bisphosphonates in osteosarcoma (Pool e al., 1988;
Frith et al., 1997; Body et al., 1998; Giuliani ¢/ al., 1998; Diel, 2000; Mackie et al., 2001).
Early results seem to show possible cytotoxic effects on osteosarcoma cell lines (Rogers et
al., 2000; Mackic ef al., 2001).

The basic philosophy around bisphosphonatcs in this field is that their principal target is bone
(Subramanian ef al., 1973; Lin, 1996; Body & Mancini, 2002). Research has shown that the
main effect of bisphosphonates is to inhibit bone resorption. [t is thought that bisphosphonates
are incorporated into the crystalline structure of exposed hydroxyapatite (lacunae).
Bisphosphonates are released during resorption by the osteoclast and it thus results in
inhibition of osteoclastic activity (Lin, 1996; Rogers ef al., 2000). Experimentally it has been
shown that bisphosphonates disrupt intracellular metabolism that can lead to apoptosis (Ito es
al., 1999).

Most therapeutic bisphosphonates are given orally and are poorly absorbed. In the dog the
bioavialability of etidronate and alendronate are 21 % (dosed at 50 mg/kg) and 1.76 % (dosed
10 mg/kg) respectively (Peter ef al., 1996; Mashiba et al., 2001). Distribution is primarily to
bone and with urinary cxcretion. Kinetically gastrointestinal tract (GIT) absorption of the
drugs into the blood stream occurs via two pathways: transcellular (through cell) and
intercellularly (between cells via tight junctions) (Lin, 1996). The size of bisphosphonates (>
0.150 kDa) pius their low lipophilicity and ionisation (negatively charged) prevent
transcellular transport and significantly reduces intercellular transport (Lin, 1996). Absorption
can further be reduced by complexing with calcium and other divalent cations. Oral
absorption of bisphosphonates is dose-dependent, this is demonstrated by research which
showed increase in bioavialability (0.5 % to 5 %) with increasing dose (2 to 40 mg/kg) (Lin,
1996).

Although bisphosphonates have low lipophilicity at physiological pH (7.4) they are
completely ionised and therefore expected to bind to plasma protein (Lin, 1996). They are
indeed highly protein bound. However, this binding is concentration and ealcium dependant.

A concentration increase in the bisphosphonates in the blood leads to corresponding increase
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in the unbound drug (Lin, 1996). There is also a species and drug variation in plasma protein
binding, dogs and humans having a lower protein binding compared to rats, and clodronate is

less bound than alendronate (Lin, 1996).
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Fig 2-4: Phosphonaltes and phosphates: their uses, molecular weight and chemical structure.
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Fig 2-4: Phosphonates and phosphates: their uses, molecular weight and chemical structure.

To describe the kinetics of their tissue distribution a three-compartment model is the most
appropriate. That is the blood pool, non-calcified tissue and bone or calcified tissue. There is a
rapid distribution of bisphosphonates to non-calcified tissues. This is transient and is cleared
rapidly from this tissue and transferred to bone or excreted by the kidneys. Bone shows an
increase in uptake over time indicating movement of bisphosphonates from noncalcified
tissue to bone. Non-calcified tissue can be made to retain bisphosphonates by high dosages
given by rapid injection. The reason is thought to be due to binding of the bisphosphonates
{(due to high concentrations) with metals (calcium, iron, and magnesium) leading to large
complexes which are phagocytosed by the liver and spleen (Lin, 1996). In mice, this has only

been shown to occur. as with intravenous injection of clodronate, not with intraperitoneal or
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subcutaneous injection. While this is experimentally important, it is unlikely that

bisphosphonates will ever be given at high enough dosages clinically for this to occur.

Bone can of course not be regarded as a single compartment but rather to be consisting of
trabecular bone and cortical or compact bone. It is known that the trabecular bone is
metabolically the most active and therefore receives more blood, thus bisphosphonates show a
higher accumulation in these areas. They would also display a proportionally larger amount of
exposed hydroxyapalite crystals [Caio(PO4)s(OH),]) due to bone resorption mediated by
osteoclastic activity, as would areas showing increased metabolic activity such as injuries or
cancerous bone. There is also a saturable uptake in bone for bisphosphonates with increasing
dose as has been shown experimentally with alendronate and other bisphosphonates (Lin,
1996; Dormehl et al., 1998) However if the dose is fractionated and given over time this
effect secems to be ameliorated. There is also a gender and age difference in uptake; logically
younger individuals have higher metabolic bone activity and therefore higher bisphosphonate
uptake. Gender differences of lower uptake were only observed in juvenile females compared
to juvenile male rats (Lin, 1996). No differences were found between aduit rats. Where two
bisphosphonates are administered together at high enough dosages competitive binding to

exposed hydroxyapatite crystals occurs (Lin, 1996).

Little or no metabolism of bisphosphonaltes occurs within the body and they are consequently
regarded as having low toxicity (Lin, 1996). Elimination from bone occurs over a prolonged
period as the bisphosphonale is incorporated into bone and is only released when the bone
undergoes resorption. Therefore, the half-life is dependent on the rate of bone turnover in the
individual. The half-life for alendronate has been estimated to be 300 days and 10 years in
dogs and humans respectively (Lin, 1996). In the rat this elimination from bone follows a
biphasic manner and is thought to be due to different tumover in different parts of the bone.
Elimination or excretion of bisphosphonates from the body is primarily through the kidneys.
Research seems to indicale the process is a concentration-dependent saturable active transport
mechanism (Lin, 1996). This process of excretion is not via the typical anion or cation renal
transport systems since inhibitors of these systems probenecid and cimetidine rcspectively,
when given at high doses in rats do not inhibit renal excretion of bisphosphonates (Lin,
1996).
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2.2.2 Radionuclides

Radionuclides can decay by spontaneous fission, alpha decay, beta decay, electron caplure,
and isomeric transition (gamma emission).Only few of the more than 1000 existing
radionuclides are clinically useful in diagnostic nuclear medicine, and for much the same
reasons, suitable as tracers in drug development studies as applies in the present discussion.
For these purposes suitable radionuclides have gamma energies between 20-600 kev and have
physical properties such that a usable photon flux is available without excessive patient
irradiation.The physical decay scheme largely determines the clinical detectability of the
radiopharmaccutical, outside the patients body, whereas the chemical form determines the

physical distribution and tissue localizing potential.

There are several ways in which suitable radionuclides are commonly produced,e.g. nuclear
bombardment of stable elements in a nuclear reactor will produce unstable radionuclides with
an excess of neutrons.These radionuclides usually undergo beta negative decay, followed by
gamma emissions in order to reach stability. An example of an important (n,y) reaction, as
these are known, is in the production of *Mo, which is the parent nuclide of ®™Tc through

beta negative decay.

#MT¢ is currently the most widely used diagnostic clinical radionuclide. Its utility stems
largely from its physical properties, which include the absence of particulate emissions, a
half-life of 6 hrs, and a 140 kev photon which is ideaily suited for use with conventional
gamma cameras. The nuclide itself is prepared by scparating it from the reactor-produced
parent, “Mo. In generator systems (Fig 2-5) which are generally used in the clinic, molybdate
is absorbed on an alumina column and ®™Tc is cluted as pertechnetate ion using a 0.9%
sodium chloride (saling) solution.”™T¢ has proved useful in imaging a wide variety of organ
systems, and has been chemically attached to various carriers, including human serum
albumin, macroaggregates of albumin, sulfur colloid, and polyphosphates, the latter of present
interest. The technetium is primarily excreted via the gastrointestinal tract and kidney.The
colon is the critical organ with respect to radiation exposure and receives 1-2 rads per {0 mCi

of ™Tc-pentechnetate. For therapeutic radionuclides see Therapy paragraph 2.5 pg 48.
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Fig 2-5: Fission molybdenum generator (Peliek F) interior view
2.3 Radiopharmacy and Scintigraphy

2.3.1 Radiopharmaceuticals

Labelling of phosphonate compounds with *™Tc¢ to produce a radiopharmaceutical involves
the use of the reducing agent stannous chloride dihydrate (SnCl,.2H>0), which when added to
sodium pertechnetate (Na “™T'cO;) and a phosphate/phosphonate compound in an acidic
medium yields *™Tc-phosphate/phosphonate compounds. Other reducing agents such as
ascorbic acid may also be used. If an oxidizing agent is present, stannic ions (Sn*") are
generated, which can inhibit labelling. However, Coupal et al. {Coupall er al., 1981) have
shown that low concentrations of oxygen have little influence on either the radiochemical
constituents or imaging quality.Commercial labelling kits are available from different
manufacturers. Labelling yields are characteristically in excess of 95 percent, and the
preparation remains usable for up to 8 hours after labelling. Inadequate labelling is manifested
by visualization of technetium pertechnetate (*™TcO;) in the stomach, salivary glands and
the thyroid. Najafi and Hutchison (1985) have examined the electrophoretic peaks of different
MDP kits. Their results indicate that there are at least four different complexes that become

labelled with ®™Tc, depending on the age of the kit.
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For most studies 10 to 30 mCi of the desired technetium phosphate/ phosphonate
radiopharmacutical is administered intravenously,which yields a whole body and gonadal
dose of 0.01 rad/mCi and 0.01 to 0.03 rad/mCi respectively. Blood clearance is relatively
rapidly, with only 10 percent of the administered dose remaining in the bloodstream (mainly
protein bound) at 2 to 3 hours. Approximately 50% is excreted in the urine by 4hrs through
filtration and partial tubular resorption, which resuits in the bladder receiving the highest
absorbed organ dose (0.1 to 0.2 rad /mCi). The majority of the remaining activity (~ 50%)
localizes within the skeletal system within | hr and has an estimated biologic half-life of

about 40 days (O'mara ef al., 1984). Scintigraphy is mostly done 3 hrs p.i.

The two principal factors that influence the accumulation of the technetium phosphate/
phosphonate compounds in bone are blood flow and extraction efficiency. A number of
additional factors including capillary permeability, extracellular space hydrostatic pressure,
electrical potential, and local changes in pH, probably exert their influence through changes in

blood flow and extraction efficiency.

Skeletal uptake is not directly proportional to blood flow (Silberstein, 1984). It has been
shown that an increase in blood flow of approximately 400% of normal results in about a 33%
increase in “™Tc-MDP accumulation (Sagar ef al., 1979). An increased accumulation of
radionuclide with the administration of sympathetic drugs, in the presence of tumour,
infection, fracture, stroke, and neuropathy is most likely due to the inhibition of sympathetic
control and the resultant recruitment of one third to one-half of the arterioles in bone that are
normally closed (Shim, 1968; Thrall et al., 1975; Charkes, 1980). It is belicved that a much
greater accumulation of radionuclide is observed in tumours, infections, fractures, because of
marked enhancement of the extraction ratio in addition to an increase in blood flow. The
800% increase in accurnulation of MDP in fracture sites, even though there is only a 100%
increase in blood flow, has been attributed to an increased extraction ratio (Lavender et al.,
1979). The extraction ratio is in turn dependent on the amount of reactive new bone
formation. The same effect of reactive new bone formation causing an increased extraction

ratio occurs with osteoblastic tumours and osteomyelitis.

Which of the two major components of bone, the mineral or organic matrix, captures

technetium phosphate compounds is not certain. A variety of investigations have suggested
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that in normal bore, fractures, and neoplasms, the predominant deposition is in the mineral
matrix. (Greiff, 1978; Christensen & Krogsaard, 1981). It is hypothesized that there is
chemisorption at kink and dislocation sites on the hydroxyapatite crystals, with release of tin
and which are hydrolysed and bound to bone either separately or together as hydrated tin

oxide and technetium dioxide.
2.3.1.1 Quality control

Quality assurance is usually achieved through the combined efforts of reagent manufacturers,
cyclotron and reactor operators, radiopharmaceutical manufacturers, and practitioners who
prepare and ultimately administer the radiopharmaceutical to patients. To determine the
suitability of particular samples of a radiopharmaceutical for human use, or in research and
development quality control includes assessment or reassessment according to the following

characteristics:

1. Biological criteria primarily refer 1o toxicity, sterility, apyrogenicity and therefore
safety for application. Cell cultures and rodents are used according to prescribed
protocols {United States Pharmacopoeia (USP), Nuclear Rcgulatory Commission
(NRQ)) for these checks.

2. Radionuclide purity describes the presence (undesirable) of other nuclides in a given
radiopharmaceutical because of the increase in radiation exposure and false biokinetic
information. A common example here is the presence of ™Mo breakthrough during
the eluation of the *™Mo/”™Tc generator with saline to obtain sodium pertechnetate
for further use. This type of contamination is usually easily detected by using a
scintillation counter and scaler, e.g. a dose calibrator or multichannel analyser which
permits the detection and quantitation of any other gamma-emitting radionuclides that
may be present.

3. Radiochemical purity describes the proportion of the total radioactivity in the desired
chemical form. For example, if ™ Tc-labelied diphosphonate contains 5 percent of the
radioactivity of ™Tc-pertechnetate, the radiochemical purity is 95 percent. It is
important that radiopharmaceuticals have an acceptable level of radiochemical purity.
Not only do radiochemical impurities fail to generate usefu! information in nuclear

medicine studies, but they can result in image degradation and unnecessary radiation
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dose to the patient. *™Tc-pertechnetate increases background activity attributable to
stomach, gut, and thyroid uptake (Vine & Wahl, 1982).

Chromatography has become the most widely uscd analytic tool for determining
radiochemical purity. It separates a chemical mixture into its components by virtue of their
differences in partition coefTicients in certain solvents and support media, such as ethanol-
acetone. The solvent moves along (up or down) the support medium by adsorption and
capillary action, thus resolving the components of a radiopharmaceutical. These components
are the pure radiopharmaceutical and its radiochemical impurities, under usual circumstances,
frec pertechmetate (TcQs) and hydrolyzed reduced technetium (R-T¢) in the case of
technetium. These different radiochemical species distribute themselves along the adsorbent

{paper, silica gel, or silicic acid).

Paper chromatography can be either the ascending type, in which the mobile phase moves up,
or the descending type, in which the mobile phase moves down the paper. Paper

chromatograms (usually 20 to 30 cm in length) develop slowly and may take several hours.

Instant thin-layer chromatography (ITLC) is developed in the ascending manner and requires
only 10 to 20 minutes for development. Afler the solvent front (Sy) moved the desired
distance, the strip is removed from the chromatography chamber to dry. The strip is then cut
into segments and the radioactivity of each segment is measured in an appropriate counter.
The relative front (Ry) is a ratio determined by dividing the distance from the centre of its
activity on the strip to the origin by the distance from the solvent front to the origin. The R¢
values are determined with known radiochemical species. An Ry value of 1.0 means that the
compound moves with the solvent front, whereas an Ry value of 0 means that the component

remains at the origin.
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Fig 2-6: (a) ""™Sn-PEI-MP quality control-example, (b) representative chromatograms of impure
"M Te-labelled products. (Kim, 1987)

2.3.2 Scintigraphy

2.3.2.1 The Gamma camera

The gamma camera records or images the distribution of radioactivity present in the patient
(Fig 2-7a). The collimator is the initial image-defining component of the system and consists
of energy-absorbing material e.g. lead between the patient and the gamma camera head in
which one or more apetures admit radiation selectively from predefined sectors of space, thus
mapping a projection of a selected volume of patient space onto the crystal plane of the
camera head (Fig 2-7b). The parallel-hole collimator, generally in use in the clinic, has

thousands of parallel channels uniformly distributed with their long axes perpendicular to the
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crystal face (Fig 2-7 a, b, ¢). These channels are mostly hexagonal which improves sensitivit

by an increased ratio of exposed-to-shielded crystal surface.

a)

Fig 2-7: (a) Gamma camera as a unit and (b) the camera head

The walls of these channels, called septa, must be thick enough to prevent gamma rays from
crossing channels on their way to the crystal. To maintain such septal penetration at an
acceptable level (below 5%), a typical low-energy (<150-keV) collimator should have a septal
thickness of > 0.3 mm of lead whereas a typical medium-energy (< 400-keV) collimator
requires a septal thickness of > 4.65 mm of lead (both having hole diameters of 2.5 mm and
channel lengths of 25 mm). Increased septal thickness diminishes sensitivity by reducing the

ratio of exposed-to-shielded crystal surface,

a)

-

TerTrrrt

R

Fig 2-8: (a) Collimator view rom the top and (b) Irom the side, (¢} Schematic diagram (cross section)

of a parallel hole collimator: only parallel ¢ntering rays will pass to the crystal (Kim, 1987)
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In collimator design, resolution and efficiency are always in competition; the parallel-hole
collimator provides the best trade off between these two performance characteristics for large-

organ imaging procedures (Keller, 1968).

In the detection head of the conventional gamma camera, a suitably collimated gamma ray
originating from within the patient hits the large (typically 54.6 cm in diameter and 1.27 cm
thick) thallium activated sodium iodide crystal, producing a scintillation of light (Fig 2-9).
The scintillation is detected by a bank of phototubes arranged in a closely packed hexagonal
array, and optically coupled to the crystal. The light from the scintillation divides among the
phototubes; those tubes close to the event will receive more light than those furthest away.
Each tube converts the light it registered from a scintillation to a voltage pulse;each pulse is
proportional in amplitude to the amount of light each tube received. The pattern of voltage
pulses from all phototubes resembles the original scintillation distribution on the crystal and
are “fixed” into graphical X- and Y-signals by positioning or localization matrix circuitry.
The sum of the outputs from all of the PM tubes, the Z-signal, is proportional to the total
amount of light produced by the scintillation event, i.e. the deposited energy of the incident
gamma ray, and is input to the pulseheight analysers which determine whether the event is to

be registered or discarded.
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Fig. 2-9: Schematic representation of scintillation detection processes in the crystal and

photomultiplier tube (Designed from Bernard er al., 1976)
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The pulse height analyzers (PHAs) or multichannel analyzers (MCAs) are voltage
discriminators whose upper and lower limits are set to correspond to the photopeak(s), i.e. the
energy peak characteristic of the isotope(s) being imaged. These limits define energy
“windows” which may be either symmetric (i.e., centered upon a particular photopeak) or
asymmetric (i.e., with a lower limit closer to and an upper limit further above the photopeak

for a given window width), the latter mostly to reduce scatter (Gottschalk & Potchen, 1976).

The signalling processing circuitry in modern cameras is significantly more complex than the
foregoing description suggests and varies considerably among manufacturers. Much of the
circuitry, e.g., preamplifiers, pulse-height analyzers, etc., can be mounted directly onto the
individual PM tube bases or adjacent circuit boards to minimize distortion associated with
signal transmission to the console. Signal output to the console may be in digital format to
lurther reduce distortion (Erickson & Rollo, 1983). The image storage and display system
record the location of each scintillation event accepted by the pulse-height analyzers on both a
permanent storage medium (ranging from film to digital memory) and a real-time display
(CRT). Successive scintillations occurring in the same location in the crystal are mapped into
the corresponding location in the storage medium and summed. In modern, computer based
systems these events are mapped into a digital data matrix ranging in resolution from 32 x 32
to 512 x 512 picture elements or pixels. Such systems are not limited by the contrast and
latitude [imitations of film and therefore accurately record all of the dynamic range of the

image.

2.3.2.2 The Computer

Camera/computer interface is accomplished by an acquisition processor, one or more analog
to digital converters, and a buffer/image memory, New cameras digitize the X.Y,Z output at
the detector. The acquisition processor controls certain camera functions, including zooming,
improved spatial resolution, gated cardiac studies. The operator/computer interface is
accomplished through terminal and display processors linked respectively to an operator
console and one or more display devices, ¢.g. a video monitor. The typical console consists of
an alpha numeric keyboard and cursor control, e.g. a tracker ball for graphic interaction with
the processor (Fig 2-10). The user typically communicates with the operating system through
a menu structure of commands encompassing the majority of commonly performed functions.

Acquisition and analysis programs offer a number of common options (Sarper, 1984).
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Fig 2-10: Opcrator/computer interface through terminal and display processors, a keyboard and

cursor/tracker ball control.

Data acquisition is performed in one of two basic formats: matrix (frame) mode or list (serial)
mode. In frame mode, scintillation events in the crystal are mapped into specific X, Y
coordinates in memory (i.e. pixels) corresponding to their location in the crystal. Each new
event occuring in any given pixel is summed to those previously recorded there. This mode

may be used to acquire static, dynamic, or ECG gated studies.

Static frame mode acquisitions require predefinition of frame size and pixel depth (byte or
word) appropriate, respectively, for the resolution and maximum count density of the study.
Acquisition is terminated by specifying time, counts, or count density. This mode is
commonly utilized to acquire multiple images from different projections as in regular bone
scans and enables subsequent quantification of tracer distribution but provides no information

regarding temporal changes,

Dynamic frame mode acquisition consists essentially of predefined series of frames acquired
at predefined rates for a predefined number(s) of frames. This type of acquisition can often be
subdivided into sequential phases of differing rates. Frame size and pixel depth must be
specified. Aithough temporal information is thus preserved, there is little flexibility for

reformatting of data, and image statistics degrade with increased temporal resolution.

Data analysis or processing encompasses all of the image enhancement, data restructuring,

and data quantification functions available to the operator through the sofiware. They are
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typically accessed through the menu structure of the software and often may be linked into

strings of commands, called macros.

Image enhancement includes those functions available to better define anatomic structures of
interest on a visval display format. Included are basic functions such as background
suppression and contrast modification as well as more sophisticated functions such as image
smoothing, image filtering (both spatial and temporal), and various edge-enhancement

techniques utilized to better define the margins of organs or other structures.

Image quantification software performs two generic functions: definition of that portion of the
data to be quantified and the actual quantitative procedure(s). The most common method for
defining regions of a study to be quantified, called regions of interest (ROI) definition, is to
outline them or “paint” them with a light pen, cursor, or other means of graphic interaction
(Fig 2-11). For special purposes, edge detection subroutines of varying sophistication are
available to define manual estimations of an organ boundary. Extended over muitiple frames
of a temporal study involving a moving organ (e.g., the heart), these become edge-tracking

subroutines.

«— brain

« cardiac blood pool
«— liver

«— left kidney
«— gut

«— background

Fig 2-11: Example of a scintigraphic image of a rat with typical regions of interest (ROIs) defined.

Once one or more ROIs have been defined, the software can be instructed to quantitate the

activity within these regions, determine their variation with time, fit these data to various
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mathematical functions, or compare them or plot them in variety of formats for example the
familiar time-activity curves (Fig 2-12). Mathematical operations such as integration,
differentiation, smoothing, statistical fitting can be performed on this data to obtain

biodistribution and/or biokinetics of the pharmaceutical under investigation.
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Fig 2-12: Examples of dynamic and % organdistribution graphs, as obtained from count rates

temporally acquired.

2.3.2.3 Quality Control

The instrumentation employed in the modern nuclear medicine laboratory has evolved in a
systematic fashion from a core of devices designed to detect the radiations emitted by
radioactive materials through specific, well-known interactions with matter (ionization and
scintillation). The basic detector technology is well established, and recent improvements in
hardware performance have resulted largely from technical refinements. Despite technical
sophistication the reliability of diagnostic information should remain a primary objective and

it calls for regular quality assurance.

The interpretation of static images and dynamic function studies is critically dependent upon
the quality of the images and the data generated by the scintillation camera. Changes in the
camera performance can be detected by the evaluation of serial images of various test devices:
uniform radioactive sources, bar phantoms, and special configurations of radioactivity and

absorbers designed to simulate organs and lesions (Kim & Haynie, 1987).
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The quality checks of collimator and detector head mounting, energy calibration of pulse-
height analyzers, {lood-field uniformity, sensitivity, and background-count rate, should be

carried out each day the instrument is used (Kim & Haynie, 1987).

2.4 Bone Scintigraphs

2.4.1 Normal bone

Such scintigraphy using **™Tc-bisphosphonates is usually performed with a large field of
view gamma camera and a low energy high resolution collimator. Static images are obtained
about 3 hours after i.v. injection of the radioactive tracer. Although the maximum contrast
(bone to background counts) is achieved at 4-6 hours this becomes an impractical point to

scan post injection, and 3 hours is generally regarded as acceptable.

The quality of bone scans is dependent on several tactors. Adequate hydration is required to
maximise renal clearance, thus reducing tissue background and incrcasing the lesion to
background ratio. Normal renal function is therefore also a requirement. Obesity which
increases the target to detector distance increases scatter of the photons, as well as their
absorption by overlying tissue, which all degrade the quality of bone scintigrams. High
energy radionuclides, such as "*Re and '®Ho would require high or medium energy
collimators for good scintigraphy whereby the images are not degraded from seplal
penetration. Radiopharmaceutical quality control is important to ensure adequate labelling
efficiency, as well as to minimise the presence of particulate material, such as colloids, that
will also degrade the images.The time between the injection and imaging will determine the
amount of background activity that is present. Numerous drugs have been shown to atfect the

biologic distribution of bone-imaging agents (Alazraki, 1984).

Normal bone scans also demonstrate increased radiopharmaceutical uptake where the bone
has maximum stress and modelling, particularly in areas of muscular attachment. The long
bones are usually best defined at their ends, with the knees sometimes particularly prominent
due to the relatively large mass of bone and less overlying tissue. In normal human adults (Fig
2-13) visualization of the distal long bones, particularly the radius, ulna, and fibula is often

difficult on bone scans. In children and young adults bone scans are characterteristically of
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better quality due to less overlying tissue, better renal clearance and increased osscous
activity. The most prominent difference is significant activity in the growth plates near the
epiphyses of long bones. At the other end of the spectrum a normal bone scan in elderly
adults, particularly women, will show decreasing definition of ribs and fine details (Wilson
1981).

Fig 2-13: The normal human skeleton, anterior and posterior views

2.4.2 Traumatic Fracture in Humans

Nuclear medicine procedures allow for the detection of fractures in human patients by bone
scintigraphy within hours of injury. Good quality images are, however, required for the
detection of such fractures. Improved image quality can be obtained in most patients from
delayed images, e.g. at 8 to 24 hours after injection. This allows the soft tissue clearance of
the radiotracer to be maximal, and a focal abnormality is better detected because of the

improved target to background ratio (Martin, 1983).

The scintigraphic pattern of fractures changes over a period of time, with three distinct stages
apparent. The first phase (acute) persists for approximately 2 to 4 weeks after injury and is
characterized by a diffuse region of increased tracer concentration around the fracture site. A

distinct fracture line may be seen in this stage, especially in delayed images. The second
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phase after 6 weeks (subacute) is characterised by a well-defined linear abnormality at the site
of the fracture. This stage could last for 8-12 weeks and illustrates the most intense uptake at
the fracture.The third and healing phase is characterized by a gradual reduction in the
radioactive intensity of the abnormality, until the bone scan returns to normal. This time to
reach a normal bone scan extends well beyond the time for clinical or even radiographic
healing because of the increased metabolic activity and bone remodelling depicted here and
that can take place for considerably longer than might be expected clinically. Compound
fractures, or patients in whom orthopaedic devices, such as rods or screws are used require
considerably more time for the bone scan to return to normal. Patients with delayed union or
non-union may also show prolonged periods of radiotracer concentration at the tracture site
(Fig 2-14). A distinction between delaycd union and non-union may be difficult both
clinically and scintigraphically, although follow-up scans may be of assistance in making the

differentiation (Desai ef al.. 1980).

Fig 2-14: Non union bone with radiotracer lingering around fracture site (Mettler, 1988)

2.4.3 Osteosarcoma

Radionuclide bone scanning is sensitive in the detection of most primary malignant bone
tumours, Although there is some correlation of scan characteristics with the histologic type of
tumours, (Mclean & Murray, 1984). the tissue specificity is much poorer. Additionally there

are no scan characteristics to prove that a lesion is definitely malignant or benign. There are,
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however, general characteristics of malignant tumours (e.g., very marked uptake) that are
suggestive of malighancy. Scintigraphic characteristics potentially may be of value in lesions
that are radiographically indeterminate; however the appearance of the lesion on routine
radiography will, in general, be more diagnostic of tumour type. The main use of diagnostic
radionuclide bone scanning in primary osseous tumours will be to confirm the presence of the
lesion, or maybe multiple lesions, to assess the margins of the lesion, which is useful in

therapy follow-up, and to detect metastatic disease (Fig 2-15).

Fig 2-15: Osteosarcoma, very marked uptake with well visualised margins

Radionuclide bone scans have been very useful in the initial management of patients with
osteosarcoma. Osteosarcoma appears to be very “hot” on the scintigram. Metastases within
the same bone or distant to other bones can be detected by the bone scan. There is a
significant tendency, however, for the margin of the actual tumour to be smaller than
suggested on the radionuclide scans (Mckillop ef al., 1981; Chew & Hudson, 1982; Lamb et
al., 1990; Leibman et al., 2001). This extended pattern is thought to be due to cither
hyperaemia associated with the tumour, marrow hyperaemia, medullary reactive bone or

periosteal new bone adjacent to the tumour (Berg et al., 1990).

In addition to distant skeletal metastases being identified, some nonosseous metastases may
be detected with the technetium-phosphate scan, especially within the lungs (Goldstcin er af.,
1980; Mcneil & Hanley 1980; Brown 1983; Gilberg et al., 1983; Sandler et al., 1984; Picci et
al., 2001).
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2.4.4 Metastatic Disease

Accurate tumour staging is of prime importance in oncology (Saifuddin, 2002). There are
marked differences in patient therapy and prognosis based upon the actual stage of disease.
For example radical surgery is rarely indicated for tumours that have metastasised, but such

surgery may be life saving in localised or regional disease.

Following the initial tumour staging, the patient’s follow-up may rely on radionuclide bone
scanning for evaluation of therapeutic response, bone pain, and screening of the symptomatic
or asymptomic patient for metastatic disease. Although the early detection of mctastatic
disease may not affect outcome, it is useful both for prognosis and to prevent complications

such as pathologic fractures of weight-bearing bones by early radiation therapy of metastasis.

Fig 2-16: Metastatic bone tumours, anterior and posterior views

Some tumours. such as breast and prostate, have a propensity for early and asymptomatic
metastases to bone. Conventional radionuclide bone scanning is very sensitive for detection
of bone metastases in most neoplasms, with an overall false-negative rate approaching 2 %

and a false-positive rate approaching 10 % (Muroff, 1980).
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The typical appearance of ossecous metastases is multiple noncontiguous asymmetric focal
areas of increased activity (Fig 2-16). In metastatic disease, the distribution of lesion
involvement is as follows: thorax and ribs, 37%; spine, 26%; pelvis, 16%; limbs, 15%; skull,

6% (Wilson & Calhoun, 1981).

2.5 Therapy

2.5.1 Radiation Effects from Radionuclides

Multi-site bone pain is a common symptom in advancing malignancies and may be difticult to
manage effectively. Targeted radiotherapy using bone seeking radiopharmaceuticals offers the
advantage of treating multiple pain sitcs simultaneously while minimizing toxicity to healthy
tissues (Lewington, 1996). Sixty to eighty percent of patients with refractory symptoms
benefit from this approach, up to 25 % reporting complete pain relief. Treatment is generally

well tolerated, toxicity being limited to temporary myelosuppression.

Appropriate patient sclection is critical to treatment success. Sites of pain should be correlated
with focal abnormal uptake on conventional bone scintigraphy. Radiopharmaceutical uptake
and retention are generally higher in osteoblastic metastases than in predominantly osteolytic
discase, and has also been reported in osteosarcoma. Patients should be haematologically and
biochemically stable before treatment. Contraindications to target therapy include limited
bone marrow reserve and acute spinal cord compression, which should be managed by

external beam radiotherapy (Serafini, 2001).

Any subatomic particle bearing an clectric charge and having kinetic energy sufficient to
produce ions will interact or couple strongly with the orbital electrons in any medium, such as
tissue, through which it passes. Because of the strong coupling, energy losses to the orbitals
will take place at closely spaced intervals even in the case of sparscly ionizing highly
relativistic electrons. Charged particles having the requisite energy are said to be direcily

ionizing.

Directly ionizing particles lose energy to the orbitals in a number of relatively small

increments. An occasional encounter may transter enough energy to permit the ejected
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electron to produce a recognizable ionjzation trail of its own. The avecrage energy transfer,

however, is less than 100 eV and the most probable transfer only 20 eV.

Spatial distribution patterns of ionizations and energy excitations will depend on the type of
quality of the radiation producing them. Any relation between the biological and ehemical
effect and radiation quality must depend on the distribution patterns rather than inherent
differences in the radiations themselves, for all are ultimately effective through ionizing
electrons. The excitation and ionization pattern, and hence the biological effect, of an
individual electron of given energy is independent of the nature of the radiation that produced

it.

With these physical properties in mind, several radiopharmaceuticals have been developed for
bone pain palliation. These include strontium-89 chloride , samarium-153-EDTMP and
rhenium-186 HEDP (Atkins, 1998; Bouchet et al., 2000). All of these are prepared by neutron
irradiation of the respective suitable enriched isotopes in a nuclear reactor, followed by the
relevant chemical processing. Factors influencing treatment selection include time to
response, predicted response duration and myelotoxicity, all of which reflect the half-life of
the radionuclide administered and dose rate achieved (Andrews, 1974). Treatment can be
repeated to manage rccurrent pain, although toxicity is cumulative in patients with advancing

refractory malignancy.

'Sm-EDTMP consists of Sm complexed o the octa-anion
ethylenediaminetetramethylphosphonate (EDTMP) and has extensively been studied
(Goeckeler ef al., 1987, Holmes, 1992; Bruland ef al., 1996; Dormehl et af., 1998). The high
affinity of EDTMP for bone, coupled with the nuclear properties of '*’Sm (1% = 46.75 h;
maximum B-particle energy = 0.8 MeV (1.3 x 1077))), enables the radiopharmaceutical to
alleviate the pain associated with metastatic bone cancer. This is a relatively mild treatment
and after 7 weeks further treatment is necessary once radiation levels have declined and the
pain palliation subsides (Alberts ef al, 1997). In order to improve the efficacy of the
radiopharmaceutical, '>’Sm was replaced with '“*Ho, which has a higher-energy B-particle (1%
= 26.9 h; maximum B-particle cnergy = 1.86 MeV (3.0 x 10™%))). Although the chemistry of
Ho and Sm is approximately similar (both are lanthanides), the skeletal localization of '*Ho-
EDTMP proved to be inferior to that of '**Sm-EDTMP (Jarvis es al., 1995) as the "“Ho-
EDTMP complex has a different biodistribution from that of **Sm-EDTMP (Dormehl et al.,
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1993). No reliable response predictors have been identified although both reponse rate and
quality of response are higher in patients treated early in the natural history of their disease

than those with very extensive osseous metastases.

The radiobiology of targeted therapy for bone pain palliation is poorly understood. Issues
requiring clarification include the existence of an absorbed dose threshold for pain reliet,
single administration versus fractionated treatment and the therapeutic potential of multi-

modality therapy (Thrall, 1998).

One theory as to how radiopharmaceuticals work in pain palliation treatment is that the
radionuclide is carried by the bone-seeking ability of its carrier (ligand) to areas of increased
osteoblastic activity, where it then chemisorbs to the osseous tissue. Increased osteoblastic
activity will be the result of the preceding increased osteoclastic activity, which, in turn, is a
feature of metastatically affected areas of bone. Furthermore, prostate cancers initially
metastasise almost uniformly as ostcoblastic metastases. Radiation of the attached
radionuclide will then cause death in a percentage of cells within the range of the B-particle (3
mm soft-tissue penetration for '**Sm and 8 mm for '**Ho) or of the Auger electron (<1 mm
for "'"™Sm). The resulting decrease in intra-osscous mass and pressure brings relief to the
patient. However, it is found that the reduction in pain levels takes a few days, i.c. before the
tumour cell mass shrinks. The mechanism is therefore more complex. One of the most
radiation-sensitive cell types is the lymphocyte, which secretes a variety of cytokines that
have been associated with pain modulation. Lymphocyte cell death at the tumour site is

responsible for this rapid pain reduetion (Thrall, 1997).

Early reports indicate that superior response rates may be achicved by combining targeted
trecatment with conventional or tow dose chemotherapy (Deregis ef al., 2003). The mechanism
for this apparent synergy is unclear and mcrits further investigation. Other options for multi-
modality pain control in combination with radionuclide treatment include bisphosphonate

therapy, external beam radiation and radio frequency ablation.

Targeted therapy represents a logical, safe and effective approach for the management of
multi-site metastatic bone pain and could be useful for osteosarcoma. The future lies in early
intervention to achieve prolonged symptom control and in research to investigate novel

radiopharmaceutieals for enhancing treatment efficacy.

50



Chapter 2 - Literature Review on the Research and Development Models of Phosphonate containing }.igands (o
target bene Tumours for Radiotherapy

New therapeutic radiopharmaceuticals could include ditTerent radionuclides with improved
physical propertics and/or modifications of ligands (Washiyama er af, 2004). Such
alternatives under investigation include, apart from %o, the two rhenium radionuclides,
'%Re and *Re, as well as ''"™Sn (Table 1.1).

'%'Re-HEDP appears 1o fulfil the criteria of a good radiotherapeutic agent as it has stronger
beta emision then '’Sm and '®Re (Knapp er al., 1997; Lin et af., 1997). An important
consideration in '**Re is that it is derived from a Tungsten-188/Rhenium-188 generator and
therefore promotes ease of clinical application (Knapp er af., 1997; Lin er al., 1997). It has
been reported on for palliation of bone pain in metastic bone cancer (Maxon et af., 1992;
Hsieh er al., 1999; Li er af., 2001). In a study by Palmedo er al.,, (2000), the maximum
tolerated dose of **Re-HEDP in prostate cancer patients with osseous metastases who were
suffering from bone pain was investigated. Li et af., (2001) also treated numerous patients to
evaluate toxicity and control of bone pain in metastatic bone cancer. No reports were found in

the literature on the use of '**Re-HEDP in human or canine osteosarcoma.

'*Re-HEDP is well documented in the literature as an effective radiopharmaceutical for the
palliation of metastatic bone pain (De Klerk ef af., 1997; Limouris et al., 1997; Atkins, 1998;
Palmedo er al., 1999; Giakkakenas er al., 2000; Liepe ¢f «l., 2000; Brenner ef al., 2001). A
single case report by Sawyer er al., (1999) sought to demonstrate the usefulness of targeted
radiotherapy using 'Re-HEDP as a method for dose escalation in the treatment of

osteosarcoma.

Sr and *°P are commonly used in human medicine for bone palliation (Atkins, 1998; Liepe
et al., 2000; Kvinnsland er al, 2002). A report comparing '“Sm-EDTMP and *Sr
distribution in canine osteosarcoma bone found a more uniform distribution for ®Sr in the
cancer and a lower radiation dose to bone marrow (Schoutens, 1988; Robinson ef af., 1995;

Kvinnsland et af., 2002).

A relatively new radiopharmaceutical ''"™Sn-DTPA has been reported to be effective in
controlling metastatic bone pain (Atkins ¢t al., 1993; Srivastava et al., 1998; Swailem ef al.,
1998; Bishayee et ai., 2000). No reports were found in the literature on the use of Wimg .

DTPA for osteosarcoma.
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"M is produced from enriched ''"Sn and activated by a (m,n") reaction for which the
neutron caplure cross-section is small, viz. 2.3 barn. It is therefore difficult to reach the high
levels of specific activity that are needed for therapeutic purposes and this can only be done in
high-flux research reactors like the Oak Ridge HFIR in the USA and the Petten HFR in The
Netherlands. Although difficult 1o produce with the required specific activity, the interest in
"M arises from its favourable half-life (13.6 days) and discrete particle range (0.2-0.3 mm)
in bone tissue, as compared with mSm, 2p and '""Ho. Because it emits mono-energetic
conversion electrons instead of a B-particle the localized radiation permits large bone
radiation doses without excessive radiation to the bone marrow. In addition, ''"™$n as an
Auger emitting radionuclide will introduce a highly localized distribution of clectrons once
inside the cell. Auger emission is a radioactive decay triggered by capture of an inner shell
electron of the atom by the nucleus followed by emission of a cascade of electrons from the
K and L electron shells. These electrons normally have a very low energy and therefore a very
limited tissue range. Up to 25 electrons can be cmitted, resuiting in a local, high-density
radiation. Together with the recoil of the daughter nuclide, which exists as a highly charged
cation (up to +20), it has the potential to damage a cell severcly at molecular level. A bone to
marrow uptake ratio of 11 has been recorded for "Imen-DTPA, which is far better than its
closest rival, "**Sm-EDTMP (Atkins et al., 1993). As the energics of the B-particles emitted
by "**Ho and *’P are similar. a bone to marrow uptake ratio of about 1.3 is expected for a
radiopharmaceutical containing '®Ho. From this comparison it is understandable that marrow
depression is recorded, especially for *Sr, and even for **Sm (Turner ef al., 1989; Bishayee

et al., 2000).

As is the case with all radiotherapeutic regimens (chemotherapeutic agents as well), the
maximum dose of ''"""Sn-DTPA will be determined by the effects on normal tissue. Whether
the range of the conversion electrons proves to be adequate to produce a therapeutic effect if
the uptake is not in the tumour itself, as is the case with ''""Sn-DTPA (Atkins et al., 1993),
remains to be proven. Selective uptake of ''"™Sn in the tumour by a designed ligand would
certainly improve its therapeutic effect. Finally, the half-life of ''’™Sn proves to be suitable. It
is known (Turner ef al., 1989) that the use of ¥Sr, with its long half-life of 50.5 days, requires
radiation safety precautions for the collection of urine, for the discharge of patients and, in

general for the responsible hospital staff. In this ''"™Sn has a long half-life (13.6 d) but not
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excessive to complicate radiation safety precautions. Its short radiation range also contributes

lo minimize the dose received by hospital staff.

The oxidation state of the Sn is also important. Srivastava ef al. (1998) showed that for
ligands such as DTPA and MDP the bone uptake of Sn'Y was superior to that of Sn". For this
reason ''"™Sn (IV)-DTPA was promoted in past investigations. Note that  Sn" is widely used
as a reducing agent in ®™Tc-labelled diphosphonates and it has been found to adsorb on to
hydroxyapatite after dissociation from the diphosphonate carrier, which prevents its untimely
hydrolysis (Claessens & Kolar, 2000; Yang er al., 2004). Formation constants for Sn" from
which an encouraging blood plasma model could be drawn up, led to its investigation as a

therapeutic nuclide in this study.

2.5.2 The Phosphonate Ligands

Modifications to the phosphonate ligands could further optimise the efficacy of the potential
radiopharmaceutical for targeted, skeletal therapy. Sn" is added during formulation of the
above skeletal-imaging agents to reduce pertechnetate. HMDP (hydroxymethylene
diphosphonate) is sometimes used to replace MDP in targeting bone. Studies showed that the
cancerous/ compact bone uptake is greater for HMDP than for MDP. Another ligand used is
HEDP (also known as Etidronate). HEDP has a hydroxy group which MDP lacks and seems
suitable as a possible pain palliative radiopharmaccutical. Although the bone uptake of *™Tc-
HEDP is lower and its blood clearance slower than of “™Tc-MDP (Bevan ef al., 1980), it
gives a greater contrast between regions of higher and lower calcification rates. As the areas
with higher rates of calcification appear 1o be the target of a possiblc palliative
radiopharmaccutical, HEDP seems to be a promising candidate. Success with '*Re-HEDP is
well documented by De Klerk et al., (1997) and clinical studies on an even more energetic B-
emitter (comparable with '**Ho), '®Re (half-lifc of 16.0 h and maximum B cnergy of 2.1
MeV), complexed to MDP, HEDP and others as possible bone therapeuticals, are continously
been performed (Maxon er al., 1992; Palmedo et ai., 2000; Mitterhauser er al., 2004).

APD (1-hydroxy-3-amine-propylidenc diphophonate) functions by binding to the bone

surface (to hydroxyapatite), thereby inhibiting resorption, the function of osteoclasts, and

interfering with the maturation of osteoclast precursors (Schoutens, 1988). Furthermore APD
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mobilizes Ca*" and Mg™ in blood plasma to such an extent that an increased amount of these
two metal ions is available for deposition on to the bone, thus assisting in regenerating bone
tissue {Thurlimann er af., 1994). Thus APD repairs the damage by the osteoclasts and disrupts
their action and is therefore effective as a pain palliation therapy for osteolytic bone cancer

patients.
2.5.2.1 Polymeric Bisphosphonates

Another approach using water-soluble polymers as drug carriers was investigated. These
polymers have been the subject of research for some time and have been studied as potential
chemotherapy agents for cancer (Duncan et al., 1996; Soyez & Schacht, 1997). The principle
behind this approach is that water-soluble macro-molecules accumulate passively in solid
tumours according to the “Enhanced Permeability and Retention Effect” (Maeda et ai., 2000).
This is thought to be caused by the production in tumour cells of compounds such as vascular
permeability factor (VPF) and bradikinine, which increase the vascular permeability of the
tumour tissue (Fig 2-17). Retention is enhanced by the impairment of the lymphatic system in
tumour tissue, retarding thc removal of macromolecules from tumours. The polymer must
therefore be large enough not to be taken up in healthy tissue, but not so large as to be trapped
in organs such as the liver and kidneys (Fig 2-18). To extend this approach to therapeutic
radiopharmaceuticals the water-soluble polymer polyethyleneimine was functionalised with
methylenephosphonate groups to make the resulting water-soluble polymer, called PEI-MP,
bone seeking. The extensive preclinical work using ®™Tc labelled PEI-MP to ascertain the
optimum fraction in terms of molecular mass (Dormehl et al., 2001) is largely the topic of this
thesis. Finding anionic species in a size fraction e.g. 10 to 30 kDa which presents good
tumour uptake with the minimum uptake in hcalthy bones, kidneys or liver, would establish
such a polymer as having the potential to deliver a therapeutic radionuclide selectively to

tumours.
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Fig 2-17: Schematic presentation of selective bone tumour localisation.
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Fig 2-18: Organ and tumour uptake of *"Tc-PEI-MP, depending on its macromolecular size.

2.6 Modelling in Biomedical Research

2.6.1 Animal models

It is generally accepted that the use of animals in biomedical research has made a significant
contribution to the welfare of both humans and animals in the past, and that future use of

animals is necessary for further progress. It should be emphasised that a wide variety of
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experimental animal species is necessary for the advancement of knowledge in biology, as
well as for the development of methods for prevention, diagnosis and treatment of diseases of

humans and animals (Brodey, 1979; Macewen, 1990).

As a general rule it is true 1o say that the main risk with radiopharmaceuticals is that of
radiation induced damage. The labelled compounds are only present in miniscule
concentrations so that the question of chemical toxicity seldom arises, although it is not

always the case.

To minimalise the risk the minimum dose which produces clinical useful data has to be
related to the radiation dose to the target organ, i.e., the organ receiving the largest radiation
dose. In this respect the bladder and intestines should not be forgotten. In targeted
radiothcrapy (and palliation) the bone marrow is the dose-limiting organ. This is primarily
trabecular bone. The radiosensitive cells in this area consists of the hemopoietic bone marrow
cells, cndosteal cells lying close to the bone surface, epithelial cells close to the surfaces in the
air sinuses in the skull (Bouchet ¢t @/., 1999). Because of the complex structure it has been
difficult to calculate accuratcly the dose deposiled to the scnsitive tissues. A three-
dimensional model has been reported to calculate the dose for trabecular bone by Bouchet et
al.. (1999). Cortical bone is considered a separate region due to the cells at risk, these are: the
osteoprogenitor cells which lie within a 10um layer of the endostium (Bouchct & Bolch,
1999). Similarly a three dimensional model has been reported to calculate the dose for cortical
bone (Bouchet & Bolch, 1999). Biodistribution studies in normal animals and in
pathophysiological models can be helpful in predicting human radiation doses but the

possibility of interspecies variation remains a constant and insoluble problem.

Biodistribution studies in the non-human primate will have to yield results similar to those in
man. Confirming the validity of the chacma baboon (Papio ursinus) in the determination of
useful biodistribution and subsequently dosimetry data from radiopharmaceuticals will allow
extrapolation to man (Louw er al., 1996) (Fig 2-19). Such data could subsequently be used to

optimise various radiopharmaceuticals for targeted therapy.
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Fig 2-19: Prepared animal for scintigraphy. The size of the animal enables mcaningful data

extrapolation to man.

Canine osteosarcoma is a valid model for osteosarcoma in man and could also serve as a
model for metastatic bone cancer in man (Knapp & Waters, 1997; Withrow er al., 1991).
However the owners of afflicted dogs have to agree to participate in such investigations. The
murine mode! for research in oncology has for long been invaluable and logistically relatively
easy to use. Numerous cell lines of various cancers have in the past been introduced into nude
mice. Appropriately sized tumours of the particular cell lines thus induced have been
researched and the information, whether of biological, histological or pharmacological nature

usefully applied to human medicine.

The tumour uptake of the various therapeutic radiopharmaceuticals could be determined in
vivo scintigraphically, thus yielding time-dependent wash-in, retention and wash-out
information. Organ distribution data from rodents thus generated will allow some calculations
on dosimetry and provided information amongst others as to the therapeutic potential and

safety of the radiopharmaceutical.
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However dosimetry calculations from a murine model do not truly extrapolate to man. The
primate model would be more appropriate and would permit with confidence the use of

MIRDOSE 3 software” modelled on a 32 kg human (Siegel ef al., 1999).
2.6.2 Dosimetry from MIRDOSE 3

There are inherent errors in extrapolating external beam dosimetry information to internally
dosed emitters which have highly variable dose rates and are delivered over protracted
periods of time (Siegel er al., 1999). Thercfore the experimental design for this study for
dosimetry purposes used information derived from the recommendation made in MIRD
Pamphlet 16 (Siegel et al., 1999).

The MIRD Schema consists of a number of pamphlets that have been published over a
number of years, details of which are reviewed by Stabin (1999), The MIRD Schema has as
its goal an accurate determination of the time-dependent activity in the body tissues of a
radiopharmaceutical (source ¢.g. trabecular bone) and its calculated absorbed dosc to target
regions (e.g. bone marrow) of the body. The term region designates sources of radiation in the
body and designates targets for assessment of radiation-absorbed dose. The absorbed dose is
defined as the energy absorbed per unit mass (Siegel ef al., 1999) .The mean dose in the

MIRD Schema is given as
D=A4xS Equation |

where D is the mean absorbed dose in Gy orrad, A is the accumulated activity in Bg/sec or
pCi/hr and § is the mean absorbed dose per unit cumulated actively in Gy/Bg/sec or
rad/pCi/hr.S is given in the MIRDOSE 3 software for the specific anthropomorphic model
from the S -tables. The S -tables make the assumptions that the activity in the organs is
homogenous and that the organ mass is standardized (Stabin et al., 1999). These assumptions
can be erroneous since organs are ofien not homogenous and for obvious reasons, there are
variations in organ size amongst individuals (Stabin et af., 1999). The absorbed dose to target

can also be expressed as absorbed dose per unit administered activity, 4o (Bq or pCi) and the

" MIRDOSE - Medical Internal Radiation Dosimetry

58



Chapter 2 — Literature Review on the Research and Development Maodels of Phosphonate containing Ligands to

target bone Tumours for Radiotherapy

source region resident time T, defined as 1 = A/ Ay. Therefore, the mean dose 1o the targel per

unit administered activity is given as:

D/dg=1%S§ Equation 2

Thus the estimation of absorbed dose is dependent on two factors:

Time-dependent  (biokinetic) factors: those incorporated within t or A which
incorporate characteristics of both uptake and retention of activity in the regions of
interest {ROI) and includes the physical half-life of the radionuclide and the biologic
half-life of the radiopharmaceutical.

Time-independent (physical) factors: those represented by S. These are types and
energies of the radiation emitted, geometrical aspects, distance between them and

composition of absorbing and intervening media of the source and target regions.

The three phases involved in the determination of the absorbed dose are: (see scintigraphy):

Data collection: Identification of source regions which would be the ROI coniaining
activity, determination of temporal sampling and acquisition of counts or radioactivity,
also tissue sampling (blood, urine). For the purposes of this study source rcgions are
identified as areas in the animal showing significant uptake. In most cases these are:
cardiac region, liver, lefl kidney, right kidney, trabecular bone (metaphyses of the long
bones), cortical bone (diaphyses of the long bones) and background (an area over a
muscle group).

Dala analysis: calculation of the activity in the ROI as a function of time. This would
include calibration factors obtained from quantitative techniques.

Data processing: integration of the time activity curves to obtain the sum of all nuciear
transitions, the accumulated activity 4 and residence time 7 for each source region

(ROI). These values are inserted in the eq. | and 2, and the S valucs obtained from the

S tables, to yield the dose rates to the target organs.

2.6.3 Chemical Speciation and Blood Plasma Modelling

For a particular ligand (L) and metal ion (M) several complexes may form at different pH
values, e.g. ML, MLH, M;L, ML;, MLOH (H = hydrogen ions). The distribution between
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these different species is called the speciation of that ligand. Duffield and Williams defined
speciation as follows: Speciation defines the oxidation state, concentration and composition of
each of the species present in a chemical sample. Better computing and analytical methods
have in recent years led to an increased understanding of the speciation underlying many
chemical systems, with interesting conclusions to be drawn for medicine, industry and the

environment,

To elucidate the performance of ligands chosen in treating metastatic bone cancer and
osteosarcoma the reactions between metal tons and ligands need to be understood (Taylor &
Williams, 1995). When looking at bonding between ligand and metal ion, one way to describe
the phenomenon is to consider the thermodynamic equilibria that occur. The formation

constant for the equilibruim of complex formation must be known.

Potentiometry is often used as a technique to calculate formation constants although the
cvaluation of the potentiometric data can be handled by different software packages. In this
study the potentiometric data from potentiometric titration was analysed using the ESTA
(Equilibrium Simulation by Titration Analysis) package of computer programs as deseribed
by May et al., (1985a & b).

The human body consists of cells that are surrounded by an aqueous medium. Since 70 % of
the body is water, life is sustained in this medium by reaction between metal ions and ligands
that occur in vivo. Studying the reactions between metal ions and ligands and using this to
calculate the speciation of a particular metal ion, ligand or combination of the two is
necessary if we are to understand more of the biochemistry and physiology in the human body
(Taylor & Williams, 1995).

Calculating the speciation for a particular ligand and radionuclide combination in blood
plasma will indicate whether a complex will survive the competition of metal ions and ligands
occurring naturally in blood plasma. If so the ligand may be able to deliver the radionuclide to
the bone and may be successful in the treatment of painful bone metastases or osteosarcoma,

as has been the case with '*Sm and '**Re.

An essential proeess in the development of any speciation model is to define a series of

chemical equilibria which represents the system under investigation. In defining the equilibria
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all the chemical species involved and the equilibrium constants for the reactions have to be
specified. The series of equilibria, together with the total or free component concentrations,
constitute the computer model or database of the system. From these data, a series of
simultaneous, mass-balance equations can be set up for the total component concentrations as
a sum of all the individual species concentrations, and solved iteratively for the free

componcnt concentrations, and eventually the individual species concentrations.

The computer program ECCLES, Evaluation of Constituent Concentrations in Large
Equilibrium Systems, (May et al., 1977) predicts the speciation of metal ions or ligands in
biological fluids such as blood plasma. May ef al. (1977) wrote this program to simulate the
nature of the metal ion binding to low-molecular-weight ligands (LWL) in human blood

plasma because these play an important role in biological systems (Eichhorn, 1973).

The aqua-ion is a low-molecular-weight complex but because of its importance it is treated as
a separatc form of the metal ion. It must be present in all aqueous equilibrium systems and is
often referred to as the free (uncomplexed) ion even though it is complexed to the solvent. In
blood plasma, the total metal ion coneentration is much less than the total protein
concentration and the free metal ion is very much less than the concentration of metal-protein
complex. This means that until a substantial portion of the metal ion is stripped off the
protein, the free metal ion concentration remains constant, i.e. is effectively buffered by
protein binding. For this reason May er af. (1977) assumed that the percentage distribution of

transition metal ions among LWL was not controlled by protein binding.

The free metal ion as well as ligand concentrations used in the model are given in Table 2.
The distribution of Ca", Mg", Mn", Fe", Cu', Cu", Ni"", Zn" and Pb" among 5000 complexes
formed with 40 or more ligands is computed. Because of the slow complexation kinetics of
proteins, two extreme simulation conditions exist: one in which protein binding is neglected
and one in which protein binding is explicitly included in the calculation. The simulation
condition in which protein binding is neglected serves to illustrate the speciation immediately

afler injection,
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Table 2-1: Ligand and free metal ion concentrations used in the blood plasma model (Zeevaart, 2001).

Component Concentration (M) Component Concentration (M)
Alanare 37x 100 Tyrosinate S8x 107 -
Aminobutyrate 24x 107 Valinate 23x 107
Arginine 05x10° Curbonate 2.5x10°
Aspuraginate ssxof Phosphate 16 x 107
Aspartate 50x 10" Thiocyanale T4x 107
Cyslzinate 23x 107 Silicate l4x10°
Cyslinate 40x10° Sulphate 20N 107
Citrullinate 2.7x 10° Ammaonia 24 %107
Gillutamate 48107 Citrale LIx10°f
Glutaminate 2x 107 Lactate [.8x 107
Glycinate 24 x 107 Malate 3Ssx 107"
Histidinae 85x10° Oxalate 12x 107
Histamine 0% 107 Pyruvate 9.5x 107
Hydroxyprolinate 70x 10" Salicylate 50x 107
Isolcucinate 65x 107 Succinale 425 10"
Leucinate 1.2v 107 Ascorbate 43x107
Lysinate L.&x 107 O 1.2x 10"
Methionate 29x 107 Ca” L1 x 107
Ornithinate 58x 107 Me? 52x10°
Phenylalanate 64 x10° Cu’ 1.0x 107"
Prolinute 21 x 107 v’ Lox 10"
Serinale L.2x 107 Fuv 1LOx 10
Threoninate L3x 10" Fe' L.ox10%
Tryptophanate 10x 107 Py’ Lox 10"
Serum Albumin® 72x10° Mn” Lox1p"”
Transferrin® 25x 107 i 10x 107
Ni® i.0x 10"

*these protems are only mcluded 1n the mode) when calculating the eguiiibrium afier some lime

Introducing a new ligand in a pharmaceutical requires that the program’s database of

formation constants be expanded by constants describing the complexation of the ligand with

various metal ions (including the metal ion used as a source of radiation) in order to elucidate

the behaviour of the radiopharmaceuticals in the blood plasma. When a new metal ion is

introduced the database has to be expanded to include formation constants describing the

complexation of the metal ion with the ligands contained in the blood plasma. This is the area

of greatest difficulty in speciation modelling as accurate equilibrium constants are not always

readily available.
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Generally it is assumed that a 5 to 10 percent error can be expected for biodistribution values
predicted by ECCLES as it is an overall robust system and produces an indication rather than
an exact percentage of each species. Furthermore, the output will only be as good as the input

(formation constants) as is the case with all models.

However the choice of the radionuclide (haif-life and radiation emissions, which dictate its
radiobiological effects) and of the bone-localizing agent (the biochemical properties, which
dictate its pharmacokinetics) will determine the therapeutic success of the modality (Volkert
& Hoffman, 1999). Bone-seeking ligands that after intravenous administration survive in
blood plasma and are not scavenged by the liver or kidneys, are taken up in the bone per
definition. It can not however, be assumed that an intact radiopharmaceutical as such will be
adsorbed on to bone. Affinity of the radionuclide AND ligand for hydroxyapatite is important,

because of the bonc seeking requirement (Claessens & Kolar, 2000).

The blood plasma speciation contributes not to the ability of a modality to be taken up in bone
but to how it behaves in blood plasma: whether it forms neutral species (causing
reticuloendothelial uptake) and whether it survives competition of blood low-molecular-
weight ligands, after intravenous injection. However, with the blood plasma speciation, i.e.
computer simulation, ECCLES it was possible to explain the results obtained with >Sm-
EDTMP and '*Ho-EDTMP in vivo in animals {Louw ¢f al., 1996). For this reason blood
plasma speciation was employed in this thesis to serve as reference for an improved bone-

secking radiopharmaceutical before being tested in primates.

2.6.4 Compartmental Modelling

A considerable mathematical background has been developed for treating kinetic data from
radionuclide tracers but the general tormulation is quite formidable (Howard, 1974). It is
assumed that a tagged/labelied compound is abruptly introduced into one body compartment,
using compartment in a broad sense. It might refer to the bloodstream, to all body water, or to
a single organ such as the lungs. The compound being traced is assumed to be uniformly
distributed throughout each compartment that it enters but concentrations may vary widely

from one compartment to another. The rate at which the tagged material leaves one
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compartment tor another is assumed to be proportional to the concentration of the material in

the first compartment. The constants of proportionality are known as transfer coefficients.

Two-compariment systems represent the simplest cases in this approach (Fig 2-20 a, b).
Mathematical complexities develop rapidly as more transfer coefficients are introduced into
the system model. In general apart from intercompartmental transfer there will be some
movement out of the second compartment, either as a irreversible excretion or as a transport
to a third compartment. The introduction of transfer coefficients to account for such
movement leads to equations with multiple exponential terms and with each coefficient a

complicated function of the system parameters.

—

kcb

Kbo
b) A B
——
kab
e ] ———
kbc

Fig 2-20: (a) A two-compartment system with only two transfer coefficients and (b) An isolated two-

compartment system with no transfers to and from the outside (Andrews, 1974)

The mathematical treatment of a simple idealized model leads to a prediction of a series of
parameters, the transfer coefficients k and volumes v. In practice, measurements give the time
course of the concentrations in one or more compartments and these data are to be interpreted
in terms of the parametric constants of the system. Empirical methods, aided by analog or

digital computers, are usually invoked to analyze the system performance.
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Exponential factors usually appear in equations when material transport is set proportional to
the concentration in the driving compartment. A concentration-time curve might then be
analyzed by assuming it to consist of a sum of a few exponentials and adjusting the constants
in these components to obtain a best fit with the data. These best values are then interpreted in

biological terms from the system-model.

In the simple case depicted in Fig 20 b, there is no excretion (ks = 0). At 1 = 0 the tagged

quantities are Qu, and zero, respectively. Then

dg,
dt

= "ubQu - ;("bqu

Which integrates to

0= 0 (1-ct)

b +/t'ba

wuh
v

o

A transfer coefficient per unit volumes, thus

Mathematical complexities develop rapidly as more transter coefficients are introduced into
the system model. In general there will be some movement out of the compartment, either as
an irreversible excrction or as a transport to a third compartment. The introduction of the
transfer coefficients to accounts for such movements lead to equations with multiple

cxponential terms and with each coefficient a complicated function of the system parameters.

Too much biological significance must not be attached to system parameters obtained from

any of the analytical procedures. Although the methods may be mathematically elegant, a
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considerable variation in the parameters is usually possible within the inevitable uncertainties

in the observed data.

Although compartmental analysis was used on occasion in this research with six
compartments considered, blood, bone, liver, kidney, bladder content and the rest, it is not
necessary 1o subject the results of every tracer study to such an elaborate analysis. Routine
diagnostic procedures and programmes exist in nuclear medicine instrumentation and
investigations from which organ or system behaviour can be simply and adequately estimated.
Those are the procedures extensively used in the present study to evaluate the

pharmacokinetics of the various bone seeking radioligands.
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3.1 Aim

The aim of this research was to investigate novel bisphosphonate containing ligands for
targeted radiotherapy of neoplastic bone disease using rodent and primate animal models and

scintigraphy.
3.2 Materials — Experimental animals: primates, rodents

The success of the outcome requires that the normal primate (Papio ursinus) with its in vivo
bisphosphonate behaviour for purposes of scintigraphic monitoring, using ™ Tc-MDP, bas to
be validated as a useful model to interpret experimental results and extrapolate to man. This
can be done in bone fracture healing experiments by observing the bone healing

scintigraphically over time (sce 2.4).

The rodent studies will be reserved for osteosarcoma bearing nude mice (Balb C) to assess
tumour uptake of novel bisphosphonatc containing ligands while Wistar rats will serve as
rodent controls becausc their large body sizes allow better evaluation of scintigraphic images
(sec 2.4).

3.3 Methodology

3.3.1 Ligand biokinetics using scintigraphy and diagnostic radionuclides

The primate fracture healing experiment will involve controlled fractures of the forelimb
bones of the primates, and fixation with different surgical implants. The fracture-healing
process will be studied by radiography and ™™Te-MDP scintigraphy at regular intervals.
Under kctamine barbiturate anaesthesia. The data from the scintigraphy will be analysed by
the image profile feature available from most nuclear medical computer software, which
facilitates consistent localization of the cxact fracture area in each consecutive image as the

study progresses.
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The images will be studied for physiological bone activity and the time span of the healing

process compared to known information from human patients (Greiff, 1978; Martin, 1983).

Likewise thc normal primate will be evaluated as a model for the pharmacokinetics i.e.
biodistribution, using scintigraphic monitoring, of a typical and well known therapeutic
radiophannaceutical generally used for palliation in painful human skcletal metastases viz
'3Sm-EDTMP (Serafini, 2001; Verma ef al., 2002). Comparing the results to available
human data and establishing good agreement of the in vivo behaviour of the
radiopharmaceutical will direct (he meaningful continuation of these biodynamic

investigations with novel bone seeking ligands (2.3.2).

A novel approach for ligand optimisation involving neoplastic tissues’ abnormal blood supply
(increased permeability) and lack of lymphatics will subsequently be investigated. Hereby
radiolabelled macromolecules should accumulate selectively at the target site (Seymour,
1992). The synthesis of the macromolecule polyethyleneiminomethyl phosphonic acid (PEI-
MP), and its labelling with “™Tc, as well as the required quality control will be the next steps.
Macromolccular sizes ranging from 3 to 300 kDa will be considered and the label #mre will
serve as tracer for the scintigraphic biodistribution studies to be performed in normal adult
male primates. The results obtained from these studies should allow the identification of a
suitable size-fraction, as a bone-seeking ligand. Molecular sizing of the polymeric PEI-MP
can drastically alter its biodistribution and pharmmacokinetic properties (Dormehl et af., 2001),
which can be exploited to suit different applications and targeting of specific organs, tissues
and pathological affected areas, as well as allowing the sparing of vital organs and promoting

speedy urinary excretion of the ligand (2.2.1 and 2.5.2).

3.3.2 Therapeutic radiopharmaceuticals: modelling and scintigraphy

In order to fulfil a therapeutic role the most suitable ligand would have to form a stable and
appropriate complex with one or more of the therapeutic radionuelides e.g. '3Sm, "*Re and
RN (Lewington, 1996). For informed selection of such a radionuclide which would be
successfully complexed with the ligand PEI-MP for targeted delivery to
osteosarcoma/metastatic bone tumours, metal ion speciation in blood plasma will be used to

predict the in vivo behaviour of the potential bone-seeking therapeutic radiopharmaccuticals.
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The blood plasma model ECCLES (Jarvis ef al., 1995) to be used here will include PEI-MP as
ligand (2.5).

Favourable prediction of good in vivo behaviour of any of the complexes of PEI-MP labelled
with therapeutic radionuclides will lead to the development of appropriate radiolabelling
procedures. Such labelling procedures will have to yield radiochemical purities of the
complexes of > 95 %, little presence of colloids (< 1%), and in vivo and in vitro stability of
the complex. The quality control on these requirements will be done by chromatography on
ITLC-SG (ethanol) and cellulose ITLC (1.0 M Citrate, pH 7.0) (2.6.3).

It is known that changing the radionuclide label of a particular ligand might change the
resultant pharmacokinetics (Lin, 1996; Mitterhauser ef al., 2004). 1t is therefore necessary that
the biodistribution of variously molecular sized therapeutic complexes, e.g. ''"™Sn(Il)-
polyethyleneininomethy! phosphonate complexes all be investigated in the normal primate
model to establish any possible differences from the Tc-counterparts and thus their potential
as selective therapeutic bone agents according to the crileria mentioned before, including in

vivo stability (Zeevaart ef al., 2004).

3.3.3 Radioligand uptake by osteosarcoma: scintigraphy and organ

counting

From the normal bone studies the next step will be to investigate the potential exploitation of
the EPR effect due to its macromolecular nature, where bone malignancies are present. Where
available dogs with spontaneous occuring appendicular osteosarcomas, and intended for
chemotherapy, will be administered with ™ Tc-PE}-MP to assess bone tumour uptake of the
labelled ligand. The ®™Tc will purely serve as tracer. Tumour to background ratios will be
determined scintigraphically. The tumour uptake of ''"™Sn-PEI-MP by different types of
canine osteosarcoma induced into nude mice will subsequently be studied in a well counter.

186

This study will continue also using "~ Re-PEI-MP as a potential radiopharmaceutical (2.5.2).
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3.3.4 Computational procedures and statistical analysis

The reasoning behind the experimental and computational procedures applied in performing
this research has been discussed, described and explained in chapter 2. Extcnsive

expcrimental detail is provided as needed in the reports in chapters 4 to 12.

Statistical analysis will be performed to prove significance of the results. Comparisons
between groups of animals e.g. control groups and/or groups with modified ligands require
that mean percentage uptake and half-life of the radiopharmaceuticals + SD in various organs
be calculated for the various groups. From these values dosimetry i.c. radiation dose to target
organs and tumours can be calculated using MIRDOSE. Comparisons will be assessed for
significant differences between corresponding values using Student’s two tailed t-test for

paired variables on a 5% level of confidence.

3.3.5 Toxicity and pyrogenicity tests

All compounds will be tested beforehand for toxicity and pyrogenicity. The Standard SABS
methods 6:12 (1992) will be used whereby five Balb C mice will be injected i.v. cach with a
dose of 0.165 mg/0.33 cc per mouse of the compound. They will be observed and monitored
at 24 hrs and 48 hrs, and when found alive and well the injected compound to be used in these

experiments will be regarded non toxic and fit for patient application.

Three rabbits will be observed and monitored over 2 hours for body temperature fluctuations,
and an average obtained for each. Subsequently they will receive the compound (see above
dose) injected i.v. and will be observed and monitored for 2.5 hours. Differences in patterns
of temperature fluctuations will be recorded. The ligands for this investigation must comply
with requirements for non-pyrogenicity of the tested compound for the investigations to

continue.

3.4 Ethical Considerations

It must be emphasised that ali animal experimentation will be carried out according to

international ethics guidelines and after approval by the authorised Ethics Committees of the
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Universities of Pretoria and Coimbra, under supervision (primate studies) of a qualified

veterinarian.

3.5 Studies conducted and discussed in this thesis

These studies are listed under publications in § 1-5 pg 8.
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Chapter 4 — A Technique to Evaluate Bone Healing in
Non-Human Primates Using Sequential ™ Tc-Methylene

Diphosphonate Scintigraphy

Abstract

The assesment of bone healing through sequential nuclear medical scintigraphy requires a
method of consistent localization of the exact fracture area in ecach consecutive image as the
study progresses. This is difficult when there is surrounding bone activity as in the early
stages of trauma, and also if complications should set in. The image profile feature, available
from most nuclear medical computer sofiware, facilitates this procedure considerably, as is
indieated in the present report on bone healing in baboons. Together with roentgenology and
histology a ™ Tc-MDP study was in this way successfully done on the healing of long bone
fractures expcrimentaily induced in non-human primates. Different surgical implants were
used. The result indicated that “™Tc-MDP accurately reflects the physiological activity in
bone. The time-activity eurves obtained are presently being studied together with extensive

histology, bearing possible clinical application in mind.

Eine Methode zur Bewertung Der Knochenheilung mittels der sequentiellen > Te-MDP
Szintigraphie

Die Bewertung der Knochenheilung durch sequentielle nuklearmedisinische Szintigraphie
erfordert eine Methode der konsequenten Lokalisierung des genauen Knochenbruchgebietes
in jedem aufcinanderfolgenden Bild im Verlaufe der Untersuchung: dies ist bei benachbarter
Knochenaktivitit, wie im frithen Stadium der Verletzung oder bei Komplikationen schwierig.
Das meist in nuklearmedizinischer ,,software” vorhandene Bildprofilprogramm erleichert
dieses Vertahren betrichtlich. Wie dieser Bericht iiber die Knochenheilung bei Pavian en
zeigl. Zusammen mit Rontgenologie und Histologic konnte eine **™T¢-MDP Untersuchung
dieser An erfolgreich zum Studiumn der Heilung von experimentellen Knochenbriichen bei
nicht-menschlichen Primaten angewendet werden. Verschiedene chirurgische Implantationen
wurden vorgenommen. Die Ergebnisse zeigten, daB *™Tc-MDP die physiologische Aktivitat

in Knochen genau reflektiert.
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Derzeit werden die Zeit-Aktivittit-Kurven zusammen mit umfassender Histologie im Hinblick

aut eine klinische Verwendung untersucht.

4.1 Introduction

This study was performed to devise and assess a sensitive non-invasive method for
investigating the healing process of long bones in non-human primates. A specific clinical
application in mind is the early detection of non-healing or delayed healing of fractures in the

aged.

Important for accurate evaluation is the eonsistency of the localisation of the fracture site and
the region of healthy bone from each scintiscan for the entire study. The present report
concerns a technique which seems to be successful for this purpose and is found useful

towards the clinical application.

4.2 Materials and Methods

Four adult chacma baboons (Papio Ursinus) were used in this experiment. All four animals
were clinically and radiographically normal. They were housed indoors in environmentally
controlled rooms for the duration of the experiment and they were fed a balanced commercial
diet with water freely available. Eight forearms, i.e. a total ot 16 radius and ulna bones were
osteotomized with a Gigli saw to create simple standard and controlled fractures. The

following internal fixation plates were used:

1. Standard Miiller compression plate (Vitalium) with 6 holes, on | radius and 1 ulna.
Standard Miiller compression plate (Vitalium) with 4 holes, on | radius and 1 ulna.
Sherman plate (stainless steel) 6 holes, on 2 radii and 1 ulna.

Sherman plate (stainless steel) 4 holes, on 1 ulna.

‘Mennen clamp-on plate (stainless steel) on 3 radii and 3 ulnae?, (Fig 4-1)

' Reference: In press — Journ. OF Bone and Joint Surgery
“ Two bones had w be withdrawn from the experiment due Lo the onsct of infection and required additional
surgery.
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Fig 4-1: The Mennen clamp-on plate in position on a cadaver for¢camm

The Sherman and Mennen plates were protected by the above elbow casts of fibre glass

material (e.g. “Scotchcast and Lightcast™).

Post-operatively two weekly X-rays of the forearms, lateral and anterior-posterior, were
taken. X-rays were done on the same day, but preceding the isotope study. Sections of the
osteotomized areas of the radii and ulnae were taken for histology at different times post-
operatively from a similar concomitant group. This was accompanied by extensive

radionuclide evaluation of the fractures.

The baboons were each intravenously injected with approximately 7 mCi of P™Tc-MDP (3, 4,
5). In each case scanning of the relevant bones commenced 3 hrs post injection using an Ohio
Nuclear (ON 410 Sigma) large field gamma camera. Data were stored on disc for evaluation
through an A? MDS data processor. The complete study consisted of a pre-operative scan to
obtain a baseline image for each bone (Fig 4-2) followed by scans at 3 days and again |1 week
post-operatively and thereafter at weekly and fortnightly intervals, as the lesions stabilized.
To evaluate the degree of bone activity at the site of fracture, use was made of the image
profile facility of the computer software. A profile was chosen along the length of the
fractured bone, with a width corresponding to the maximum width of the bone. Such a profile
curve represents the distribution of radioactivity along the bone as countrate per channel. A
peak is found which represents increased activity across the fracture. This fracture peak can

be consistently localized with respect to elbow and wrist activity.
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Fig 4-2: Normal forearm and profile; elbow and wrist areas clearly indicated

Trauma (Ulna)

Fig 4-3: Three days post-operative trauma visible on the profile of the right ulna

The area under this peak is an indication of the total uptake of radioactivity by active bone in
the tmmediate vicinity of the fracture. To obtain the total count across the fracture an
integration was performed across the peak and an average countrate/channel (L) was
calculated. The same procedure followed across a region of normal bone and an average
normal countrate per channel (N) was obtained. The ratio L/N is the factor used to follow
bone activity with time in the region of the fracture. An average curve for cach of 3 surgical
procedures (Mennen, Sherman, Milller) was obtained (Fig 4-7) and could be compared 1o the

available histology and X-rays.
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A

Fig 4-4a: Early healing (inflammatory) stage — 3 weeks post-operative. The profile is of the right ulna.

The implant is a Mcnnen plate.

Fig 4-d4b: A three week post-operative study with a4 standard 4 hole Milller plate. The profile is ol the

right radiuvs.
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Fig 4-5a: A six weck post-operative study with a Mennen plate, Profile of left uina.

Fig 4-5b: Study of a 4-hole Milller plate -- 6 weeks post operative, Profile of the right radius

4.3 Results

A typical pre-operative scan (Fig 4-2) and the subscquent post-operative stages of trauma (at
approximately 3 days post operation), early healing (within 3 wecks of the operation) and late
healing (after about 6 weeks) are presented in Figs. 4-3, 4-4, 4-5, together with their
corresponding profiles. The elbow. wrist and fracture areas are marked by arrows. From Figs.
4-4 and 4-5 a comparison can be drawn between the effects of Mennen and standard Milller

plates on the development of the fracture with time and on the surrounding bone. It is

95



t

Chapter 4 - Chapler 4: A Technigue 1o Evaluate Bone Healing in Non-Human Primates using Sequential P Te-

Methylene diphosphonate Scintigraphy

interesting 1o note the initial spread in the “hot spot™ as obtained by Milller implant in the
early stages, with respect to the well defined area of increased radioactivity with a Mennen
plate. In late stages the bone activity induced by the screws (Milller plate) can clearly be

distinguished from the fracture.

3030

i FROGTIURR vt IET

COIIT HATE

1 CHANCEL 64
Fig 4-6: A typical late study with a Miiller plate distinguishing between “ fracture” and ‘“‘screw”
activity, peaking left and right from fracture.
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Fig 4-7: L/N vs time curves. (a) Mennen implant, (b) Sherman implant. (c¢) Miiller implant

The time-activity curves (L/N vs time) summarize the results (Fig 4-7). These represent the 3
different implants and show very little difference in the time to peak, which turns out to be 3
weeks at the eventual stabilizing time of the lesion, round about 55-60 days. The experimental
errors indicated in the time-activity curves were obtained from the statistics of the radioactive
countrate and the degradation of the results on applying mathematical procedures.

Roentgenological plates indicate normal bone healing i.e. callus formation in all the studies,

but do not reflect any quantifiable indication of the healing process.

96



Chapter 4 - Chapler 4: A Technique to ivaluate Bone Healing in Non-Human Primates using Sequential Prye-

Methylene diphosphonate Scintigraphy

Histology on 8 specimens of fracture areas corresponding to different stages of healing

demonstrates vascularization of the fracture area and ossification.

4.4 Discussion

The profile evaluation method used in the radionuclide study allows accurate lesion
localization with respect 1o elbow and wrist. The exact position of the lesion becomes clear in
the late studies when trauma in the immediate environment had sufficicntly clearcd. It is then
also possible to distinguish the fracture activity from “screw activity” (Fig 4-6). This exact
{racture position is then used for the evaluation, also in the early studies. In this way an

accuracy, otherwise attained with difficulty, is introduced into the nuclear medical study.

The radionuclide study gives an indication of the degree and cxtent of operative trauma as
well as of the early bone healing periods in the pre-callus stage (i.e. inflammatory stage) and
of bone healing activity in the bone forming stage (2). It also gives an indication of the
duration of the healing process. The radioisotope study shows only vascularized bone. Bone
chips which were inserted in a control study were not demonstrated unti] after 3-4 weeks
when vascularization takes place. Contrary to the roentgenological procedure where a shadow
of the accumulated healing stages is visualized, the radionuclide study demonstrates very
sensitively the bone healing stage as such. Scintigraphically, however, it is not possible to
distinguish between the effects of the different implants inserted on the bone fractures.
Differcnces in metal type (e.g. stainless steel, vitalium), thickness and shape as well as
biological diflerences as age (6) of the animal and variation in bone type cannot be corrected

for.

Histology on 8 specimens of fracture areas corresponding to different stages of healing

demonstrates an encouraging relationship with the (L/N) curve.

It therefore seems possible to use nuclear scintigraphy in this manner, as based on the profile
technique to demonstrate quantitatively (L/N) and qualitatively bone healing at any given
stage. A further study is in progress to extensively correlate the L/N curve with histological

change in the long bone of the primate, with eventual clinical application in mind.
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Chapter 5 - Evaluation of Samarium-133 and Holmium-

166-EDTMP in the Normal Baboon Model

Abstract

Bone-seeking radiopharmaceuticals such as ethylenediaminetetramethylene phosphonate
(EDTMP) complexes of samarium-153 and holmium-166 are receiving considerable attention
for therapeutic treatment of bone meltastases. In this study, using the baboon experimental
model, multicompartmental analysis revealed that with regard to pharmacokinetics,
153G

EDTMP and *™Tc-MDP. A more suitable l(’f’Ho-bonc-seeking agent should thus be sought
153

biodistribution, and skeletal localisation, '**Ho-EDTMP was significantly inferior to
for close similarity to “"Sm-EDTMP to exploit fully the therapeutic potential of its shorter

half-life and more energetic beta radiation.

Key Words: Samarium-153, Holmium-166, EDTMP, Pharmacokinetics, Baboon model

5.1 Introduction

Radiation teletherapy is effective to control or palliate isolated skeletal metastases.
Difficulties associated with its application in multifocal disease together with recent
availability of various new bone-seeking radiopharmaceuticals led to renewed interest in
treatment with internal radionuclide therapy (9, 10). Although the current treatment objective
is primarily for palliative purposes, a potential use in curative therapy should also be
investigated (10, 22). Therapeutic success will hinge on many interrclated factors, such as the
careful choice of a radionuclide (of which the biochemical properties dictate its

pharmacokinetics and biodistribution) (12, 26, 28).

Radionuclides suitable for therapeutic purposes, but with divcrse nuclear properties such as
samarium-153 (ty, 46.7 h; B 805 [21%]; 702 [44%] and 632 [34%] keV), max. soft tissue
penetration ~0.3 cm; v (103 [28%]keV) and holmium-166 (1 26.9 h; B 1776 [48%]; and 1840
[51%] keV max. soft tissue penetration 0.84 cm; v (81 keV [62%] and 1380 [1%] keV) can be
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considered. These nuclear properties and resuitant radiobiological effects may render useful
'*3Sm- and '**Ho-based radiopharmaceuticals with complementary therapeutic applications
21, 29).

Samarium (Sm) and holmium (Ho) are lanthanides with similar chemical properties. They
form stable complexes with bone-seeking phosphonates such as ethylenediamine
tetramcthylene phosphonic acid (EDTMP). 136m-EDTMP has been experimentally
investigated in animals and tested in humans for pain palliation of bone metastases (4, 5, 8,
14, 15, 25). while '®Ho-EDTMP and '**Ho-DOTMP (tetrazazcyclododecane tetramethylene
phosphonic acid) have been evaluated in experimental animals for bone marrow ablation (1,
20). However, more information regarding the pharmacokinetics, biodistribution, and bone
localisation of '*Sm-EDTMP and '*Ho-EDTMP is needed before treatment protocols in
humans can be concluded. For this purpose extensive in vivo experimentation in animal
models cannot be avoided. The use of non-human primates such as baboons (Papio ssp.) is
justified in these investigations. The baboon model conforms to many of the required criteria
of parallelism (e.g. anatomical, physiological, immunological, and radiobiological) of the
human (6. 7, 18).

This investigation concerned the pharmacokinetics, biodistribution, and bone localisation of
13Sm-EDTMP and '*®Ho-EDTMP in the normal baboon experimental model, before a
clinical trial in humans with metastatic bone cancer was considered. The pharmacokinetics,
biodistribution, and bone localisation of '**Sm-EDTMP and, subsequently, also '**Ho-
EDTMP were scintigraphically compared with those of ™ T¢-MDP by dynamic and static
studies. From these results, together with urine excretion data, compartmental modelling

could be done and the in vivo behaviour of '**Sm-EDTMP and '®Ho-EDTMP could be

153 166
d

described. These results were also applied to calculate “Sm- and "“Ho-cumulated activities

and absorbed doses in various organs.
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5.2 Materials and Methods

5.2.1 Radionuclides

Both '**Sm and "®Ho were prepared by neutron irradiation of 99% enriched 1326m,0; (1.0-
2.0 mg, 48 h) and '®Ho0; (1.0-2.0 mg, 48 h) in the Safari-1 Rescarch Reactor using a
thermal flux of 2.78 x 10" n em™s”. Typical specific activities of 272.3 x 10 MBg/ mmole
for **Sm,0; and 65.53 x 10° MBg/mmole for '*Ho,0; were obtained. Following irradiation,
the oxide targets were dissolved in 0.2 mL HC1 (1.0 M for 153$m,0; and 2.0 M for '*Ho,05),
diluted to 0.1 M HCl with sterile deionised water and filtered (Millex-GV, 0.22 um, Millipore
Bedford, MA). When necessary a carrier solution SmCl; was added to obtain a samarium
concentration of 2.8 mM and an activity of 1554 MBq/mL 2 days afler irradiation. Gamma-
ray spectra obtained by counting aliquots of the '**$SmCl; and '“HoCl; stock solutions with a
Ge(Li)-gamma detector revealed within the '"*SmCl; the presence of only *?Eu, '*'Eu, and
'3Eu, The '**Eu activity at the end of irradiation was less than 6.8 x 10 % of '»’Sm, while
those of '“Eu and Eu were < 4.3 x 10° % and 2.6 x 107" % respectively. The only

radionuclide present with '®Ho was '**Sm at an activity of ~0.6 % of '**Ho.
5.2.2 The Ligand and Complexing with '>*Sm and '“Ho

EDTMP was prepared by the condensation of ethylenediamine, phosphorous acid and
formaldehyde by a modified Mannich reaction in the presence of hydrochloric acid (19).
Recrystallisation from water/ methanol and water yielded white crystals, m.p. 214°C (lit. m.p.
214°C). Analysis: Found; C, 16.83 %: H, 4.62 %; N, 6.52 %:; Calculated for CsHzoN2012Ps;
C, 16.52 %; H, 4.62 %; N, 6.42 %,

The EDTMP reagent was prepared in 10-mL vials by lyophilising 1-mL. aliquots of 50 mg/mL
EDTMP solution of pH 8.5. The dry product was sealed under nitrogen. Sterility,

apyrogenicity, and toxicity were ascertained by standard methods.

For complexing 1-mL aliguots of '**$SmCls, alternatively '®HoCl; (containing the prescribed
amount of activity and Sm*" and Ho®") were added to lyophilised EDTMP reagent kits. The

solutions were left for 30 min, diluted 1o 5 mL, and counted, whereafier 3 pl. samples were
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chromatographically analysed. After sealing, the vials containing the final products (pH 7.0-
8.0) werc sterilised by autoclaving. Radiochemical purity was determined by thin layer
chromatography on cellulose thin-layers (TLC aluminium sheets, cellulose, 0.1 mm, E.
Merck, Darmstadt, Germany) using pyridine: ethanol: water (1:2:4) as solvent (25). 133G m-
EDTMP as well as '“Ho-EDTMP was found at Rr 0.75-0.85, and uncomplexed Sm™" and
Ho®" remained at the origin. Labelling efficiencies were greater than 97 % for both $Sm-
EDTMP and '*Ho-EDTMP.

5.2.3 Blood and Urine Collection after Administration of '*Sm-EDTMP
and "*Ho-EDTMP

The animal experimentation was done according to the National Code for Handling and Use
of Animals in Research, Education, Diagnosis and Testing of Drugs and Related Substances

in South Africa and approved by the Ethics Committee of the University of Pretoria.

Anaesthesia was induced in healthy, male baboons (Papio ursinus) of average weight 27.5 (+-
2.0) kg with ketamine hydrochloride (Ketalar, Parke Davis, SA, 10 mg/kg) and maintained
with pentobarbitone sodium as a solution of 9 mg/mL in Ringer’s lactate (Sagatal, Maybaker,
SA) at a rate of 30 mL/h in the vena cephalica. A 7F urinary catheter was placed in the

urinary bladder to facilitate the collection of urinary samples.

Doses of 370 MBq '**Sm-EDTMP (n = 6) and '*Ho-EDTMP (b = 6) were administered. One
lyophilised kit containing 50 mg EDTMP was used for each animal. Blood and urine samples
were collected at fixed intervals for 4 h. The activity and volume of each sample were

measurcd immediately and registered.

5.2.4 Biodistribution of '*Sm-EDTMP and '“Ho-EDTMP

Twelve healthy male baboons (six each for 'Sm-EDTMP and '®Ho-EDTMP) (average
weight 27.5 kg) were used in this study. Anaesthesia in each case was induced with ketamine

hydrochloride (10 mL/kg) and maintained as above by an IV administration of pentobarbitone

sodium solution.
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Scintigraphy was performed (Siemens Orbiter) with the animal positioned in the supine
position for planar images. The data acquisition initially involved a view of the thorax, liver
and kidneys and was performed as a dynamic study of 30 x 1 min frames on a countdown
bolus injection of 111 MBq '**Sm-EDTMP or 185 MBq "**Ho-EDMP. Static images of 4-min
duration each followed at 2, 3, 4, § and 7 h afier the injection of the tracer. These images

presented the skeletal structure of the skull to the pelvis as two matched images.

From the dynamic study, time-activity curves were obtained for the cardiac, kidney, and liver
regions. Regions of interest (ROI) placed on areas of the bony structures of the skull,
shoulder, sternum, ribs, and pelvis, as well as appropriate muscular background areas (no
other organs were at this stage visible) from the static images, rendered relative region-to-
muscular background ratios afier natural background subtraction and consequently percentage
uptake of '7*Sm and '®Ho by the bonc. This uptake of '**Sm and '*Ho by the bone was
compared to “"Tc-MDP (185 MBq) uptake previousiy measured similarly in the same
animals at the same time intervals but starting 3 h after *™Tc-MDP administration. Kinetic
data from the dynamic studies and data from the static studies were normalised in agreement,
with urine activity values expressed as a percentage of the injected activity. Blood sample
activity was corrected with estimated blood volume and compared to injected activity to
determine percentage blood activity at a specific time. These percentages were used to
normalise ROI counts over the left ventricle in the dynamic study. These calibrated data were
fitted to a multicompartment mode! using the Simulation Analysis and Modelling (SAAM-30)

software and performed once for each of '**Sm and '®Ho on average raw data.

Six compartments were considered — viz. blood, bone, kidney, liver, urinary bladder, and the
remainder of the body. Transfer rates, half-lives, and '**Sm and '®Ho-distributions for the

different compartments were simulated using the compartmental model.

5.2.5 Dosimetry

The Medical International Radiation Dosimetry (MIRD) dose calculation system was used
(16). The blood, bone, liver, kidney, urinary bladder content, and rest of the body were

selected as source organs for absorbed dose calculations. Target organs were the ovaries, bone

marrow, colon, lung, stomach, urinary bladder wall, breast, liver, oesophagus, thyroid, skin,
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bone surface, and remainder of the body. The absorbed dose D (ry) to each target organ k as
the sum of the contributions of n source organs h for the radionuclide r was calculated using

the following equation:
D(n)=An(0,0) S (r .-m) F

Where Ay (0, <0} is the cumulated activity in source organ h, S (rx — ry) the mean dose per unit
accumulated activity (rad/pCi h), received by target organ k from source organ h and F the

conversion factor from rad/pCi to mSv/MBq.

The cumulated activity (Ay (0, ) for each source organ and the blood was calculated as the
integral of the time-activity curve up to 4 h, plus the integral of the physical decay of the
activity at 4 h. Cumulated bladder activity was calculated using only the 0-to~4 h period
assuming voiding at 4h. The total absorbed dose of each target organ k is the sum of the
contributions from the n source organs to that specific target organ. The etfective dose was
calculated according to the latest recommendations of the International Commission on
Radiological Protection (13). The effective dose E can be considered as a rough estimate of

the comparable whole body irradiation and was calculated from the formula

E= Z WT. H'r
T

Where Wy is the weighting factor for tissue or organ T and Hy is the equivalent dose in tissue

T, given in Sv. The equivalent dose Hy was calculated using the formula
E= L; Wyr. D(ri)r

With Wk the radiation weighting factor (equal to | for the radionuclides under discussion) and

D(r)r the absorbed dose for the different organs and tissue.
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5.3 Results

Scintigraphy images of individual representative animals 4 h after injection of 111 MBqg
3Sm-EDTMP or 185 MBq '“Ho-EDTMP are shown, respectively, in Fig 5-1b, c. These

images reveal sclective skeletal and little nonosseous tissue accumulation. For gualitative

comparison, a typical skeletal image of 185 MBq "™ Tc-MDP uptake previously measured in

the same group of animals is presented (Fig 5-1a)

Fig 5-1: From left to right typical scintigrams of baboons indicating skeletal localisation of (a) ™ Tc-

MDP, (b) "'Sm-EDTMP (111 MBq), and (¢) '“Ho-EDTMP (185 MBq) 4 h postinjection.
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Fig 5-2: Time activity curves (counts/pixel) for the bloodpool (x), liver (©), kidney (o), and
background (+) obtained from dynamic studies (0 to 30 min postinjection) with 111MBq "**Sm-
EDTMP (a) and 185 MBq '“Ho-EDTMP (b), respectively.
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The time-activity curves for the bloodpool, liver, kidney, and background obtained from
dynamic studies (0 to 30 min) with '**Sm- and '*Ho-EDTMP are presented in Fig 5-2a, b.
The resulting tracer uptake in the bone structure, which was measured at 4, 3, 6, and 7 h by
static acquisition, produced additional count rate data that are shown as target-to-background

ratios in Fig 5-3. The uptake ratio of ”™Tc-MDP in the bone is included for comparison.

% Bone Uptake

Hours

Fig 5-3: Percent bone uplake (region of interest-hip) of 185 MBq “™Tc-MDP, 185 MBq '“Ho-
EDTMP, and 111 MBq '"*Sm-EDTMP 4 to 7 hours post injection. SD ranges are indicated

The above data were used for compartmental analysis, and the fitted curves from these

calculations are shown in Fig 5-4 a, b for *Sm-EDTMP and '®Ho-EDTMP, respectively.
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Fig 5-4: Compartmental analysis showing fitted curves for the bloodpool (x), urine (o), bone (m),
kidney (), and remainder of the body (+) of '**Sm-EDTMP (a) and '“Ho-EDTMP (b)

Transfer rates and half-lives for the various organs appear in Table 5-1 and tracer distribution

in Table 5-2.
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The total absorbed dose and effective dose to each target organ appear in Table 5-3. The

effective dose was 0.208 mSv/ MBq for **Sm and 0.293 mSv/MBgq for '*Ho.

Table 5-1: Transfer Rates and Half-Lives of Clearance from Various Organs of '**$Sm and '*Ho

Sm-153 Ho-166 B
Transfer Rate Half-Life Transfer Rate Half-Life

Compariment (Min™) (Min™) (Min™) (Min™)
Blood-bone 0.033 0.013 B
Bone-Blood 43 000 o
Blood-Liver 0.000016 0.0000002
Blood-Kidney 0.029 0.015
Kidney-Urine 0.141 0.167 N
Blood- 0.252 0.067
Remainder
Remainder- 4.0 2.5
Blood

Tabtle 5-2: Tracer Distribution of '**Sm and '*Ho

Maximum % Time of Max (h) % atd h
Organ Sm-153 Ho-166 Sm-153 Ho-166 Sm-153 Ho-166
Bone 53 45 4 3 53 45
Urine 46 54 4 4 46 54
Kidneys 5.8 5.0 0.2 0.2 l| 0 )
Remainder 46 15 0.1 0.1 | 0
Blood 100 100 0 0 0 Y
Liver 0.03 0 0 0
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5.4 Discussion

Intravenous administered bone-seeking internal radioisotopic agents distribute via the
circulatory system throughout the body while simultaneously accumulating in the bone (2).
The transter rates of 3.3%/min of the >*Sm-EDTMP from the blood to the bone (Table 5-1)
and 2.9%/min from blood to kidney resulted in a maximum bone accumulation of 53%
reached after 4 h (Table 5-2). This corresponded with previous results obtained in

experimental animals and human (3-5, 8, 25).

There is a slight washout of **Sm from the bone with a long half-live of 43, 000 min (Table
5-1). The blood-to-bone transfer rate of '®*Ho-EDTMP of 1.3%/min and blood-to-kidney
transfer rate of 1.5% is lower than that of '**Sm-EDTMP (Table 5-1), resulting in a maximum
accumulation of 45% afier 4 h (Table 5-2). There was no washout of '“Ho from bone,
resulting in a haif-life of infinity () (Table 5-1). Forty-six percent of *Sm-EDTMP and
54% of 'Ho-EDTMP were excreted in the urine (Table 5-2). The bone-to-background
(cardiac bloodpool) uptake for '“Ho-EDTMP was 69% in comparison to 91% for '**Sm-
EDTMP and 95% for “™T'c-MDP (Fig 5-3).

These results indicate that '**Ho-EDTMP, in comparison to '*Sm-EDTMP, exhibits poorer in
vivo biodistribution and pharmacokinetic properties in the baboon model, which contrasts
with previous findings in dogs (1). A possible reason for the discrepancy between these data
and that of Appelbaum e ol (1) may be related to high plasma citrate levels in the baboon
experimental animals. The fact that the '®Ho-EDTMP is a4 weaker complex than '**Sm-

EDTMP (27) may account for more transchelation of '“*Ho-to-plasma citrate.

The highest absorbed doses were received by the bone marrow and the bone surface for both
'"Sm-EDTMP and '“*Ho-EDTMP (Table 5-3). The higher urinary accumulation and higher

energy of '“Ho leads to high radiation dose to the urinary bladder wall.

The count rate/unit activity was higher for '**Ho than for '**Sm (Fig 5-2 a, b). This is due to
the scatter contribution from the high-energy y-photon emitted by '“Ho (1.38 MeV), as is
also visible on the '®Ho scintigram (Fig 5-1¢). The effect of the scatter on the percentage

distribution was never more than 2 %, tending to reduce the skeletal uptake of '*Ho.
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Table 5-3: Total Absorbed Dose in mSv/ MBq Injected Dose for Various Target Organs

Sm-153 Ho-166
Dose Eff. Dose Dose | Eff. Dose
Organ W, (mGy/ MBq) | (mSv/ MBq) | (mGy/ MBq) | (mSv/ MBq)

Ovaries 0.20 0.007 0.00144 0.003 0.00061
Bone 0.12 1.240 0.14879 1.565 0.18778
Marrow

Colon 0.12 0.007 0.00090 0.003 0.00031
Lung 0.12 0.009 0.00110 0.031 0.00368
Stomach 0.12 _ 0.003 0.00041 0.001 - 0.00018
Urinary 0.05 0.551 0.02757 1.566 0.07831
Bladder Wall

Breast 0.05 0.003 0.00016 0.001 0.00007
Liver | 0.05 0.007 0.00033 0.010 0.00049
Oesophagus 0.05 0.010 0.00050 0.016 0.00080
Thyroid 0.05 0.006 0.00029 0.012 0.00060
Skin 0.0] 0.004 0.00004 0.002 0.00002
Bone Surface 0.01 2.6441 0.02641 1.920 0.01920
Remainder 0.05 0.010 0.00050 D.016 0.00080
Total i 0.20844 0.29289

W, is the tissue weighting factor used in the calculation of effective dose

The total absorbed dose of '**Sm for various target organs as presented in Table 5-3
corresponds to the calculated values of Logan er al. (17). In contrast, the calculated '**Ho
bone marrow dose {even if corrections are made for the lower bone uptake in the baboon
model) differs considerable from the values for '**Ho-EDTMP obtained by Appelbaum ef af.
(1) in a beagle (dog) model. This discrepancy model might be infer alia due to their use for S-
values for human children, whereas adult human S-values were used for calculating the

results in Table 5-3.

Considering the above biodistribution and pharmacokinetic imperfections of '*Ho-EDTMP
compared to 'Sm-EDTMP, the development of a different palliative '®Ho-based bone
therapeutic agent with similar biodistribution and pharmacokinetic properties as '>Sm-

EDTMP might be a worthwhile approach.

The more energetic B-emissions of '*®Ho (with its ~ 8.0 mm max. sofi-tissue penetration) may
be more efficient for the treatment of large nonossified tumours. These tumours respond
poorly to PSm-EDTMP owing to the matrix localisation properties of the phosphonates and

limited (~3 mm) sofi-tissue penetration of the '**Sm B-emissions (15). Its half-life of 26.9 h is
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long enough to eliminate logistic problems, but is sufficient to provide a higher radiation dose

rate than '>*Sm, which is advantageous for radiotherapeutic treatments (23, 24, 26).

5.5 Conclusion

Bone-seeking phosphonate complexes of '3Sm and '®Ho can form complementary
therapeutic radiopharmaceutical agents owing to their diffcrent physical properties with
regard to half-life and beta energies. Both '**Sm and '*Ho are lanthanides that easily form
EDTMP complexes with a high radiochemical purity. The role of '*Sm-EDTMP is defined
and confirmed as a therapeutic agent for treatment of painful skeletal metastases, This
comparative study of '*Sm-EDTMP and '®Ho-EDTMP in the baboon model reveals, despite
their similar chemical characteristics, a significantly inferior performance of '**Ho-EDTMP
with regard to bone localisation, biodistribution and pharmacokinetics. Pursuing clinical trials
on humans with '®Ho-EDTMP is perhaps not justified. However, the development of more

suitable bone-localising ligand(s) for '"®Ho should be seriously considered.
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Chapter 6 - Uptake of Ethylenediamine Tetramethylene
Phosphonic Acid in Normal Bone after Multiple

Applications: A non-human primate study

Summary

Palliation of bone pain in patients with bone metastases has previously been evaluated using
'3Sm (samarium) complexed to bone seeking ethylenediamine tetramethylene phosphonic
acid (CAS 1429-50-1, EDTMP). Repeated application of the radioligand as needed was found
progressively less effective. This study questions whether EDTMP cxerts a blocking function,
limiting access 1o bone or osseous tumours with successive administration.

The pharmacokinetics and biodistribution of '*Sm-EDTMP in the normal experimental
baboon (n = 6} during three successive applications (6 weekly) each with two different
concentrations of EDTMP (0.7 and 1.4 mgkg b.wt) were investigated using bone
scintigraphy. '’Sm-EDTMP (111 MBq) was injected in each case and monitored for 5h,
Curves of tracer kinetics and bone to background uptake were obtained, also blood and
cumulative urine curves. Comparisons were statistically assessed in each group between

successive applications and between EDTMP concentrations,

Partial blocking with the low EDTMP concentration reached statistical significance after the
third application. The first application of the high EDTMP concentration yielded lower uptake
tn the bone than did low EDTMP pointing to blocking by the high concentration, but not seen

with repeated applications.

Continual application of high concentration EDTMP could lead to reduced level of calcium in
serum and increased parathyroid hormone levels which might trigger osteoblastic activity and
bone remodelling. This would partially affect the blocking which was more obvious at low

EDTMP concentration.
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Zusammenfassung

Aufnahme von Ethylendiamin-tetramethylen-phosphonsdure in gesunde Knochen nach
Mehrfachapplikation/ Eine Primatenstudie

Bei Patienten mit Knochenmetastasen wurde mit Hilfe von '**Sm (Samarium), komplexiert
mit Ethylendiamin-tetramethylen-phosphonsiiure (CAS 1429-50-1, EDTMP), die Affinitit zu
Knochengewebe besitzt, eine palliative Schmerzbehandlung bewirkt. Wiederholte
Applikationen des Radioliganden erwiesen sich zunchmend als weniger efffektiv. Die
vorliegende Studie beschiftigt sich mit den Fragen, ob EDTMP die '*’Sm-EDTMP-
Inkorporation blockiert oder begrenzt, wenn der Ligand sukzessiv appliziert wird.

Die Pharmakokinetik und die Blutverteilung von *Sm-EDTMP im gesunden Versuchstier
(Pavian) wiéhrend drei aufcinanderfolgender Applikationen (0.7 und 1.4 mghkg
Korpergewicht) wurden mittels Knochenszintigraphie untersucht, 111 MBq '**Sm-EDTMP
wurden jeweils injiziert und 5 h lang gemessen. Die Kurven fiir die Tracerkinetik, fir die
Aufnahme in die Knochen relativ zum Hintergrund, filr Blut und den angesammelten Urin
wurden ermittelt. Vergleiche zwischen den aufeinanderfolgenden Applikationen und
zwischen den beiden EDTMP-konzentrationen wurden in jeder Gruppe statistisch

ausgewertet,

Teilweise Blockierung der "*Sm-EDTMP-Aufnahme durch die niedrigere EDTMP-
Konzentration erreichte erst nach der dritten Applikation statistische Signifikanz. Die erste
Applikation mit der htheren EDTMP-Konzentration ergab eine geringere Knochenaufnahme
als die mit der niedrigeren EDTMP-Konzentration, was auf eine Blockierungseffekt bei der
hdheren Konzentration hinweist. Bei wiederholten Applikationen wurde das nicht beobachtet.
Kontinuierliche Applikation der hheren EDTMP-Konzentration konnte zu cinem
verminderten Kalzium-Spiegel im Serum und demzufolge zu einem erhéhten Parathormon-
Spiegel fithren, wodurch osteoblastische Aktivititen und Knochenwierderaufbau ausgeldst
wilrden.

Key Words: Bisphosphonate, multiple applications; Bone metastases, Samarium-153,

complexed 10 ethylcnediamine tetramethylene phosphonic acid; '’ Sm-EDTMP.
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6.1 Introduction

Radiation teletherapy has been found effective to control or palliate isolated skeletal
metastases. The therapeutic success in multifocal disease with bone seeking
radiopharmaceuticals will hinge on many interrelated factors, such as the careful choice of the
radionuclide (of which the half-life and radiation emissions dictate its radiobiological effect)
and on the bone localizing agent (of which the biochemical properties dictate its
pharmacokinetics and biodistribution [1, 2, 3]. '**Sm (12 = 46.7 h; B = 805 keV [21%]; 702
keV [44%)] and 632 keV [34%]; max. soft-tissue penetration = 0.3 cm; v = 103 keV [28%)]) is
a radionuclide with nuclear properties suitable for therapeutic purposes. It is furthermore a
lanthanide which forms a stable complex with bone seeking phosphonates such as
ethylenediamine tertramethylene phosphonic acid (EDTMP). '$Sm-EDTMP has been
experimentally investigated in animals and successfully tested in humans for pain palliation of

bone metastases [4-9].

Information regarding the pharmacokinetics, biodistribution and bone localization of '**Sm-
EDTMP is needed to direct treatment protocols in humans. Such information has been
obtained during extensive in vivo experimentation in non-human primates [9]. Preliminary

patient studies, however, have shown that '**

Sm-EDTMP progressively loses its palliative
effect with repeated administration as it becomes necessary. Dogs with osteosarcoma and
treated with '*Sm-EDTMP also showed no improved efficacy after a second administration
(own experience). The question arises whether EDTMP exerts a blocking function, limiting
access to the bone or osseous tumour with successive administration, or whether radiation

damage to the vasculature system disturbs proper access of the radioligand into the tumour.

Bisphosphonates and multidentate phosphonates such as EDTMP are chemically stable and
are not significantly metabolized. They are tightly bound to bone matrix and are powerful
inbibitors of osteoclast mediated bone resorption [10]. Once taken up by the bone,
bisphosphonates are liberated again only when the bone in which it was deposited is resorbed
[11]. For example. The haif-life of the bisphosphonate alendronate (|4-amino-1-hydroxy-
butylidene]bisphosphonate) in bone was estimated to be about three years for dogs and ten

years for humans [11, 12]. There are also data, although conflicting, that the affinity of
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radiolabelled bisphosphonates for diagnostic bone imaging is altered in the presence of

therapeutic administered bisphosphonates [13].

This investigation concems the pharmacokinetics, biodistribution and bone localization of
'3$m-EDTMP in the normal baboon experimental mode! during three successive applications
(6-week intervals which resemble the patient protocol) with two different concentrations of

EDTMP to possibly confirm its blocking effect.

Such information could assist in optamizing the ligand as well as possibly lead to improved

patient treatment protocols for palliation of painful bone metastases.

6.2 Materials and Methods

6.2.1 Radiopharmaceuticals

Isotopically enriched 152Sm203 (> 98%) targets were irradiated for maximum time of 50 h and
a neutron flux of 1.0 x 10" cin? s™' in the Safari-1 Research Reactor. Following irradiation
the targets were dissolved in 0.25 ml 0.2 mol/l HCI/mg Sm,0; and diluted to result in a
solution, which is 0.04 mol/l in HCI, and filtered (0.22 pm).

EDTMP was synthesized in house by W.K.A Louw, The '**Sm-Ca/Na-EDTMP is prepared
by adding one part of the **SmCl; solution to three parts of 0.22 pum filtered Ca/Na-EDTMP
solution (46.6 mg EDTMP X H;O/ml and 7.05 mg/ml Ca as Ca (OH), adjusted to pH 7.9-8.0
with NaOH) to form a solution containing samarium (< 200pg/ml), EDTMP X H,O (35
mg/ml), and 53 mg/ml Ca (as Ca (OH) ;). pH 7.5-8.0. This solution is then diluted with an
appropriate volume of Ca/Na-EDTMP/0.4 mol/l HCI (3:1), to yield the individual animal
doses containing = 185 MBq '>’Sm and 0.7 mg EDTMP/kg b.wt. (low administered EDTMP
level), and = 185 MBq '*’Sm and 1.4 mg EDTMP/kg b.tw. for the high EDTMP level.
Terminal sterilization of the product is achieved by steam autoclaving whereafter it is stored
frozen to minimize hydrolysis. The maximum lapse of time between production and

administration was not more than three days.
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Complex identity and radiochemical purity was determined by thin-layer chromatography on
cellulose thinlayers (TLC aliminium sheets, cellulose (0.1 mm), E. Merck, Damstadt,
Germany), using ammonia (= 25 %): methanol: water (0.1:1:2) as solvent. *>Sm-EDTMP
was found at "*¥R;= 0.75-0.85 and uncomplexed Sm** remained at the origin. The yield of the
complex (always > 99%) was determined by ion exchange on CM-Sephadex C-25 (Sigma
Chemical Co.).

6.2.2 Biodistribution of '*Sm-EDTMP in the primate model

The animal experimentation was done according to the National Code for the Handling and
Use of Animals in Research, Education, Diagnosis and Testing of Drugs and Related
Substances in South Africa, and the protocol approved by the authorised Ethics Committee of
the University of Pretoria. The animals were obtained from a registered breeder, kept under

environmentally controlled conditions and fed fresh fruit and special primate pellets.

Twelve healthy male baboons (Papio ursinus), six each for the low and high EDTMP
concentration (average weight 27.5 kg) were used. Anaesthesia in each case was induced with
ketamine hydrochloride (10ml/kg i.m. Ketalar, Parke Davis, S.A.), and maintained by an i.v.
administration of pentabarbital sodium solution (9mg/ml in saline; Sagatal, Maybaker, S.A.)
at a rate of 30 ml/h in the vena cephalica from which, contralaterally, blood samples could be
drawn. A urinary catheter (foley) was placed in the bladder to facilitate the collection of urine

samples. Blood pressure and heart rate were continually monitored as well as blood gases.

Scintigraphy was performed (Siemens Orbiter gamma camera) with the animal in the supine
position for planar images. The data acquisition initially involved a view of the thorax, liver
and kidneys, and was performed as a dynamic study of 120 x | min frames on a count down
bolus injection of 111 MBq '*Sm-EDTMP. Static images of the 4 min duration each
followed at 2, 3, 4 and Sh after the tracer injection. These images were chosen to present the

skeletal structure from the skull to the pelvis as two matched images.

Blood urine samples were collected at fixed intervals for 5 h, i.e. every 3 min for the first hour

and then hourly. The activity and volume of ecach sample were measured and registered.
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From the dynamic study time-activity curves were obtained for the cardiac, kidney and liver
regions. ROI (rcgion of interest) placed on arcas of the bony structures of the skull, shoulder,
sternum, ribs and pelvis as well as muscular background areas (no organs were visible at this
stage) from the static images rendered relative region to background ratios afler background
subtraction. Consequently relative uptake of '>*Sm by the bone was caiculated with bone and
background taken as 100 %. Blood clearance and cumulative urine curves were also obtained.
After 6 and later 12 weeks the same procedure was repeated for the six baboons in the low

EDTMP concentration group.

A similar procedure followed also with three applications for the six baboons in the group
receiving high EDTMP concentrations. Comparisons were drawn in each group between the
successive applications and also between low and high concentrations. The statistical analysis

was performed by Student’s t-test for paired variables on a 5 % level of confidence.

6.3 Results

Time-activity curves for cardiac blood pool, kidney and liver obtained from the dynamic
studies (0-120 min) with 0.7 mg '>* Sm-EDTMP/kg b.wt. after each of the consecutive tracer
applications (time intervals of 0, 6 and 12 weeks) are presented in Fig 6-la, b, and c. No
significant differences in the early biokinetics appear from these curves. Consequently the
early phase (up to the first 120 min.) average washout rates from the cardiac bloodpool,
kidneys, liver and whole blood sampling (Fig 6-1d) expressed in terms of t,, of clearance and
presented in Table 6-1 are not statistically significantly different, but show a tendency of
slower clearance especially for the kidney, liver and blood with repeated applications. The
urine excretion of the tracer afier the first application turthermore reached a higher (by 21 %)
cumuiative value after 5 b than for the second and third applications which in turn did not
differ from each other, (Fig 6-1¢). Large standard deviations of the order of 40 % jeopardised
statistical validation in this case. Partial renal clearances estimated from the blood curves also

did not differ significantly.
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Table 6-1: Mean half-times of tracer clearance obtained from the dynamic organ distribution studies,

for low and high concentrations of EDTMP after repeated administrations at 0, 6 and 12 weeks.

Low |EDTMP] t, (min)
0 week 6 week 12 week
Cardiac blood pool 30£05 4.0+0.6 4004
Kidney 13.1+4.1 16.3+5.1 18.4+42
Liver 124 £ 4.1 142+53 18.6+4.3
Blood samples 69+ 14 9.1+£2.0 83+2.1
High [EDTMP] | ty, (min)
0 week 6 week 12 week
Cardiac blood pool 4.0+03 4.0+0.5 40+03
Kidney 144+ 4.1 146+55 258+ 7.1%
Liver 155+£53 154+5.5 18.1+4.3
Blood samples 81145 8530 8.1 £3.1
| *p < 0.05

Table 6-2: Percentage skeletal uptake of tracer with low and high EDTMP concentration at 2, 3, 4 and
5 h after administration during 0, 6 and 12 weeks repeated studies.

Low |[EDTMP] Percentage uptake in bone (%)
0 week 6 week 12 week

2h 84.1+£43 75.8+3.0 780+ 4.6
3h 824+ 5.1 79.4+52 795+ 4.5
4h 86.7+4.7 81.2+2.51 74.1 £ 5.0*
5h 88.1 £ 4.4 81.8+39 76.2 £ 3.6%

High [EDTMP]| 4' 0 week 6 week 12 week -
2h 15526 T1.2+4,] 712+ 4.1
3h 81433 79.2+6.2 78.0+5.2
4hb 824+ 21 81.0+£79 804+ 64
5h 844153 86,7+ 5.1 81.9+3.3

<002 :
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Fig 6-1: Mean (n = 6) time activity curves from the 2-h dynamic study of the cardiac blood pool (a),
kidney (b) and liver (c) after 0-week (m), 6 week (®), and 12-week (A ) applications of '**Sm-EDTMP
with low concentration of EDTMP. Mean (n = 6) blood clearance (d), and cumulative urine values (e)
of "“*Sm-EDTMP (low concentration) taken over 5 h after O-week (m), 6 week (o), and 12-week (A)

application.
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The tracer uptake and retention in the bone structure which was measured at 2, 3, 4 and 5 h by
static acquisition produced additional count rate data which are shown as percentage bone
uptake of the tracer (considering only the skeletal and soft tissue compartments; only these
were still visible) at 2, 3, 4 and 5 h (Fig 6-2. Table 6-2). Decreased uptake is seen at the 4 and
5 h with consecutive applications — on the average 6 % less between the first two applications
and likewise (6.3 %) between the second and third injections. Statistical significant
difterences are reached between the 0 and 6 week injections at 2 h (p < 0.05), but notat 5 h
{0.05 <p<0.01) between the 0 and 12 week administrations at 4 and 5 h (p < 0.02), but not at
3 h (0.05 < p <0.01). It is at 4 and 5 h that maximum uptake of '*Sm-EDTMP has been

proven to occur [9].

% BONE UPTAKE

Fig 6-2: Histogram of mean percentage bone uptake of '**Sm-EDTMP (low concentration) obtained

trom 2 h, 4 h and 5 h static scintigraphy after 0-week, 6 week and 12 week applications

In the high group EDTMP of animals which received the 1.4 mg EDTMP/kg b.wt. the time-
activity curves of cardiac bloodpool and liver indicated no biokinetic and biodistribution
differences between the tracer applications (0, 6 and 12 weeks: Fig 6-3a and ¢). The kidneys,
however, (Fig 6-3b), presented markedly delayed excretion of the tracer at the third
application. This is confirmed by the ty-values for the kidney clearance in Table 6-1 (1), =
25.8 £ 7.1) at the third application (p < 0.05). Delayed kidney clearance is also illustrated (Fig
6-3¢) in the cumulative urine values after 12 weeks, where a clear blocking etfect of 538m-
EDTMP excretion is seen in the first 30 min after the application of the high EDTMP

concentration followed by the subsequent sudden increase of tracer clearance.

123



Chapter 6 — Uptake ol Ehtylenediamine Tetramethylene Phosphonie Acid in Normal Bone afier Multiple

Applications; a Non-Human Primate Study

B

- a [-5]
o ) b
1 Sl -
= .
m * | §Y
i L} oy a ':J' |
ol i
a 4 oy 4w\
@ " e ‘\\4\,
= = \
2 <) s 1l
2 1\ 3.
8 Lol | -"* 8 \'I_ ‘fi.
na e Maa
= "%:ﬁf‘.l ] L"l lt:_- fn‘
k) B L B Y B '1::“"‘::-::_':’1: Ty Y]
1
0 T T T T ] e , - : ,
o = “Q ) w 100 1o ] ] &« 50 LY} ?ocT ﬁm
HMINUTES MINUTES
“- 20000
', C d
35 5
i xo0e -2
I_xl &
=4 \\
1 20000
g B : ] 4
2] 0 /
i 0009 18
= : A‘\:‘ i
£ i [y ‘
6 :‘1: LN 0000 < ‘1‘
S h”“i.'l:nh;““. rpnrrers A,
bt [E 13 LR L W
[ 11
L "%a.;
‘ T . e T y B— e T
] i) <0 £2 = 0 o] [} 1 00 153 200 o] 30
LAINUTES MINUTES
1308 =008
W e,
DoE 008 o e =
é ) "
% B OOE w008 o A :::__f___ “a—
€00E-008 T
E -’. e ’/"’
— »
q. ‘Il “ ..
:_;- A00E-308 ‘. : .
5 ot
O zoceronn g 8
| =/
I'a: .
B.ocE~000 J8e ‘ , : . : —
a Eal o ‘50 20 284 e 1]
WINUTES

Fig 6-3: Mean (n = 6) lime activity curves from the 2 h dynamic study of cardiac blood pool (a),
kidney (b), and liver (c) after the O-week (m), 6 week (), and 12-week (A) applications of '**Sm-
EDTMP with high concentration EDTMP. Mean blood clearance (d) and cumulative urine values ()

of "*Sm-EDTMP {high concentration taken over 5 h after 0-weack (m), 6 week (@), and 12-week (A)

applications.
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Fig 6-4: Histogram of mean percentage bone uptake of '**Sm-EDTMP (high concentration) obtained
from 2 h, 3 h, 4 h and 5 h static scintigraphy after 0-week, 6 week, and 12-week applications.

The blood clearance curves show no differences between the three applications (Fig 6-3d and

Table 6-1), and from these the calculated renal clearance values were also not different.

The tracer uptake and retention of the high EDTMP concentration in the bone structure as
measured during the static studies at 2, 3, 4 and 5 h show no statistical significant changes
between the 0, 6 and 12 weeks administrations (Fig 6-4, Table 6-2). At 0 weeks, however, the
tracer with the high concentration of EDTMP indicates reduced uptake with respect to the low
concentration { p < 0.05). This pattern was not repeated at 6 and 12 week (Fig 6-2 and 6-4).
The scintigrams (which are not shown here) clearly iilustrate reduced skeletal uptake with

repeated administration.

6.4 Discussion

Two principle factors lead to the accumulation of radiopharmaceuticals in bone. These are
blood flow and extraction efficiency [14]. An additional factor to consider is capillary
permeability [14]. In a recent review [10] of bisphosphonates used for senile osteoporosis it
was reported that the incubation of the bisphosphonate alendronate with human bone particles
result in rapid, reversible and saturable bonding. Alendronate is an aminobisphosphonate

which has higher antiresorbing activity than the bisphosphonate etidronate which has no
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amino group [10]. EDTMP is a multidentate aminophosphate ligand [10] which localizes in
bone by bridging hydroxyapatite [15] and can therefore be presumed to similarly participate
in saturable bonding which could influence the extraction efficiency of the ligand during

multiple applications.

A phenomenon of partial blocking indeed appears present in this primate study with the low
EDTMP concentration, as can be seen from the reduced '*Sm-EDTMP uptake in the bone
with repeated applications. The effect reached statistical significance only after the third
application (p < 0.02). Furthermore already at the first application (0 weeks) of the high
concentration of EDTMP a lower bone uptake was observed when compared to the lower
concentration probably pointing to a blocking phenomenon by the high concentration of the
EDTMP. The 0O-week values of the high concentration do not show much change with
repeated applications. It can be speculated that continual application of EDTMP, especially at
high concentration, will lead to reduced calcium serum levels increasing parathyroid hormone
concentrations [10, 13] which in turn might trigger osteoblastic activity and some bone
remodelling, thus partially offsetting the blocking which was consequently more clearly
illustrated at the low EDTMP concentration [16, 17].

In this study, haemodynamically monitored under controlled anaesthesia and each animal
being its own reference, no blood flow changes need to be considered. Early changes in
capillary permeability could maybe foillow from localized radiation damage to the skeletal
microvasculature and could also cause reduction in bone metabolism visible in the subsequent
administrations [18]. However the 0-weck difference between the low and high EDTMP
concentrations '**Sm-EDTMP cannot be attributed to the radiation damage effects and bone
metabolism, and would seem to negate radiation effects at this stage. So also does the fact that
no reduction in uptake is seen for the high EDTMP concentration with multiple applications
and the same radioactive dose as with the low EDTMP concentration. In considering the early
biokinetic data it should noted that renal excretion is the only route of climination of
bisphosphonates. Animal and human studies indicate that systemically administered
bisphosphonates are partially taken up by bone and the remainder excreted by the kidneys

[10].

The effect of delayed kidney clearance (ty;) seen in this study progressively with multiple

153

administrations of "*"Sm-EDTMP and especially pronounced afier the third application of the
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high EDTMP concentration could possibly be explained by a saturable transport mechanism
in the kidneys by bisphosphonates, also seen in rat studies [10, 19]. Compromising the renal
excretion as seems the case in this study with multiple '**Sm-EDTMP applications could also
explain the general delayed clearance pattern scen in the dynamic studies [15]. However no
significant differences could be found in partial renal clearances calculated from the blood

clearance curves.

Bisphosphonates bind preferentially to bones with high turnover rates and their distribution is
not homogeneous. The preferential localization of bisphosphonates could be due to larger
exposure of hydroxyapatite at sites prepared for undergoing bone resorption which makes
them accessible to the drugs in circulation [20]. Trabecular bone account for 80 % of the bone
turnover although it represents only 20 % of the skeleton [21]. The near absence of long

bones in the '**

Sm-EDTMP scintigrams and the high activity in the trabecular bone (ribcage,
vertebrae, sternum, shoulder and wrist joints) have been found typical of "*’Sm-EDTMP [9],
'%Re-HEDP (hydroxyethylidenediphosphonate) [22] but to some extent different from the
routinely used diagnostic ligand "™Tc-MDP (methylenediphosphonate). Although all
bisphosphonates have similar physicochemical properties, their anti-resorbing activities differ
substantially [14]. This could be the reason for the conflicting data on possible impaired
sensitivity of the radiopharmaceutical bone imaging after previous bisphosphonate therapy

[12, 23, 24, 25].
6.5 Conclusion

The results of the present primate study clearly indicate a blocking effect to the entry of
'*Sm-EDTMP into normal bone with repeated applications of the low EDTMP concentration.
To avoid this cffect during palliative treatment of patients with skeletal metastases the use of
the higher concentration EDTMP ligand could be recommended but only on condition that no
renal damage takes place. Due to the bone remoddelling effect seen here at high EDTMP
concentration, its combination with a stronger B-emitter ('*Ho) could maybe enhance the

palliative effect.

127



Chapter 6 — Uptake of Ehiylenediamine Tetramethylene Phosphonic Acid in Normaj Bone after Muhiple
Applications: a Non-Human Primate Study

6.6 Literature

1. WESSELS, B.W., ROGUS, R.D. 1984. Med. Phys. 11: 638
2. HUMM, J.L. 1986. J. Nucl. Med. 27 1490

3. VOLKERT, W.A,, GOECKLER, W.F., EHRHARDT, G.J.J. [991. J. Nucl. Med 32:
174

4. GOECKLER, W.F., EDWARDS, B., YOLKERT, W.A. 1987..J. Nucl. Med. 28: 494
5. TURNER, J.H., MARTINDALE, A.A., SORBY, P. 1989. Eur. J. Nucl. Med. 15: 784
6. LATTIMER, J.C., CORWIN, L.A., STAPLETON, J. 1990. .J. Nucl. Med. 31: 586
7. FARBANGHI, M., HOLMES, R.A., VOLKERT, W.A. 1992. J. Nuel Med.33: 1451
8. EARY, J.F,, COLLINS, C., STABIN, M. 1993. J Nucl. Med. 31: 1031

9. LOUW, W.K.A., DORMEHL, 1.C., YAN RENSBURG, A.J. 1996. J. Nucl. Med. Biol.
23:935

10. LIN, J.H. 1996, Bone 18: 22
1. LIN, S.H., DUGGAN, D.E., CHEN, LW. 1991. Drug Metab. Dispos. 19: 926
12. GERTZ, R.L, HOLLAND, S.D., KLINE, W.B. 1993. Osteopor. Int. 19

13. PERCHERSTORFER, M., SCHILLING, T., JANISCH, 8. 1993. ) Nucl. Med. 34;
1039

14. GARCIA, J.F.,, METTLER, F.A. 1988. Radionuclide and bone imaging densitometry,
Churchill Livingston, New York

15. HOLMES, R.A. 1993, Semin. Oncol. 20: 22
16. HORTOBAGY], G.N., LIBSHITZ, H.I., DEABOLD, J.E. 1984, Cancer 53: 577

17. CLOLEMAN, R.E., MASHITER, G., WHITACKER, K.B. 1988. ./ Nucl. Med. 29:
1354

18. CHARKES, N.D., SILVERMAN, C. 1992..J. Nucl. Med. 33: 1780
19. LIN, J.H., CHEN, L.W., DE LUNA, F.A. 1992. Drug Metab. Dispos, 20: 608
20. SAHNI, M., GUENTHER, H.L., FLEISCH, H. 1993. J. Clin. Invest. 91: 2004

21. FLEISCH, H. 1993, Stampth 8: 24



Chapter 6 - Uptake of Ehtylenediamine Tetramethylene Phosphonic Acid in Normal Bone after Multiple
Applications: a Non-Human Primate Study

22, PALMEDO, H., BENDER, H., SCHOMBURG, A. 1996. Nucl. Med. 35: 63
23. KRASNOW, A.Z., COLLIER, B.D., ISITMAN, A.T. 1988. Clin. Nucl. Med. 13: 264
24. WESTMARK, K.D., NAGEL, J.S., FRANCESHI, D. 1990. N. Engl. J. Med. 232: 1633

25. SERAFINIL, A.N. 1994. Int. J. Rad. Oncol. Biol. Phys. 30: 1187

129



Chapter 7 - Biodistribution and Pharmacokinetics of
Variously Sized Molecular Radiolabelled
Polyethyleneiminomethyl Phosphonic Acid as a Selective

Bone Seeker for Therapy in the Normal Primate Model

Summary

An ideal radiopharmaceutical for the treatment of neoplastic and inflammatory (benign) bone
disease would be a radiolabelled compound that predominantly accumulates in bone lesions
with limited access to normal bone and other organs. Neoplastic tissue’s abnormal blood
supply (increased permeability) and lack of lymphatics will selectively accumulate
radiolabelled macromolecules, This enhanced permeability and retention effect forms the
basis of this study, using various molecular sizes of the radiolabelled macromolecule
polvethyleneiminomethyl phosphonic acid (PEI-MP) for increased selectively of the bone
seeking radiopharmaceuticals, PEI-MP was synthesized by condensation of polythvleneimine,
phosphonic acid and formaldehyde, followed by fractionation into different molecular sizes
by membrane ultrafiltration. Labelling efficiency to “™Tc (as radiotracer) was = 99 % with
complexes stable for 24 h. The pharmacokinetics and biodistribution of various ™ Tc-PE]-
MP fractions were investigated using 4 expenmental baboons (Papio ursinus) per fraction.
Scintigraphy was performed on the baboons under general aesthesia of pentobarbital 1.v. Afier
an i.v. bolus of *™T¢-PEI-MP (= 185 MBq) both dynamic studies (30 x | min frames), and
static studies (2 min acquisition every 4 h) were done, as well as blood samples and urine
collected. From the results macromolecules with sizes ranging between 30-300 kDa were
characterized by excessive liver (21 % - 57% retained activity) and kidney (40 % retained
activity) uptake and accompanying long residing times (t; up to 24 h), The percentage bone
uptake averaged at 8 % for these particles excluding sizes 100-300 kDa where very little bone
uptake was seen (< | %). In this case the blood clearance was also slow (t; = 2 h). The
fraction size 10-30 kDa had comparativelv low accumulation and short residence times in the
liver and kidneys (resp. 20 %, t,, = 22 + 4 min; 17.5 %, t; = 20 + 3 min) and although the

bone uptake of 18 % in this case was high, it is still low for a bone seeking agent. These
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particles cleared the blood with t,, = 25 + 2 min and seemed suitable for labelling with a

therapeutic radioisotopic agent.

Zusammenfassung

Verteilung und Pharmakokinetik von radioaktiv markierter
Polyethyleniminomethylphosphonsjure unterschiedlicher Molekiilgrofe als selektiver

Knochensucher im normalen Primatenmodell.

Ein ideales Radiopharmareutikum fiir die Behandlung von neoplastischen und entziindlichen
(benignen) Knochenkrankheiten stellt eine radioaktiv markierte Verbindung dar, die sich
vorwiegend an Knochenldsionen anreichert und zu normalen Knochen und anderen Organen
einen moglichst begrenzten Zugang hat. Die anomale Blutversorgung infolge steigender
GefaBpermeabilitit sowie das Fehlen lymphatischer GefiBe in neoplastischem Gewebe
konnen eine selektive Akkumulation radioaktiv markierter Makromolekiile bewirken. Diese
erhohte Permeabilitat und der RetentionsefTekt bilden die Basis fur die vorliegende Arbeit, die
verschiedene MolekiilgroBen des radioaktiv markierten Makromolekiis
Polyethyleneiminomethylphosphonsdure (PEI-MP) fiir zunehmende Selekiivitdt des
knochensuchenden Radiopharmazeutikums benutzt. PEI-MP wurde durch Kondensation von
Polyethyleneiminophosphonsidure mit Formaldehyd synthetisiert. Die Fraktionierung in
verschiedene MolekiilgrofBen erfolgte mittels Membranultrafiltration. Die
Markierungseflizienz des Komplexes mit ®™Tc als Radiotracer betrug ca. 99 % bei 24
stiindiger Stabilitat. Die Pharmakokinetik und die Bioverteilung von verschiedenen *™Tc —
PEI-MP-Fraktionen wurde an 4 Pavianen (Papio wrsinus) pro Fraktion untersucht,
Szintigraphische Messungen wurden an den Versuchstieren unter allgemeiner Anasthesie mit
Pentobarbital durchgefiihrt. Nach einem i.v. Bolus von ca. 185 MBq ™™ Tc-PEI-MP erfolgien
dynamische (30 x 1 min Bilder) und statische Untersuchungen (Akquisition: 2 min Dauer fiir
4 h). Zusitzlich wurden Blutproben genommen und Urin gesammelt. Die Resultate zeigten,
dal Makromolekiile, deren GréBe zwischen 30 und 300 kDa lag, durch exzessive Aufnahme
in Leber und Nieren (verbleibende Radioaktivitat: 21-57 % bzw. 40 %) sowie bei gleichzeitig
langer Verwerldauer (1:; bis zu 24 h) charakierisiert waren. Die durchschnittliche prozentuale
Aufnahme in die Knochen betrug 8 % fur diese Makromolekiile, ausschlieBlich solcher, deren
GroBe 100-300 kDa betrug und die eine sehr kleine (< | %) Knochenaufnahme zeigien. In
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diesem Falle war die Blut-Clearance auch langsam (t;; = 2 h). Die 10-30 kDa-Fraktion zeigte
eine relativ niednge Akkumulation und Verweildauer sowohl in Leber (20 %, t, = 22 + 4
min) als auch in den Nieren (17.5 %, t:; = 20 = 3 min). Obwohl die Knochenaufnahme dieser
Fraktion mit 18 % hoch erschien, war sie fiir einen Knochensucher relativ niedrig, 1hre Blut-
Clearance betrug 25 + 2 min und schien daher fir eine Markierung mit einem therapeutischen

Radioisotop geeignet zu sein.

Key Words: Bone disease, inflammatory, neoplastic; Polyethyleneiminomethyl phosphonic
acid, biodistribution, macromolecules, pharmacokinetics, Radionuclide therapy; Technetium

ligands

7.1 Introduction

A varietv of skeletal diseases e.g. osseous metastases, various bone tumours and
inflammatory skeletal disease such as ankylosing spondyiitis, Paget’s disease and rheumatoid
arthritis result in severe skeletal pain, immobility, anxiety, and severely diminish a patient's

quality of life.

Radiation teletherapy is to some extent effective {0 control or palliate isolated skeletal pain
foci from these diseases. Difficulties associated with its application in multifocal disease
together with recenl commercial availability of various bone seeking radiopharmaceuticals
e.g strontium-89 (*’Sr), samarium-153 (***Sm)-ethylenediaminetertramethylene phosphonate
and rhenium-186 (***Re)-hydroxyethylidene diphosphonate |1, 2], led to renewed interest in
systemic treatment with internal radionuclide therapy. Intravenously administered bone-
seeking radioisotopic agents distribute via the circulatory system throughout the body while
simultanecusly accumulating in bone. The material not taken up by the bone is efficiently
cleared through the kidneys into the bladder [1,2]. Using this modality all involved osseous
sites can be treated simultaneously with limited associated toxicity. Selective absorption into
bone and especially into diseased bony areas limits wradiation to the normal tissues and

increases the therapeutic ratio.

Therapeutic (and also diagnostic) success of a radiopharmaceutical will hinge on many

interrelated factors, such as the careful choice of a radionuclide (of which its half-life and
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radiation emissions dictate its radiobiological effects and its diagnostic image quality), linked
to a bone localising agent of which the biochemical properties dictate its pharmacokinetics

and biodistribution.

The basic principle for the design of diagnostic and therapeutic radiopharmaceuticals is the
incorporation of a suitable radionuclide in an appropriate chemical compound to aitain the
highest target-to-background concentration ratio. The important concern, especially with
therapeutic radiopharmaceuticals, is t0 maximise the radiation dose to the lesion while
minimising that to the remainder of the body, most specifically to the critical organ in this

case, the radiosensitive bone marrow.

Bisphosphonate and aminophosphonic acids (e.g. ethylenediaminetetramethylene phosphonic
acid [EDTMP] are chemically stable and are not significantly metabolised. They bound
tightly to the bone matrix, and once taken up by bone are liberated only when the bone in

which it was deposited is resorbed {3].

Particle-emitting radionuclides, e.g B-emitting '**Sm, have been complexed with
bisphosphonates and substituted organic amine phosphonic acid derivatives, e.g. EDTMP,
wherein the nitrogen and phosphorus are interconnected by an alkylene or substituted
alkvlene group. Certain of these complexes have been shown to be very selective for the
skeletal system with very low soft tissue uptake [4]. The complexes also tend to concentrate
in areas of fast growing bone much more readily than in normal bone. The radionuclides used
are mosily B-particle emitting | and a high radiation dose is delivered in the area where they
are deposited. Thus therapeutic radiation doses can be delivered specifically to calcific

tumours. These complexes (e.g. '**

Sm-ethylenediaminetetramethylene phosphonate) have
been found useful in the treatment of such tumours in humans and animals [35-8).
Unfortunately the selectivity towards fast growing bone (tumour areas) is not adequate so as
to avoid bone marrow suppression, which limits the radioactivity dose that can be given to a
patient, and thus also therapeutic efficacy of the agent. Any radionuclide that ends up on
trabecular bone, or in the inner surface of conical bone, will deposit energy in the

radiosensitive bone marrow |9].

The principle factors that lead to the accumulation of radiopharmaceuticals in bone are blood

flow, extraction efficacy and capillary permeability. The discovery that macromolecules and
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small particles accumulate passively in solid tumour tissue has had enormous tmplications for
improved design of targeted chemotherapy |10, 11|. This phenomenon has been called the
“enhanced permeability and retention effect” (EPR-effect) and has been attributed to two
main factors: tumour vasculature oflen displays a disrupted endothelium (i.e. becomes leaky),
which allows macromolecular extravasation to a greater extent than seen via most other
endothelial barriers, and also a lack of effective lymphatic drainage, leading to
macromolecular accumulation. General tumour tissues and inflammatory areas are
characterized by an increased permeability of capillary endothelial layers 1o blood-bome
macromolecules. Administration of radiolabelled macromolecules thus leads to a selective
accumulation of radioactivity in these areas. Furthermore, if these tumours or inflammatory
areas are calcified or associated with the bone matnx, the selective retention of the
phosphonate containing macromolecule will also be enhanced by its binding to
hydroxyapatite bone matrix. At the same time the normal bone (and especially the
radiosensitive red marrow) 1s protected by the normal impermeability of their capillary
endothelial layers to blood-borme macromolecules (= 60 kDa) [12]. Higher and more effective

therapeutic doses are thus attainable.

With small molecules (e.g. '”*Sm-EDTMP) a significant part of the administered radioactivity
is eliminated in the kidneys by glomerular filtration. By increasing the molecular weight,

glomerular elimination, and thus also administered dose can be reduced |13].

The biodistribution and pharmacokinetics of various radionuclide complexes were studied in
this investigation in the normal chacma baboon (Papio ursinus). These studies were
conducted by injecting the ™T'c complexes of polyethyleneiminomethyl phosphonic acid
(PEI-MP) fractions of various molecular sizes into the experimental animals to obiain the
gamma ray images of the entire animal at various times up to 4 h afler injection. In this
manner an optimal molecular size of polymeric macromolecular radioactive compounds can
be determined with optimal protection of normal bone, liver and kidney. ™Tc is in this study

used as a tracer isotope to follow the pharmacokinetics, with no therapeutic properties.
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7.2 Materials and Methods

7.2.1 Synthesis of polyethyleneiminomethyl phosphonic acid (PEI-MP)

PEI-MP was prepared by the condensation of polyethylenimine (PEI), phosphorous acid and

formaldehyde by a modified Mannich reaction in the presence of hydrochloric acid [14, 15].

Phosphorous acid (18.36 g) (Riedel-de Haén, Seelze, Germany), was dissolved in 51.3 ml
concentrated hydrochloric acid (32 %, pro analysi, E, Merck, Darmstadt, Germany), while
stirring and heating to 80 °C. After dropwise addition of 32 % formaldehyde solution (pro
analysi, E. Merck), the temperature was raised to 90 °C (refluxing temperature) and a solution
of 8.33 g polyethyleneimine (Polymin, water-free, BASF, Ludwigshafen, Germany) in 40 ml
water, was slowly added 1o the reaction mixture at a rate of 0.3 ml/min. The reaction mixture
was continuously purged with argon. When addition of the polyethyleneimine solution was
completed, the reaction mixture was stirred under reflux for another hour, then allowed to
cool stowly over night during which the product separated as a viscous oil. After decanting
the mother liquid, 50 ml water was added to the oily precipitate which formed a doughy mass

upon stirring,

The liquid phase was decanted and the process repeated twice whereafter the doughy material
was dissolved m 37 ml of molar sodium carbonate solution to form the water soluble sodium

salt of PEI-MP (pH 7.0). Afier lyophilization 12 g of PEI-MP was obtained.

7.2.2 Purification and fractionation of PEI-MP

The macromolecule PEI-MP as prepared above, was further purified and fractionated into
different macromolecular sized fractions by membrane ultrafiliration using commercially
available polyethersulfone membranes. An aqueous solution of sodium PEI-MP was
subjected to a sequential ultrafiltration process through a sequence of 300, 100, 50, 30, 10 and
3 kDa ultrafiltration membranes (Filtron Technology Corp., Northborough, MA, USA). The
membrane retentates were washed with distilled water to theoretically calculated purity of 99
%, to yield 3-10, 10-30, 30-50, 50-100, and 100-300 kDa macromolecular sized fractions (see
Table 7-1).
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Table 7-1: Percentage yield of PEI-MP fractions obtaincd by membranc uitrafiltration.

Fraction (kDa) Percentage vield

<3 281

3-10 78
10-30 0.2
30-50 6.4
50-100 324
100-300 17.7

> 300 78

Typical elemental analysis gave a C: N molar ratio of 2.97: 1, which on the basis of a
empirical formula of a PEI-MP monomer of CoHjsNiOoP;, indicates a high level of
methylphosphonation, in contrast to PEI with a monomer empirical formula of CsHsNz and a
ratio C: N of 2: 1,

7.2.3 Labelling of PEI-MP with ”™T¢

The ligand PEI-MP was labelled with ™Tc (as tracer) by adding sodium pertechnetate (up to
50 mCi) to lvophilized kits of the ligand (10 mg) and a reducing agent (stannous chloride
dihydrate 0.5 mg) 1o produce the labelled complex (pH 5.0-5.5). The radiolabelled complexes
were analysed for radiochemical purily using instant thin-layer chromatography on silica gel
impregnated glass-fibre sheets as stationary phase and acetone and 0.9 % sodium chloride

solutions as mobile phase. The radiochemical purity of the complexes was > 95 %.
7.2.4. Biodistribution of ™ T¢-PEI-MP

Twenty healthy adult baboons, average weight 27.5 kg, were used in this study and received
i.v. ®™Tc-PEI-MP of various molecular sizes. All studies were performed after approval by
the Ethics Committee of the University of Pretona, according to the guidelines of the National
Code for Animal Use in Research, Education, Diagnosis and Testing of Drugs and Related
Substances in South Africa.
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The baboons (n = 4 in each group) were subjected to identical experimental procedures except
for the mentioned differences in molecular size of the injected ™ Tc-PEI-MP molecules. Five
different fractions (groups) of the PEI-MP macromolecule were studied, viz in the following
ranges: (1) 3-10, (2) 10-30, (3) 30-50, (4) 50-100 and (5) 100-300 kDa. Induction of
anaesthesia was performed with ketamine hydrochloride (10 mg/kg im.), (Ketalar Parke
Davis, Cape Town, S.A.), and immediately foliowed by a maintained controlled infusion of 6
% sodium pentobarbitone solution (Sagatal Kyron Laboratories Pty. Ltd., Benrose, S.A.) at 30
ml/h. The animal in the supine position under the gamma camera was injected 1.v. with a
bolus of 185-259 MBq of ™ Tc-PEI-MP and data acquisition started on a count down with a
Siemens Orbiter gamma camera (Siemens, Erlangen, Germany) in 64 x 64 word mode
performing a 30 min dynamic study (30 x 1 min frames). At 1, 2, 3 and 4h, and also at 24 h
static images of 120 s were acquired.

Blood and unne samples were collected at fixed intervals for 4 h, viz every 3 min for the first
hour, then hourly for blood samples, and urine every five min for the first hour, subsequently

hourly.

Regions of interest (ROIs) were placed on the images of cardiac blood pool, liver, lung,
spleen, kidneys, and spine (the vertibrae) 1o obtain time-activity curves of the dynamic study.
Similarly, data of countrate per pixel for the ROIs, which were decay corrected, were obtained
from the static images. These were normalised to extend the time-activity curves of the

dynamic study to 4 h.

Blood clearance and cumulative urine curves were also obtained in all cases so that average
relative organ distributions of the retained activity and eventually of the injected dose (i.d.)
could be obtained for all *™Tc-labelled molecular size fractions. These could be compared for
optimal distribution characteristics for therapy according to the mentioned criteria. The
statistical analysis was performed by student’s t-test for paired variables on a 5 % level of

confidence.
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Fig 7-1: Percentage of retained body activity for different “™Tc-PEI-MP fractions in the primate liver,
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Fig 7-2: Mean percentage of retained body activity for different “*"Tc-PEI-MP fractions in the
primate kidney. m = Fraction 3-10, @ = Fraction 10-30, &= Fraction 30-50, ¥ = Fraction 50-100 kDa.
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Fig 7-3: Normalized blood clearance for different *™Tc-PEI-MP fractions. m = Fraction 3-10, @ =
Fraction 10-30, A= Fraction 30-50, ¥ = Fraction 50-100, ¢ = Fraction 100-300 kDa.

7.3 Results

The mean (n = 4) half-life of retention of the different ™Tc-PEI-MP fractions are given in
Table 7-2 for various body compartments including the cardiac blood pool. Also in Table 7-2
is the highest mean percentage uptake (n = 4) of the different fractions during the first 4 h in
the various compartmenis. The mean {(n = 4) percentage of injected dose of the different
"™Tc-PEI-MP excreted by the kidney after 4 h post injection are presented in Table 7-3.
Mean time activity curves as a percentage of retained body activity for the different *™Tc-
PEI-MP fractions for the liver and kidney are presented in Fig 7-1 and 7-2, as well as
normalised blood clearance curves in Fig 7-3.
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Table 7-2: Mecan t, in min (n = 4) and mean maximum percentage vptake (in the first 4 h) of the

various ”™Tc-PEI-MP fractions in the various body compartments of the primate modecl.

Fraction t». (min) and percentage of uptake
(kDa) Cardiac }

blood pool Liver Kidney | Lung Spleen Bone

3-10 10+ 1 90+ 22 >4h | 1013 T5+2 >2h
15+4% 16+ 1% 36+4% 8+£2% 10£] % 8+£1%

10-30 10+ 1.5 22+ 3 20+ 3 15+£3 60+ 9 >4h
15+£3% 20+ 2% 18+4% | 125+4% | 125+1% | 18x1%

30-50 62 60 15 >4h B+2 45+ 8% >4 h
10+ 4% 20+ 2% HWx5% | 75+2% 8+ 3% 9+05%

50-1040) 12+ 1.5 >4h >4 h 22+2 >4 h > 24h + 2h
15+ 4% 43+ 3% 15+£2% | 9+ 3% 8£05% | 7+05%

100-300 2h+ 0.1 h | 24h+ 1.5h - | 2.5h+0.5h | >24h + 2h -
30£7% | 37+9% - 75+2% 55+2 -

Table 7-3: Mean percentage ( n= 4) of injected dose of different “"Te-PEI-MP fractions excreted
through kidneys after 4 h.

Fraction (kDa) % of injected dose excreted through the
kidneys after 4 h

B o 3-10 B i 406 ]

10-30 328

30-50 62.0

50-100 282

100-300 12.2
- i ST — —

7.4 Discussion

Increasing the size of macromolecules of *™Tc-labelled PEI-MP results in marked changes in
their pharmacokinetics and biodistribution (Table 7-2). In normal bone of the primate model

there was almost complete exclusion (< 1 %) of the particles larger than 100 kDa. The highest
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relative skeletal uptake of 18 % was demonstrated by the 10-30 kDa fraction (Table 7-2), but
this is still considerably lower than that known for '*Sm-EDTMP (> 50 %) [16].

All macromolecules of sizes > 50 kDa experienced an excessively high uptake and prolonged
retention by the liver, which would led to unacceptable high radiation doses eventually form
the corresponding therapeutic agents (Fig 7-1). A measurable liver accumulation is present for
all particle ranges (Table 7-2), contrary to 1S m-EDTMP which demonstrates minimal liver
uptake (<0.03 %) [16]. However, the retention time (1.;) of the smaller particles in the liver is
short (maximum 90 min for fraction 3-10 kDa (Table 7-2) and lowest (p < 0.05) for 10-30
kDa.

No uptake by the kidney is observed for the PEI-MP fraction 100-300 kDa. For the fraction
50-100 kDa there is kidney uptake which is largely retained at about 15 % of body activity.
The fraction 3-10 kDa demonstrates initial high kidney uptake and an increasing percentage
of retained activity with time (1 > 4h). This is also the case with fraction 30-50 kDa. The high
(> 20 %;) intial kidney uptake of fraction 10-30 kDa experiences fast washout wathin the first
30 min, and is soon reduced to around 50 % of the imtial uptake (Fig 7-2) which is
significantly lower than for the other fractions with molecular size < 50 kDa Blood clearance
(1.;) from the cardiac blood pools was < 15 min, except for fraction 100-300 kDa where there
was a prolonged retention of particles in the circulation (t; = 2 h). The lung clearance rate
followed a similar pattern with prolonged retention for fraction 100-300 kDa (1, = 2.5 h). In
all other cases t.; for the lung was < 30 min (Table 7-2). The percentage uptake and retention
for the spleen lies around 10 % for all particle sizes, but 1,; is prolonged for sizes > 50 kDa.
Clearance curves obtained from the blood samples (Fig 7-3) are found to be multiphasic

because of the particle size ranges of each fraction.

The highest percentage of injected dose excreted in the urine at 4 h was found for the fraction
30-50 kDa, followed by 10-30 kDa (62 % vs 52.8 %, respectively) (Table 7-3). Because
urinary excretion of 30-50 kDa PEI-MP is 50 % higher than for 3-10 kDa, and = 7 % higher
than for 10-30 kDa, the radiation dose from the retained activity to all organs except the
kidney, can be expected to be lowest for 30-50 kDa PEI-MP, High radiation dose to the
kidneys will follow in this case because most of the *™T¢c-PEI-MP (30-50 kDa) will be
handled by the kidney over a prolonged time interval (1, > 4 h).
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7.5 Conclusion

This studv demonstrated the required reduced normal bone uptake of *™Tc-PEI-MP,
especially noted for fraction 100-300 kDa Although the value for 10-30 kDa is by
comparison more than double that for the other fractions, some retention in bone is necessary

such as in an osseous tumour where it would be beneficial to maximize duration of radiation.

To further optimise the molecular size of the macromolecule for its selectivity towards
neoplastic and inflammatory diseased areas, potentially harmful kidney and liver uptake
should be minimized. This would immediately exclude the fractions with sizes larger than 50
kDa because of liver exposure. Of the smaller fractions, 30-50 kDa and 3-10 kDa seems to

leave especially the kidneys vulnerable to radiation exposure (Table 7-2).

In conclusion it would seem that the fraction 10-30 kDa could optimally fit required criteria
with relatively low accumulation in normal bone, but with some bone retention indicated.
Access into a lesion which depends on the degree of vascular disruption could be fairly early
for this fraction because of its relatively small molecular size. The liver and kidney also seem

to enjoy most protection with this fraction,
The next step would be to label PEI-MP (10-30 kDa) with '*Sm or "¥Re, and to

investigate biodistribution, pharmacokinetics and therapeutic efficacy in osseous tumour

bearing animal models.
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Chapter 8 - Optimalisation of Radiolabelled Polymin-MP
of Different Molecular Sizes as a Selective Bone Seeker for

Therapy in Animal Models

Abstract

Abnormal blood supply and lack of lymphatics of neoplastic tissue lead to enhanced
permeability and retention effects which form the basis of this study using various sizes of the
radiolabelled macromolecule polyethyleneimonomethyl phosphonic acid (polymin-mp) to
increase the selectivity of bone seeking pharmaceuticals. Polymin-mp was synthesised and
fractionated by membrane ultrafiltration into different molecular sizes, viz. 3-10, 10-30, 30-50
and 100-300 kDa. Labelling efficiency to *™Tc as radiotracer was 99 % with complexes
stable for 24 hours. The pharmacokinetics and biodistribution of all ™Tc-polymin fractions
were investigated in five experimental baboons per fraction and dogs (n = 5) with naturally
occurring appendicular osteosarcomas. Scintigraphy followed a bolus injection of *™Tc-
polymin (185 MBq) to the baboons and data were acquired as 30 x 1 min frames dynamic,
and hourly static studies for four hours. Regular blood and urine samples were taken. The
dogs underwent static studies of the tumours at four hours p.i. For baboons, the
macromolecular size fraction 10-30 kDa had comparatively low accumulation and short
residence times in the liver and kidney (resp. 20 %, T,, =22 + 4 min; 18 %, T,, = 20 £+ 3) and
although the bone uptake in this case was comparatively high , it is still low for a bone
seeking agent, e.g. 40 % for "*Sm- EDTMP. Results from the dogs showed good uptake in
the tumour (eg 1: 4, 1: 8 and 1. 9) with 3-10 kDa but reduced uptake with larger molecular

sizes,

Keywords: Radiopharmaceutical, neoplastic bone diseases, targeted therapy.

polyethyleneiminomethy! phosphonic acid
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8.1 Introduction

An ideal radiopharmaceutical for treatment of neoplastic and inflammatory bone disease
should predominantly accumulate in the bone lesions with limited access to normal bone and
other organs. Neoplastic tissue tends to display abnormal blood supply (increased
permeability) and lack of lymphatics leading to selective accumulation of macromolecules
[1]. These effects of enhanced permeability and retention form the basis of this study: to use
various molecular sizes of radiolabelled macromolecule polyethyleneiminomethy! phosphonic
acid (polvmin-mp) for increased selectivily of the bone seeking radiopharmaceutical, and to
investigate the pharmacokinetics and biodistribution in the normal pnimate model and in dogs

with spontaneously occurring appendicular osteosarcomas.

8.2 Materials and Methods

Polymin-mp was synthesised by the condensation of polyethyleneimine, phosphorous acid
and formaldehyde in the presence of hydrochloric acid (modified Mannich reaction) [2]. Then
followed fractionation into different molecular sizes by membrane ultrafiltration, viz. 3-10,
10-30, 30-50, 50-100, and 100-300 kDa. Subsequently labelling was performed with *™T¢ as
radiotracer. A labelling efficiency of ~ 99 % was reached.

For the animal experimentation five experimental baboons (Papio ursinus, ~ 28 kg) per size
fraction of macromolecules were used and dogs (n = 5) with spontaneous appendicular
osteosarcomas. All animals received general anaesthesia for the duration of the scintigraphic
investigation, i.e.,, pentobarbitone infusion (Sagatal: 6 %, 30 mlL/hr). The scintigraphy
(Siemens Orbiter tomographic camera) of the baboons were performed afler an i.v. bolus
injection of *™Tc-polymin-mp (185 MBq) on a count down for dynamic data acquisition (30
x 1 min frames) followed by static images of 5 minutes every hour for 4 hours. Blood and
urine samples were collected every 10 minutes for the first hour and then hourly until the
fourth hour. Scintigraphy for the dogs consisted of static images of the tumour and

contralateral sites at four hours p.i.
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From the time activity curves percentage organ distribution and retention times could be
evaluated (Table 8-1) which would allow the calculation of percentage injected dose and

dosimetry, when urinary excretion is taken into consideration.

Table 8-1: Half-lifc and highest percentage of the different ™ Tc-polymin-mp fractions in various

organs of the primatc model.

Fraction Ty (min) and percentage of uptake
(kDa) '

Cardiac Liver Kidney Lung Splecn Bone

3-10 10+ 1 min | 90422 min >4h | 10£]1.5min | 75+ 2min >2h
15£4% 16+ 1% 36+ 4% l 8§+2% 10+1 % 8x1%

10-30 10£15min | 22+ 4min [ 20£3min | 15£ 3 min | 60 % 9 min >4h
15£3% 20£2% 18+4% | 125£4% |1 125+1% | 18x1%

30-50 6 £ 2 min 60 £15min >4h | 8+ 2 min 45+ 8% >4h
10+ 4% 202 % 40x5% | 75£2% 8+ 3% 9x05%

50-100 | 12:1.5min >4h >4h | 22+¢2min| >4h > 4h
15£4% 43£3% 15+£2% 9+3% 8£05% | 7x05%

100-300 | 2h20.05h | 24h+ 1.5h - | 25h£0.5h | > 24h £ 2h -
W0£7% 52+9% - | 75+2% - -

8.3 Results

The biodistribution in normal primates is described in Table 8-1 where half life times (T,) of
clearance of various fractions of **™Tc-polymin-mp and maximum percentage of tracer

accumulation in 4 hours are presented.

For dogs with appendicular osteosarcoma the smaller size fractions of polymin-mp showed
higher uptake into the lesions; see Figure 8-1 where the uptake of “™Tc-polymin-mp (10-30
kDa) into the lesion reached 4. 1 at three hours. This uptake was lower in the two cases (not
depicted here) with macromolecular size range of 100-300 kDa, and reached up to 11: | for

the size range of 3-10 kDa.
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Figure 8-1: Uptake of “"Tc-polymin (10-30 kDa) into various organs of the Dalamation as a function

of time (1 hr dynamic study and up to 3 hr static study).

8.4 Discussion

" Tc-polymin-mp of various molecular sizes have distinct differences in biokinetics which
predominantly pertain to the rate of removal from the cardiac blood pool, i.e., clearance either
by involvement of the liver or the kidney or both. Substantial liver and kidney participation
(20 % and 40 % resp. max. uptake) for the fraction 30-50 kDa leads 1o fast clearance for
blood pool (T, = 6 min), and fast blood clearance as measured from blood samples (T, = 20
min). Reduced liver and kidney involvement, as with 3-10 kDa and 10-30 kDa leads to
delaved cardiac blood clearance (10 min and 25 min resp. for both fractions). The slow
although substantial liver participation for 50-100 kDa, and 100-300 kDa lead to long
retention in the cardiac blood pool (12 min and 2 hrs resp.), as well as to slow clearance from
the blood (45 min and 75 min resp.). The highest normal bone participation, viz. 18 %, occurs
for the fraction 10-30 kDa, but this is still much lower than the 40 % or higher of EDTMP and
other characteristic biphosphonate accumulation in normal bone. This fraction seems to be the
best compromise for low tracer uptake in both liver and kidney. The uptake in bony lesions

e.g., the osteosarcoma in the Dalmation of 100-300 kDa was clear from the images with very
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little normal bone participation. Even betler tumour uptake is obtained with the 3-10 kDa
fraction ranging from 9: 1 to 11: | with respect to normal bone than was obtained with 10-30
kDa (4: ).

Fig 8-2: Dorsoventral *Tc-PEI-MP (100-300 kDa; 185 MBq) bone scan of a dog (Dalmation) with

osteosarcoma of the right scapula (95% scapula involvement)

8.5 Conclusion

From the biokinetics and organ distribution of the various polymin-mp fractions the next step

P3%m or "®"'%¥Re and to apply the agent for

would be to label the polymin-mp with either
therapeulic purposes in cases of osteosarcoma or bone metastases [3]. It is expected that the
organ distribution especially for the **'**Re polymin-mp will be similar to that obtained from

#™T¢ polymin-mp so that enough data already exist for dosimetric calculation.
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Chapter 9 - Metal ion Speciation in Blood Plasma
Incorporating the Water-soluble Polymer,
Polyethyleneimine Functionalised with
Methylenephosphonate Groups, in Therapeutic

Radiopharmaceuticals

Summary

A water-soluble polymer, polyethyleneimine functionalised with methylenephosphonate
groups (PEI-MP) and labelled with *™Tc, has shown selective uptake into bone tumours.
Apparent formation constants for the complexation of important blood plasma metal ions and
metal ions of radionuclides used in therapeutic radiopharmaceuticals {excluding Tc) with PEI-
MP were measured potentiometrically. These were added to the ECCLES data base in order
to construct a blood plasma model for PEI-MP. From this model it could be predicted that the
polymer would not deliver the therapeutic radionuclides **Sm, "**Ho, 2'?Pb. *Pb and ®Sr 1o
bone. This was clinically verified for '**Sm, However good uptake of ™ T¢-PEI-MP could be
demonstrated in dogs. Due to the similar chemistry of Re as compared to Tc, it can be
expected that PEI-MP labelled with "™Re or *Re could result in effective therapeutic

radiopharmaceuticals for bone cancer.
9.1 Introduction

The use of '**Sm complexed to the octaanion ethylenediaminetetramethylene-phosphonate
(EDTMP), n pain palliation therapy for metastatic bone cancer is well established (1) and has
been extensively studied in clinical trials in a number of countries. Studies were undertaken to
elucidate the in vivo behaviour of '**Sm-EDTMP (2, 3). The use of the blood plasma model,
ECCLES (4), has proved particularly useful and it was found that predictions made by the

model were closely comparable Lo clinical observations.
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Improvement of the therapeutic efficacy of bone-seeking radiopharmaceuticals could possibly
be achieved by using '**Ho (1, = 26.9 hr, maximum B-particle energy = 1.86 MeV (3.0 x 10"
1)) instead of '**Sm (1, = 46.75 hr; maximum B-particle energy = 0.81 MeV (1.3 x 107 1)),
However, experiments using both baboon (2) and rat (3) models showed poor uptake of '**Ho
from '"“Ho-EDTMP. Blood plasma modelling (2) was able to explain the deficiency of
EDTMP in this regard. Thus, a more suitable ligand than EDTMP is needed to deliver a high
percentage of injected '**Ho to bone tumours. Attempts with other bisphosphonate ligands
have proven to be meffective (5-8). The behaviour of these bisphosphonates (used In
treatment of bone diseases (9)) in conjuction with **Sm and '®Ho could be prognosticated,
using ECCLES (4),

Water-soluble polymers as drug carmers have been the subject of research activity for some
time (10) and have been studied as potential chemotherapy agents for cancer (11). The
principle behind this approach is that water soluble macromolecules accumulate passively in
solid tumours according to the “Enhanced Permeability and Retention Effect” (12). This
phenomenon is thought to be caused by the production in tumour cells of compounds such as
Vascular Permeability Factor (VPF) and Bradykinine that increase vascular permeability of
the tumour tissue. Retention is enhanced by impairment of the lymphatic system in tumour
lissue, retarding the removal of macromolecules from tumours. The polymer must therefore
be large enough not 1o be taken up in healthy tissue but not so large as to be trapped in organs
such as liver or kidneys. In this paper it is assumed that this phenomenon also applies 10

secondary metastasis — although the latter has a different physiology.

To extend this approach to therapeutic radiopharmaceuticals, the water-soluble polymer,
polyethyleneimine (see Fig 9-1) was functionalised with methylenephosphonate groups to
make the resulting water soluble polymer bone-seeking — PEI-MP. Extensive pre-clinical
work using *™T¢-labelled PEI-MP has been done to ascertain the optimum fraction in terms
of mass (13). It has been found that anionic species in the fraction 10 to 30 kDa achieve good
tumour uptake with minimal uptake in healthy bone, kidneys or liver. The polymer thus have

the potential 1o selectively deliver a therapeutic radionuclide 1o tumours.
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Fig 9-1: The ligand EDTMP and polymer repeating units discussed in this paper

The object of the research reported in this paper, was to construct a blood plasma model
including PEI-MP. This should enable an informed selection of a therapeutic radionuclide for
delivery to metastatic bone tumours by PEI-MP. In order to achieve this, apparent formation
constants of blood plasma metal ions as well as radionuclides of interest had 1o be measured.
This may be achieved, as was previously done with polyethyleneimine (PEI) (14), by treating
the water soluble polymer as a collection of separate repeating units. Potentiometric titrations,
in which the repeating unit is considered to be the ligand, yield data that may be analysed by
computer codes such as ESTA (15). Apparent formation constants are then added to the blood
plasma model, ECCLES (4), which predicts the speciation of metal ions in the plasma. This
gives an indication of the ability of the radiopharmaceutical to survive competition for the
radionuclide by other blood plasma ligands. This approach is novel in so far as polymers were
considered not yet previously included in work performed using the ECCLES code.
Therapeutic B-particle emitting radionuclides under consideration were '**Sm, '®Ho, ®Sr,
"%Re and '™Re. In addition to blood plasma metal ions, potentiometric titrations involving
Sm(III), Ho(UI) and Sr(II) were performed. Unfortunately the complex redox chemistry of Re
makes potentiometry with this metal unreliable. Recently, a~emitting radionuclide couples,
*2pp/22Bi and **Pb/”VBi together with EDTMP have been studied (16) as potential
therapeutic radiopharmaceuticals for metastatic bone cancer. In order to predict the in vivo
behaviour of these radionuclides with PEI-MP, potentiometric titrations were also performed
with Pb(II).
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9.2 Experimental
9.2.1 Synthesis of PEI-MP

Svnthesis of the polymer was achieved using Mannich type reaction as described by
Moednitzer and Irani (17). Phosphorous acid (18.4 g) and concentrated hvdrochloric acid
(51.3 ml) were added to a reaction vessel equipped with a thermometer, magnetic strirrer bar,
dropping funnel and condenser. The reaction was performed under an inert atmosphere of
argon. Dissolution of the phosphorous acid was achieved by stirring and heating to 80°C. The
dropping funnel was charged with formaldehyde solution (23.3 ml) which was added
dropwise to the reaction mixture. On completion, the temperature was raised to 90°C
(refluxing temperature) and a solution of polyethyleneimine (8.33 g in 40 ml water,
Polymin™ Water-Free, a BASF product in which the ratio of primary, secondary and tertiary
amine groups is 1: 1: 1; see Fig 9-1) was slowly added to the reaction mixture at a rate of 0.3
ml/min with the aid ol a peristaltic pump. The reaction mixture was continuously purged with
argon. On completion of the addition of polyethyleneimine, the mixture was stirred under
reflux for an additional hour, then allowed to cool slowly during which the product separated
as a viscous oil. After decanting the mother liquor, 50 ml water were added to the oil which

formed a doughy mass upon stirring.

The liquid phase was decanted and the process repeated twice. The doughy maierial was
dissolved in 37 ml molar sodium carbonate solution to form the waier-soluble sodium salt of
the PEI-MP. After lyophilisation, 12 g of product were obtained. Microanalysis: Found: C,
23.11; H, 5.98; N, 891 Na, 9.86 % Calculated for CoH22P:Na0sNa H>O: C, 22.84; H, 5.11;
N, 8.87; Na, 9.72 %. Polentiometric titrations to determine protonation constants were used to

double-check the purity of the ligand.

To obtain the 10 to 30 kDa fraction, an aqueous solution of sodium PEI-MP was subjected to
ultrafiltration through the appropriate membranes (Filtron Technology Corporation). The
membrane relentates were washed with distilled water to a theoretically calculated purity of
99 % and lypholised.
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Due to the scarcity of the 10-30 kDa fraction, PEI-MP used in potentiometric titrations was
not fractionated. However, apparent protonation formation constants were calculated for the
10-30 kDa fraction and found to be practically identical to the unfractionated polymer (see
Table 9-1). This is because the polvmer was treated in calculations as a collection of
monomeric units. It is thus assumed that the calculation of apparent formation constants by

potentiometry is not affected by the molecular size fraction of the polymer.

Table 9-1: Comparative apparcnt protonation constants for PEI-MP and Polymin Water-free
determined in this study at 25.0 + 0.1°C and | = 150 mmol dm™ NaCl. Charges on the repeating units
have been omitied for simplicity. L represcnts the repeating unit as Fig 9-1. The protonation formation

conslants in italics are thosc calculated for the 10 to 30 kDa fraction of the polymer.

Equilibrium log K log K lop K*
PEI-MP Polymin Water-free | Polymin Water-free
[14]
H+ L—HL 934 () 924 (< 1) 971
(9.47 (1)) |
H+ HL—H,L 754 (1) 6.60 (1) | 7.70
(7.48 (1))
H + H;L~—H;L 595(D) *Not found 2,64
(5.86 (1)
[ H+ HsLesHiL 32602 | 0 - ' - |
(3.42 (2)
3H + 2L—H;L, - 28.93 (1) 30.87
5H + 2L+H;L- - 37.10 (2) 41.58
Number of data points 436 582 ' -
382 .‘
Hamilton R-factor 0.0120 0.00687 i -
(0.0114)

“The protonation constant is probably < 2 and could thus nol be detceted within the pH range used in
this work;

“Measured at 25,0+ 0.1°C and I = 0.1 mol dm™ NaNQ:
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9.2.2 Metal ion solutions

Fresh metal ion solutions were emploved in the titrations, These were made by dissolving
reagent grade chloride salts of the metal ions in distilled water and standardised by
complexomelric titration using EDTA and a Metrohm Titrino equipped with a copper

selective electrode. Where necessary, solutions were acidified to prevent hydrolysis.

9.2.3 Potentiometry

Potentiometric titrations were performed using a Metrohm Titroprocessor 670 with a
Metrohm 665 dosimat and a combination glass electrode (Ag/AgCl reference). The electrode
was calibrated regularly using strong acid-base tifration data. All titrations were performed
under an inert atmosphere of nitrogen and solutions were held at a constant ionic strength of
0.15 mol/l NaCl and a temperature of 25.0 £ 0.1°C. The titrations were performed beginning
at low and ending at high pH, adding 0.10 ml aliquots of 0.050 mol/l NaOH (carbonate-free)
in 0.10 mol/l NaCl. Protonation constants were calculated from the daia obtained from
titrations of the ligand in the presence of various hydrochloric acid concentrations. Metal-PEI-
MP apparent formation constants were calculated from titration data at five different metal:
ligand ratios varying from 2: [ to 1. 3. For titrations involving lanthanides, precipitates
formed at low pH, as was found for EDTMP (3). By pH 3, the solutions had cleared and data
points from here onwards were used in calculations. Data were analysed by the ESTA (15)
library of programmes. During the analysis the previously determined prolonation constants
were held constant. Hydrolysis constants and pKy were taken from the literature (18) and
held constant during optimisation procedures. The models were tested for plausibility by
comparing experimental and calculated formation and deprotonation curves. Formation
constants for PEI-MP with Re and Tc were not measured as both can exist in different
oxidation siates and change between these states easily making it virtually impossible to

accurately study the complexes involved by potentiometry.

9.2.4 Blood plasma modelling

All constants measured in this study were added to the ECCLES database (4). The
concentration of the repeating unit of PEI-MP used in modelling was 8.5 x 10”°mol/]. This
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value is representative of actual clinical amounts, and is similar to that previously employed
during EDTMP work (2). The metal ion concentrations employed ranged from 1.0 x 10 to

1.8 x 10 mol/l which also resembles clinical amounts.
The plasma mobilisation index {(p.m.1.) is defined as:

mi= Total concentration of low - molecular - weight complex species in the presence of drugs

Total concentration of low - molecular - weight complexes in normal plasma

The p.m.i. values give an indication of which metal ions are mobilised by the added drug.
This may be used as a screening method to predict the loss of biologically important metal
ions from blood plasma. Remedial actions such as taking supplementary metal ions may then
be followed, if necessary. In this study, p.m.i. values were computed by ECCLES for the
blood plasma metal ions Ca(ll), Mg(1I). Ni(ll) and Zn(II).

9.2.5 Preparation of '“*Sm-PEI-MP

1%3Sm was prepared by neutron irradiation of 1.0-2.0 mg **Sm;0: (99 % enriched) for 24 h
in the SAFARI-1 reactor at a neutron flux of 1 x 10" neutron cm™s™. Typical specific
activities of ~ 4000 MBq/mg of **Sm,03 were obtained. Using the necessary shielding, the
irradiated oxide was dissolved in 250 ul of 0.2 M HCI solution, diluted to 0.04 M HCI with
sterile deionised water and filtered. (Millex-Gv, 0.22 um, Milipore Bedford, M.A)

Complexation was achieved by adding 0.3 ml of the '**Sm solution above to 0.9 ml PEI-MP
solution (48 mg Na-PEI-MP/ml, pH = 8.0). This was diluted up to 5 ml and sterilized by
ultrafiltration (0.22 um).

Complexation yields were determined by separating the complexed and uncomplexed '*Sm
species on a carboxymethyl sephadex cation exchange column (19). Complexation yields of >

99 % were obtained.
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9,2.6 Preparation of " "T¢-PEI-MP

As is the procedure for *™Tc-radiopharmaceuticals, Iyophilised, labelling kits of the ligand
were prepared in advance and stored in a freezer until the day of use. The kits were prepared
by mixing 5 pl of a solution containing 250 mg of SnCl,.2H,0 crystals in 0.5 ml HCI (c¢) with
an aqueous PEI-MP solution (48 mg Na-PEI-MP/ml, pH = 8.0) where after the pH was
adjusted to 6. This mixture was dispensed into S vials and freeze dried. The evacuated vials

were stored below 0°C until used.

The final solutions for injection were prepared by adding 0.3 mi Pmre (111 to 185 MBQ),
obtained from a Mo/”™T¢ generator, to the above vials. Radiochemical purity was checked
using instant thin-layer chromatography on silica gel impregnated glass-fibre sheets as
stationary phase and acetone and 0.9 % sodium chloride solutions as mobile phase.

Complexation yields of > 99 % were recorded.
9.2.7 Determination of biodistributions in the canine model

Animal experimentation was done according to the National Code for the Handling and Use
of Animals in Research, Education, Diagnosis and Testing of Drugs and Related Substances
in South Africa, and the protocols approved by the authonsed Ethics Committee of the

University of Pretoria.

Healthy adult German Shepherd dogs were studied. Anaesthesia in each case was induced via
an indwelling catheter (Jelco) with a mixture of ketamine hydrochloride (3 mg/kg, i.v.,
Ketalar, Parke Davis, §.A)) and medetomine hydrochloride (0.1 mg/10 kg, i.v. Domitor,
Novartis, SA) and maintained by an i.v. administration of pentobarbitone sodium solution (20
mg/ml, 10ml diluted in 200 ml saline, Kvron Laboratories, SA) at a constant rate of 20-30 ml
per hour for the first 2 hours and then the infusion was stopped for the last hour. Blood
samples were collected via an indwelling catheter placed in the opposite forelimb. A urinary
catheter (Foley’s) was placed in the bladder to facilitate the collection of urine samples.
Arterial blood pressure (Hewlett Packard Life Scope 12) and heart rate were continually
monitored by indwelling femoral arterial catheter (Jelco 18 G). Oxygen saturation, expired
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carbon dioxide and respiratory rate were also monitored (Hewlett Packard Life Scope 12 ) for

the duration of the anaesthesia.

Scintigraphy was performed (Siemens Orbiter y-camera, low energy collimator, energy peak
140 keV, window 15 %) for “™Tc —PEI-MP and "*Sm-PEI-MP (energy peak 103 keV,
window 15 %). The animals were positioned in the supine position for planar images. Static
images of 2 min duration were recorded in 64 x 64 word mode at 1, 2 and 3 hours afler a

bolus injection of between 111 and 185 MBq of the ™ Tc and '**Sm labelled PEI-MP.

Using these static images the relative region to background ratios were calculated by placing
ROI (region of interest) on areas of the cortical bone, liver, kidneys, cardiac blood pool, lungs

and muscular background. These values were used 1o obtain the relative biodistributions,

9.3 Results and Discussion

9.3.1 Potentiometry

The results of modelling for PEI-MP using the computer programme ESTA (15) are given in
Table 9-1 and 9-2. Good fits, indicated by low Hamilton R-factors and standard deviations in
log B values, were obtained for all the systems studied. For the parent polymer, PEL, the same

model as previously applicable at a different anmionic strength, was found to be plausible (14).

For the repeating unit-proton system, pX,’s corresponding to protonation of nitrogen cenires
functionalised with methylenephophonate groups could not be calculated as they are probably
too high for the potentiometric method used here, Comparisons of pX,’s of nitrogens in
ligands to which methylenephosphonate groups are successfully added are given in Tables 9-3
and 9-4. It can be seen that these increase with increasing number of methylenephosphonates
presumably due to attractive electrostatic effects. Hence pK,; for ammonia rises from 9.43 to
12.4 and for ethylenediamine from 9.61 to 13.0. For ethylenediamine it can be further seen
that pK,2 rises from 6.83 to 9.78 as more methylenephosphonate groups are added. The pX,'s
of the nitrogens become very large and some doubt as to their accuracy is therefore suggested

(18).
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When modelling the protonation titrations for PEI-MP, it became apparent that two fewer
protons then expected were dissociating in the pH band 2-11. It is therefore assumed that
these protonation constants must exceed 11 and correspond to the protonation of the two
nitrogen centres functionalised with methylenephosphonate groups. The first pX, that could
be calculated must correspond to the unfunctionalised tertiary nitrogen. This is supported by
the results obtained for the parent polymer, where pK,), corresponding to the protonation of
this nitrogen, was found to be almost identical (see Table 9-1). The rest of the pX,’s are for
the protonation of methylenephosphonate groups and are in good agreement with results
obtained for similar ligands (see Table 9-4).

Table 9-3: Comparison of protonation constants for methylenephosphonate functionalised ammonia
ligands (17). All data were measured at 25°C and 0.1 M ionic strength,

Ligand PK.s PKa K. Pk, pK.
NH, 9.43
.
e PO, 540 1006
H,N
Ve PO§_
HN 0.9 5.04 6.08 10.79
\qpoﬁ'
2' .
OSP—\\ f_PO:
N 1.0% 3.62 5.90 7.30 (12.43
N—po?

For metal-ligand systems, a typical example of the approach used in model selection and

validation is shown in Fig 9-2. In this diagram, the curves for the calculated and experimental
deprotonation function, O (the average number of protons released on complexation per
metal ion), for the Ca(lI}-PEI-MP system are shown. The dashed curve is 1, the protonation
state of the repeating unit in the absence of the metal ion. Interpretation of these curves assists
greatly in model selection, In the example shown, @ rises to 0.5 for all titrations meaning that
one proton is being released on complexation for every two metal ions, At pH between 6 and

7, nis approximately 2. Hence, in the absence of the metal ion the repeating unit would be
of the form H;L. In the presence of metal ions, one proton is lost per two metal ions.

Therefore the predominant species present in this pH range would be Mx(HL) as found in the
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model and illustrated in the species distribution curve (Fig 9-3). Similar reasoning can be used
1o arrive at the M,L. species in the region of pH 9. Above pH 10, @ rises above n. This

indicates that the glass electrode detects more free protons in the system than would be
expected from the repeating unit. These come from either deprotonation of coordinated water
or a nifrogen centre. Comparing the constant obtained for the formation of the My(H,L)
species with the first hydrolysis constant for Ca(ll) would indicate that the latter is more
likely. A similar deprotonation reaction is observed for Mg(Il) and Sr(II) with constants
remarkably close to that of Ca(II).

Table 9-4: Comparison of protonation consiants for methylenephosphonate functionalised
ethylencdiamine ligands (17). All data were measured at 25°C and 0.1 M ionic sirength cxcept for
PEI-MP at 25°C and 0.15 M ionic strength,

Ligand pku pAs  pRa PR, pKa pRa

WK NH, 6.H3 961
" 'u/“ \N/H POy 488 235 103
"
HN’/ NP
7 N 4190 6.34 841 10.55

\—Fﬂi'
- }

HN N 303 5 4% 6,70 876 10.9

= .
ij—\/r—\ /PO,

N N 02 507 642 794 9.78 110

N 326 5.95 7.54 334 Notfound” Not found

op PO}

a: The valuc is probably too high to be determined by the experimental setup uscd in this work,
The presence of dinuclear species is similar to that found for other phosphonate ligands

previously studied (5-8). In this case it is expected that one repeating unit could accommodate

two metal ions at the two methylenephosphonate functionalised nitrogen centres.
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Fig 9-2: Experimental (points) and modclled (lines) deprotonation (a) curves for Ca(lD)

complexation by the repeating unit of PEI-MP. The dashed line is the n curve and represents the
protonation statc of the ligand in the absence of the metal ion. The fivc separate titrations are
represented by (0) 0.000852 mol dm™ Ca(ll), 0.00869 mol dm™ repeating unit of PE1-MP and 0.00997
mol dm™ HCI; (o) 0.000852 mol dm™ Ca(ll), 0.00174 mol dm" repeating unit of PE1-MP and 0.00997
mol dm™ HCI and (A) 0.000852 mol dm™ Ca(Il), 0.00261 mol dm ~ repeating unit of PEI-MP and
0.00989 mol dm™HCI; (0) 0.00128 mol dm™ Ca(il), 0.00100 ol dm™ repeating unit of PEI-MP and
0.0102 mol dm™ HCI and (V) 0.00170 mol dm™ Ca(Il), 0.00100 mol dm* repeating unit of PEI-MP
and 0.00101 mol dm™ HCI; versus 0.0500 mol dm™ NaOH in 0.010 mol dm™ NaCl. All solutions werc
at 25°C and 0.15 mol dm™ NaCl or 0.15 mol dm” total ionic strength.
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Fig 9-3: Species distribution curves for Ca(Il) complexation by PEI-MP at 25°C and 0.15 mol dm™ as
calculated from the formation constants in Table 9-2. Concentrations used werc 0.000852 mol dm™
Ca(Il) and 0.00174 mol dm™ repeating unit of PEI-MP
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The formation function (not shown here), 7 (the average number of repeating units per metal
ion), rises to 0.5 which corroborates the mode! of one repeating unit per two metal ions. At
low free repeating unil concentrations, “backfanning” occurs indicating that hydrolysis or
deprotonation of the repeating unil to a greater exlent than expected, is occurring. This is in

agreement with the deprotonation function information.

The protonation constant for the ML species lies between pK,, and pK,,. It is therefore likely
that the nitrogen centre -not functionalised with methylenephosphonate groups- is being
protonated. Similarly, for Mg(I), the complex is protonated at the same nitrogen afier which

successive protonation of methylenephosphonate groups occurs.

The formation constant for the ML species for the alkaline earth metals are in the expected
order Sr(II) < Ca(Il). However, the constant for Mg(ll) is equal to that of Ca(ll). This is
unexpected as Mg(ll) is a harder metal ion. An explanation could be that, as found with
EDTMP, stability is less than expected due to steric hindrance derived from a number of

negatively charged oxygen donor groups having to “fit” around small Mg(1]) ion.

For the transition metal ions, Ni(Il) and Zn(ll), it was found that the composition of the
complexes was strongly dependent on the ratio of repeating unit to metal used and is reflected
in the deprotonation curves for Zn(IlI) complexation in Fig 94, At the highest metal; ligand
rano (2: 1), the curve flatiens off a1 just above 0.5 at low pH indicating that complexes are

formed predominantly in the ratio 2: 1. For this titration, sensible data points end at about pH
= 7 as the free ligand concentration becomes zero under these conditions. At pH = 4, @ has
risen 10 about 0.5 for this titration whereas » is at 3. Therefore, in the absence of the metal

ion, the ligand would be in the form Hi;L. In the presence of the metal ion, one proton is lost

per two metal ions, Hence the species predomunating at this pH value should be Zn2(HL). As
pH increases to 7, @_= 1 and n = 2. Hence the predominating species should be Zn;L. As the

concentration of repeating unit in relation 1o the metal ion increases so the curves show
inflections at 1.0 and 1.5. Therefore both mononuclear and dinuclear complexes are formed.

At higher ligand: metal ratios, mononuclear species predominate.

For Ni(1l) and Zn(Ii) it is presumed that the ML species is formed by complexation of the
melal 1ons by the nitrogen centre functionalised with two methylenephosphonate groups, The
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M;L species must therefore be formed by complexation by the nitrogen centre functionalised
with one methylenephosphonate group of the second metal ion. It is difficult to speculate

regarding the role of the unfunctionalised nitrogen centre in complexation.

Protonation of the Ni(Il) and Zn(II) complexes takes place at phosphonate centres and not at
the unfunctionalised nitrogen centre. This may be seen by comparison of the protonation

constants for the complexes with those of the repeating unit,

Fig 9-4: Experimental (points) and modelled (lines) deprotonation (é) curves for Zn(ll)

complexation by the repeating unit of PEI-MP. The dashed line is the n curve and represents the
protonation state of the ligand in the absence of the metal ion. The five separate titrations are
represented by (o) 0.000100 mol dm™ Zn(1D, 0.00100 mol dm™ repeating unit of PEI-MP and 0.00990
mol dm™ HCI; (a) 0.00100 mol dm™ Zn(II), 0.0020] mol dm repeating unit of PEI-MP and 0.00997
mol dm™ HCI and (A) 0.000100 mol dm™ Zn(11), 0.00301 mol dm ~ repeating unit of PEI-MP and
0.00971 mol dm™HCI; (¢) 0.00201 mol dm™ Zn(ll), 0.00100 mol dm™ repeating unit of PEI-MP and
0.0102 mol dm™ HC and (V) 0.00150 mol dm™ Zn(II), 0.00100 mol dm repeating unit of PEI-MP
and 0.00101 mol dm™ HCI; versus 0.0500 mol dm™ NaOH in 0.010 mol din”® NaCl. All solutions were
at 25°C and 0.15 mol dm™ NaCl or 0.15 mol dm™ total ionic strength.

For Pb(Il), deprotonation curves rise to 1.0 for all titrations (Fig 9-5). This is an indication
that only mononuclear complexes are formed with the repeating unit which is perhaps due to
the large ionic radius of the Pb(Il) ion (1.2 A) making it sterically difficult for the repeating

unit to accommodate two metal 1ons,
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Fig 9-5: Experimental (poinis) and modelled (lines) deprotonation ((_2) curves for Pb(Il) complexation

by the repeating unit of PEI-MP. The dashed line is the n curve and represents the protonation state of
the ligand in the absence of the metal ion. The three separate titrations ar¢ represented by (©) 0.000871
mol dm™ Ca(ll), 0.00100 mol dm™ repeating unit of PEI-MP and 0.0101 mol dm™ HCI; (o) 0.000871
mol dm™ Pb(Il), 0.00140 mol dm™ repeating unit of PEI-MP and 0.0100 mol dm™ HCI and (A)
0000871 mol dm* Pb(I}), 0.00200 mol dm ~ repeating unit of PEI-MP and 0.00996 mol dm HCl,
versus 0.0500 mol dm™ NaOH in 0.010 mol dm™ NaCl. All solutions were at 25°C and 0.15 mol dm™
NaCl or 0.15 mol dm™ total ionic strength.

The Pb(Il), Zn(II) and Ni(Il) models contain “hydrolysis” species. Here, the extra proion
detected by the electrode could originate from coordinated water or the ligand. Inspection of
the hydrolysis constants for these three metal ions indicates that the latter is more likely.

Therefore deprotonation of one of the functionalised nitrogens takes place.

For the lanthanides, Sm(III) and Ho(lll), models containing mononuclear and dinuclear
species were found — as was found for Ni(Il) and Zn(Il). The Ho(lll) complexes are generally
less stable than those of Smy(III) — as was found for EDTMP (3). The expected order due to
the lanthanide contraction is reversed, presumbaly due to steric effects caused by the large

number of negatively charged oxygen donors having to “fit” around the smaller Ho(III) ion.
9.3.2 In vivo speciation calculated by ECCLES

The speciation of the repeating unit of PEI-MP in normal blood plasma is given in Table 9-5.

As has previously been found with bisphosphonates and aminomethylenephosphonates (2, 5,
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6, 8), the repeating unit has a strong affinity for Ca(ll) and Mg(Il). The p.m.i. curves,
however, indicate that little mobilisation of the bilood plasma metal ions, Ca(ll), Mg(Il),
Zn(1l) and Ni{IT) occurs at the likely clinical concentration of PEI-MP in the blood plasma
(Fig 9-6). This is an encouraging result as the side-effects due to mobilisation of blood plasma
metal ions can be predicted to be negligible.

Tahle 9-5: Speciation of PEI-MP in normal blood plasma as calculated by ECCLES. L = repcating

unit of PEI-MP as illustrated in Fig 9-1.

Species Mol %
[Cay(HL)" 70.6 ﬁ
[Ca.L]° 12.2
[Mg(HL)]" 10.6
[Mg.L]® 2.7
H,L* 1.8
HL* 13
[Mg(HoL)™ 0.2
[Ca(H.,L] 0.1

For Pb(1l) and Sr(1I), no difference in speciation for these two metal ions in the absence or the
presence of PEI-MP could be discemed by ECCLES. Therefore, PEI-MP will be unable to
compete in vivo for these metal ions above the ligands cysteinate and phosphate which
respectively strongly complex these metal ions in blood-plasma. Hence it is unlikely that the

polymer will be able to deliver therapeutic radioisotopes of these metal ions to bone tumours,
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Fig 9-6: Plasma mobilisation index (p.m.i.) curves for blood plasma metal ion versus PEI-MP

concentration. The arrow indicates a typical PEI-MP concentration used elinically
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The speciation of Sm(I1I) and Ho(I1l) in the presence of PEI-MP in blood plasma is presented
in Table 9-6. Transferrin was not included as kinetics of complexation for lanthanides is slow
and would probably not occur before bone localization. From this result it is clear that no
Sm(HI) or Ho(IIT) remains bound to PEI-MP in blood plasma. Citrale competes favourably
for the lanthanides and thus the distribution of the lanthanides in blood plasma is almost

exclusively determined by their affinity for and complexation to citrate,

The main reason for poor retention of Sm(I1I) or Ho(IIX) by PEI-MP in blood plasma lies in
its affinity for Ca(I). 82.8 % of the ligand is bound to Ca(ll) rather than Ln(III). This means
that almost all of the lanthanide ion is available to complex to citrate. Therefore results from
the animal test with "**Sm-PEI-MP should be comparable with results for '**S$m-Citrate. The
only species to be considered for liver uptake is |SmCit]’ (neutral species at low
concentrations form fine precipitates or colloids) which is only present in a small percentage

at physiological pH.

Table 9-6: Speciation of Sm(11) and Ho(I1l) in the presence of PEI-MP in blood plasma

Species Mol % Sm(IIT) | Mol % Ho(III)
. [LnCu(OH)Y 66.4 69.9
[LaCit©OH) |* 26.1 19.8
|LnCit]’ 3.0 4.2
[LnSla]** 1.8 33
[Ln(CO3)| 0.8 0.6

Where Cit = citrate and Sla = salicylate
9.3.3 Animal studies

Tables 9-7 and 9-8 present the calculated biodistribution achieved for *™Tc-PEI-MP and
3*Sm-PEI-MP as studied in canine subjects. In interpreting the in vivo results it is important
to note that the values presented here are comparisons of the activity measured (counted
pixels) in a defined area in the different organs. These values were then normalized between
the organs and expressed as percentage biodistribution, which has no correlation with the

percentage of injected dose but rather 1o percentage of retained activity in the body. Organs
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with no or low uptake were ignored. Furthermore it must be kept in mind that only the
distribution of the radionuclide entity of the complex is observed which is not necessarily the
same as the radionuclide-ligand complex that has been administered, due to possibilities of in

vivo transchelators.

Table 9-7; Biodistribution of intravenously administered “™"Tc-PEI-MP (10-30 kDa) in dogs (threc
dogs studied), as % rctained activity.

Cortical Liver Kidneys | Cardiac blood Lung Background
Bone pool
Ih | 10+ 1 212 22+ 1 20+ 2 17+ 1 101
2h 11+£1 21+£2 211 202 17+ 1 1001
3h 12+1 212 19+ 1 202 18+ 0.5 10+ 1

Table 9-8: Biodistribution of intravenously administered '**Sm-PEI-MP (10-30 kDa) in dogs (four
dogs studicd). as % rctained activity.

| Cortieal | Liver Kidneys Cardiac Lung | Background |
bone | bloodpool
th TEl 1 2443 19+2 2342 16+ 1 111
2h 7+1 28+ 6 18+3 22+ 1 1442 10+1
3h 7+ 30+6 18+3 21+1 14+2 10+ 1

If the results of the two radionuclides are compared for the 10-30 kDa section of the polymer,
it follows that, at three hours after injection, the relative bone uptake for '**Sm is 7 % while
for ®*T¢ it is 12 %. For '**Sm the uptake is especially low (this is as predicted that no Sm(111)
remains complexed to PEI-MP — the bone seeker) especially after three hours. ”™Tc in the
pertechnetate form stays bound to PEI-MP during the tests as free pertechnetate would have
been demonstrated in thyroid uptake, No dillerence in the background and excretion rate
(presented by the kidney uptake) for ™ Tc-PEI-MP and '**Sm-EDTMP were recorded.
However the blood pool and liver uptake are both higher for "**Sm than for *™Tc indicating
that '**Sm is distributed throughout the body - an indication that it is no longer complexed by
the polymer.
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These results agree with those predicted by the blood plasma model. Although the latter
predicted that no Smy(111) would stay complexed to PEI-MP, a low bone uptake could still be
foreseen as citrate is metabolized by all parts of the body including the bone. The distribution
of "*Sm throughout the body of the canine subjects corresponds with this prediction. This
reasoning is furtber justified by the recording of higher bone uptake of “*Sm-PEI-MP in
‘trabecular’ (growing) bone where there is higher metabolic activity (13).

%S m-citrate

As the biodistribution fro '**Sm-PEI-MP can therefore be estimated with that of
the liver uptake (expressed as a liver to bone ratio) is lower than expected, if compared with
animal studies using "*Sm-citrate [20-22]. A possible explanation for this apparent
discrepancy can be found in the pH sensitive speciation of Sm(Ill)-Citrate. The pH of the

injected formulation (bolus) contributes to the liver uptake as set out in Appendix A.

For "**Sm-PEI-MP which was prepared at pH = 7.8, the neutral ML species forms to a small
extent (9 %) while M2LOH (63 %) and MLOH (28 %) account for the complexation of most
of the '**Sm in the bolus. At first, Sm(lil) is complexed 1o PEI-MP in the injected bolus. As it
passes the bone the complex is absorbed due to PEI-MP’s phosphonate moiety, at first
resulting in a higher than expected bone uptake. As time passes the complex reaches
equilibrium with the blood plasma and citrate competes for the Sm(IIT) and once equilibrium
is achieved, complexes all the injected Sm(11T). As only a small amount of [SmCit]" colloid is
present, a low liver uptake is recorded. As other Sm(IlI)-citrate species distribute through the
body, they are absorbed on the basis of metabolic activity of citrate in all organs including the
liver, bone, muscle and blood. The decline in bone uptake with time as well as the higher
uptake in trabecular bone (13), can both be explained by this mechanism. Although Sm(ll1)-
phosphate-albumin temary complexes will also contribute towards liver uptake (23) evidence
for the formation of this species only exists afier longer periods (22 h) and is presumed to
have little effect in the 3 h study for "**Sm-PEI-MP.

9.4 Conclusion

A water-soluble polymer was successfully included in the ECCLES model for blood plasma.
Prognostications made by the programme could be verified by clinical observations. The

anionic fraction of the 10-30 kDa range of the polymer can be prognosticated to poorly
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deliver the therapeutic radionuclides **Sm, "®Ho, 2'?Pb, 2*Pb and **Sr 10 bone. This was
clinically verified for "*Sm. Better although not good, uptake of “™Tc-PEI-MP could be
demonstrated in dogs. This confirms that the ligand tends 1o have less leakage from healthy
vascular tissue into healthy bone than other bisphosphonate ligands. This could result in
increased leakage from disrupted vascular tissue into lesions, with a resulting increased lesion
to normal ratio if it is complexed by a radionuclide that is able to remain coordinated to PEI-
MP in blood plasma. Due to similar chemistry of Re as compared to Tc, it can be expected
that PEI-MP iabelled with "Re or '"Re could result in effeciive therapeutic
radiopharmaceuticals for bone cancer. In addition, speciation calculations illustrated the

importance of pH in an intravenously administered preparation.

9.5 Appendix

Speciation calculations involving Sm(1I)-citrate. If the results achieved with '**Sm-citrate in
the literature are analysed we find the following. Durbin et al. (24) showed that citrate
complexed with transition lanthanides (for exampie Sm(11I)) localises mainly in the liver and
to a lesser extent in the bone tissue. O"Mara ef al. (25) confirmed this and proposed that the
found reticuloendothelial (liver, spleen and lungs) accumulation could by ascribed to colloid
formation. No proposal was made as to the identity of the colloid. Later work by Woolfenden
et al. (20), Tumner ef al. (21) and Tse e al. (22) all register high liver uptake (although not
identical) in different animal types. Tumer and co-workers (21) identified a Sm-Na-COs

species as being responsible for the collotd formation.

From these animal studies (20-22) the following can be noted on the biodistribution of **Sm-
citrate. The pH of the injected radiopharmaceutical is of great imporiance. With the help of
speciation calculations (Table 9-9) it can be shown that at pH values lower than employed in
this study, the speciation of Sm(Ill)-citrate changes dramatically. It is important 10 compare
the neutral [SmCit]® species (which would be likely to form precipitates or colloids) and the
total of other species (which are all soluble) at different pH values. The neutral [SmCit]°
species is more prevalent at lower pH values. At pH =5, 82.1 % is in the form of [SmCit]°
and at this pH the colloids from used for radiation synovectiomy (26, 27), which will be
irreversible filtered by the liver if injected intravenously (28). Although one can argue that

blood plasma will buffer and adjust an injected bolus of pH = 6, to pH = 7.4, this will require
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some time, The liver and reticuloendothelial cells should irreversibly fiiter all colloids present
in the injected bolus. If the above literature results are compared according to the pH of the
injected dose there appears to be a correlation (Table 9-10). The trend of lower pH, higher
liver uptake is followed for all three sets of results.

Other aspects to note are the concentration of injected therapeutic preparations (higher than
the concentrations used in the blood plasma model although instant mixing is assumed) and
the formation of ternary complexes [23]. Both these aspects are kinetically controlled. In
reality the injecied bolus is pumped speedily through the body and is exchanged with organs
while being diluted to the equilibrium conditions. On the other hand, evidence for the
formation of the Sm(III)-phosphate-albumin ternary complexes (which will also contribute
towards liver uptake {23() only exist after longer periods (22h). Although the values reported
in Table 9-10 are for results gathered afler 24 h, the corresponding 6 h liver to bone ratio
values are even higher; 20,9 and 27.7 for Turner [21] et al. and Tse et al. [22] respectively. It
is therefore assumed that the existence of ternary complexes does not explain high liver

uptake shortly after administration.

Liver uptake (Table 9-10) was expressed as a ratio of the liver to bone uptake using as input
the percentage of injected dose per gram of organ for both the liver and bone. As only relative
organ uplake values are available for PEI-MP a direct comparison with these results is
impossible but from Table 9-8 it is clear that the liver: bone ratio will be significantly lower
for PEI-MP.

Table 9-9: Specics distribution of Sm(III) citrate at various pH valucs

pH % [SmCit) % [SmCitOH]~ % [SmCit(OH),~ % |SmCit, )"

(neutral)
5 82.1 7.1 — 8.5
5.5 66.5 17.5 - 15.3
6 42.6 40.6 0.7 159
6.5 223 64.4 14 9.8
7 8.7 75.3 11.9 4.0
7.4 3.1 68.2 27.6 1.5
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Table 9-10: The ratto of liver to bone uptake 24 hrs aficr injection in various animals

Woofenden et al. [20) Turner et al. [21] Tse et al, [22]
pH 5-6 6-7 6.5
Liver: Bone 19.5 16.3* 10.3+"
Type of Tumor V-2 Carcinoma B16 Melanoma Dunning R3327-H
Animal Rabbits (-57 black micc Copenhagen-Fisher rats
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Chapter 10 - ''"™Sn and '*Re radiolabelling of
polyethyleneiminomethyl phosphonic acid (PEI-MP), a

potential selective therapeutic bone tumour seeker

10.1 Introduction

An ideal radiopharmaceutical for the diagnosis and/ or treatment of neoplastic and
inflammatory (benign) bone disease would be a radiolabelled compound that predominantly
accumulates in bone lesions with limited access lo normal bone and other organs. Water
soluble polymers are under development as vehicles for systemic drug delivery due to
enhanced permeability and retention effect whereby neoplastic tissue selectively accumulates
macromolecules. In previous studies the *"Tc-PEI-MP 10-30 kDa fraction showed promising
biodistribution and pharmacokinetic properties in primates and dogs, as well as good tumour
localization in dogs with natural osteosarcomas. Metal ion speciation studies, however
predicted that the polymer would not deliver therapeutic radionuclides such as '**Sm to bone,
but that '"Sn" will remain bound to PEI-MP in the blood plasma. The purpose of this study
was therefore to evaluate the labelling of 10-30 kDa PEI-MP with ''"™Sn and "*Re. both

radionuchdes with proven therapeutic propenties.
10.2 Materials and Methods

PEI-MP was synthesized by condensation of polyethylenimine, phosphonic acid and
formaldehyde (Fig 10-1). The 10-30 kDa fraction was prepared using membrane
ultrafiltration techniques. ''"Sn was prepared by the '"’Sn (n, n)'"’"™"Sn reaction in the HFR-
Petten reactor, the Netherlands. The irradiated metal was dissolved in 10 M HCI at 60°C
under Ar and diluted to 3.3 M with water. PEI-MP (10-30 kDa, 100mg) was dissolved in 1.2
ml water and 0.2 ml 10M NaOH. To this an aliquot containing 2.6 mg Sn was added and the
pH adjusted to 6.0. Radiochemical purity was determined by chromatography on ITLC-8G
(ethanol) and cellulose thin lavers (1 M citrate, pH 7.0) (Fig 10-1). 18Re was prepared by the
'#Re (n,y) ™Re reaction in the SAFARI-1 reactor, Pelindaba, Pretoria, South Africa. The
irradiated metal was dissolved in 10 % H,02, evaporated to dryness (80°C), whereafter an
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selective therapeutic bone tumour secker

aliquot containing 25 pg Re was added to a PEI-MP freeze dried labelling kit (10 mg Na-PEI-
MP; 0.5 mg SnCl,.2H,0) at a pH of 1.0. Afier incubation at = 90°C (30 min) the pH was
adjusted 1o 6.0. Radiochemical purity was determined by chromatography on ITLC-SG
(ethanol) and cellulose ITLC (1.0 M citrate, pH 7.0) (Fig 10-2).

11imSn-labelling: *’™Sn-PEI-MP

UmSn matal PEI-MP

Dissolve in 10M HCI Dissolve in H,O & 10M NaOH

pH 6

H7mSn-PEI-MP

QC ITLC-5G: Ethanol
Cellulose ITLC: 1.0M Citrate pH 7

Fig 10-1: "' "™Sn-labelling: ''""Sn-PEI-MP

186Re-LABELLING ; 86Re-PEI-MP
Labeiling Kit
{PEI-MP 10 mg; SnCl;.2H,0 0.5 mg; pH 5.0)

|
13

Dissolve in 1 ml H,0

+ Na'**Re0,
i
pH ©1.0
I

100°C 30 min

pH 0~ 5.0-7,0
|

QcC: ITLE-56 Acetone
Cellujose ITLC 1.0M Citrate pH 7.0

Fig 10-2; '"Re-labelling: '“°Re-PEI-MP
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10.3 Results

Both ''™Sn-PEI-MP and '®Re-PEI-MP gave radiochemical purities > 98 % with < 1.0 %
colloids. For ''™$n-PEI-MP the respective percentages were the same for 1 week while

those for "**Re-PEI-MP stayed the same for 48h,

10.4 Conclusion

These results indicate that PEI-MP can be labelled successfully with radioisotopes that have
proven therapeutic properties. The next step would be to investigate their biodistribution,

pharmacokinetics and therapeutic eflicacy in animals bearing osseous tumours,
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Chapter 11 - Biodistribution And Pharmacokinetics of
Variously Molecular Sized ''"™Sn(II)-
Polyethyleneiminomethyl Phosphonate (PEI-MP) Complexes
in the Normal Primate Model as a Potential Selective

Therapeutic Bone Agent.

Summary

In the search for a cure for metastatic bone cancer, ''"™Sn with its conversion electrons and low
energy photons both of discrete energies, shows litile bone marrow toxicity, providing the
opportunity to increase the administered dose. Selective accumulation in lesions would capitalise
on this advantage. The 10-30 kDa fraction of the water-soluble polymer polyethyleneimine,
functionalised with methyl phosphonate groups (PEI-MP) and labelled with Tc, has shown
selective uptake into bone tumours. Furthermore using speciation calculations it was predicted
that the Sn(II)-PEI-MP complex would remain intact in the blood plasma. Because of this
positive indication animal experiments were carried out to test this prediction. This paper relates
the labelling, biodistribution and pharmacokinetics of various fractions of ' "Sn (II) PEI-MP in

the normal primate model, and points to promising therapeutic possibilities.

Zusammenfassung

Verteilung und  Pharmakokinetik von  ''™Sn(11)-Polyethyleneiminomethyl-Phosphonat-
Komplexen unterschiedlicher MolekulargroBe im normalen Primatenmodell als potentielle
selektive Knochentherapeutika. Bei der Suche nach eine kurativen Behandlung gegen
metastierenden Knochenkrebs zeigte Sn-117m mit seinen Konversioselektronen geringe
Knochenmarktoxizitit. Dies ermoglicht eine Erhohung der verabreichten Dosis, was zu etner
gewiinschten Kumulierung am Ort der Lasionen fihrt. Die 10-30 kDa-Fraktion des

wasserloBlichen Polymers Polyethylenimin, das Methylphosphonat-Gruppen enthilt (PEI-MP)
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und mit Tc-99m markiert wurde, zeigte selektive Aufnahme in die Knochentumoren. Anhand
spezieller Berechnungen wurde die Voraussage getroffen, daB der Sn(l1l)-PEI-MP-Komplex im
Blutplasma intakt bleibt. Zur Gberpriifung dieser Vorausage wurden entsprechende Tierversuche
durchgefiihrt.

In der vorliegenden Arbeit wird iiber die Markierung, Verteilung und Pharmakokinetik
verschiedener Fraktionen der Sn-117m-PEI-MPs im normalen Primaten modell berichtet, wobei
vielversprechende Ergebnisse im Hinblick auf eine therapeutische Verwendung erzielt werden

konnten

Key words: Bone therapeutics; Polyethyleneiminomethyl phosphonate, ''™Sn(I) labelied;

polymer, enhanced permeability and retention effect

11.1 Introduction

In principle, internal radionuclide therapy (IRT) works by the delivery of large radiation doses to
the targeted diseased tissues while sparing normal tissues. 1deally 100% target localization of the
radiopharmaceutical is the aim, but in practice this has hardly been attained, and is a major
disadvantage of clinically established IRT agents. This lack of selectivity causes sysiemic
radiotoxicity to radiosensitive tissues/organs, which limits the applied doses with resulting low

palliative or curative rates [1,2].

In recent years there has been an increasing awareness that the lack of selectivity of low
molecular weight antitumour drugs could be related to their pharmacokinetic properties, i.e. their
short half-)ife in the bloodstream and their rapid diffusion throughout the body resulting in an

essentially even tissue accessibility [3].
Therefore, one approach to alter the pharmacokinetic behaviour and to overcome the

radiotoxicity of IRT agents to normal tissues is to attach the appropriate therapeutic radionuclide

to a water-soluble macromolecule, such as the polymers presently under investigation. These
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form chemically stable in vivo vehicles for systemic drug delivery due to the enhanced
permeability and retention (ERP) effect whereby neoplastic tissue selectively accumulates

macromolecules [3,4,5].

This strategy can also be applied by labelling the macromolecular bone tumour seeker

PEI-MP = {-CH,CHz-N [CH,CH,-NH'{CH,PO:* },]-CH;CH,-NH' [{CH:PO3*}] -} with an
appropriate therapeutic radionuclide. The chemical properties of this labelled compound should
be such that an in vivo stability can be assured while the species that predominantly forms in vivo

is charged, as neutral species could form colloids with subsequent liver uptake [6,7].

In previous studies, the macromolecular 10-30 kDa PEI-MP (polyethyleneimine functionalised
with methyl phosphonate groups) labelled with *™Tc¢ (a diagnostic radionuclide) showed
promising biodistribution and pharmacokinetic properties (viz. localisation in bony tissue, and
fast renal clearance) for normal primates and dogs [8], as well as good tumour localization in
dogs with natural occurring osteosarcoma [9]. Metal ion speciation studies, however predicted
that the polymer would not deliver the therapeutic radionuclides '**Sm, 'Ho, *'?Pb, 2"*Pb and
®Sr to bone. These studies were also clinically verified for '"*Sm [7]. Additional speciation
studies with Sn(Il) predicted that it will remain bound to PEI-MP in blood plasma and therefore
will exhibit only slight reticuloendothelial uptake [10]. Blood plasma modelling can also be used
to predict the speciation of complexes at elevated levels of Ca(Il) which characterises sites of
metastasis where high bone turnover occurs [11]. PEI-MP is furthermore easy to complex with
Sn(I1) that contains ''"™Sn (half-life = 13.60 days), a low energy electrons and photons emitting

radionuclide with proven therapeutic properties [12, 13].

The biodistribution and pharmacokinetics of variously molecular sized [''"™Sn(1I)] Sn(II)-PEI-
MP (to be abbreviated as ''™Sn-PEI-MP) complexes (up to 30 kDa) were studied in this
exploratory investigation using scintigraphy as well as blood and urine sampling for radioactivity
determination in the normal chacma baboon (Papio ursinus) in order to assess their possible
usefulness as optimal therapeutic agents. The choice of Sn(1I) instead of Sn(IV) is debated
elsewhere [10] and therefore great care was taken with these experiments to insure that a Sn(Il)

complex is injected.
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11.2 Materials and methods

11.2.1 Polyethyleneiminomethyl phosphonic acid (PEI-MP)

PEI-MP was prepared, fractionated (based on molecular size and not molar mass) and

characterised as described previously [8].

11,2.2 Preparation of '™Sn (II) PEI-MP and the determination of its

radiochemical purity

H7Sn(I1)-PEI-MP was prepared according to a similar procedure as described previousty [10].

The radionuclide ''™Sn was produced by fast neutron irradiation of tin metal — enriched in '"Sn
to 92% - according to the nuclear reaction ''’Sn (n,n’) '""™Sn. The irradiation of 8.6 mg targets
were performed in the High Flux research nuclear reactor at Petten, the Netherlands, at a neutron
flux of about 10" ¢cm™s™ and took 21 days followed by a decay period of 4 days and subsequent
shipping to South Africa. The specific activity achieved on the day of preparation (7 days after

end of irradiation) was 2 mCi ''"Sn / mg Sn. Using the necessary shielding, the irradiated metal

was dissolved in | ml of concentrated HCI solution at 60 °C under Ar over a period of 1 h and

was diluted with 2 m! water. In a separate vial 100 mg (211 pmol, as expressed for the monomer
which has a molar mass of 473.2 g / mol) of PEI-MP (typically the 10-30 kDa fraction) was
dissolved in 1.2 m] water and 0.2 ml 10 mol dm™ NaOH using a small magnetic stirrer bar. To
this an aliquot of the ''"™Sn-labelled SnCl, solution (strongly acidic) containing 2.6 mg (22
umol) Sn was added. After addition the pH is gradually adjusted to pH = 6 with a 1 mol dm™
NaOH solution while being heated and stirred [10].

The radiochemical purity was checked chromatographically. Five pl of this solution was spotted
on ITLC-SG (silica gel impregnated glass fibre sheets, Gelman Sciences Inc. Ann Arbor, MI,
USA) and cellulose (TLC aluminium sheets, celiulose 0.1 mm, E. Merck AG. Darmstadt,
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Germany) chromatograms and developed in ethanol and ! mol dm™ citrate (pH = 7.0)
respectively. After scanning the chromatograms with a radiation sensitive scanner, the first
showed that > 98 % of the activity remained at the origin, indicating that less than 2 % unbound
Sn(IT) was present. The chromatograms developed in 1mol dm™ citrate showed > 99 % of the
activity on the solvent front, indicating less than | % colloidal species remaining at the origin.
The chromatograms were repeated daily and after one week the respective percentages were the

same. This indicated that the complex is stable and almost no colloids are formed.

For verification purposes the radiochemical purity was also checked at pH = 74 and pH = 6
found to be 99.2% and 97% respectively but the formulation at pH = 6 was preferred as it would
help to prevent oxidation of Sn(ll). All the above solutions were prepared with de-aerated water
and kept under Ar. For the ITLC-SG chromatograms ethanol proved to be a more effective

developer than acetone because SnCl; is more soluble in ethanol and moves to the front.

In both cases a negative control was also performed. Free Sn(II) (in the form of SnCl; in HCI)
was spotted on ITLC-SG and developed with ethanol. The result was that > 95% of the activity
moved with the solvent front. Sn(Il)-colloids were made by adjusting the solution above to pH =
9. Afier spotting on cellulose and development in citrate > 98% of activity was found in the lower
part of the chromatogram (Rr O - 0.5). These negative controls confirmed that the selected

chromatographic material and mobile phase are able to determine colloids as well as free Sn(1I).

11.2.3 Biodistribution and Pharmacokinetics of !'"™Sn-PEI-MP

Six normal male baboons, average weight 27.5 kg, were used in the study and received i.v.
'""MSn-PEI-MP of various molecular sizes. All studies were performed after approval by the
Ethics Committee of the University of Pretoria, according to the guidelines of the National Code
for Animal Use in Research, Education, Diagnosis and Testing of Drugs and Related Substances
in South Africa.

The baboons were subjected to identical experimental procedures except for the mentioned

differences in molecular sizes of the injected *'"™Sn-PEI-MP, Three different size fractions were
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studied, viz. in the following ranges (1) 3-8 kDa (number of experiments n =1), (2) 8-10 kD:
(n=1), (3) 10-30 kDa (n=3). This last fraction was of special interest, since it ideally suited the
characteristics sought for an optimal therapeutic agent as gathered from data on >’™Tc-PEI-MP in

primate models (8).

Induction of anaesthesia was performed with ketamine hydrochloride (10 mg/kg i.m., Ketalar
Parke Davis, Cape Town, S.A.), and immediately followed by a maintained controlled infusion of
a 6 % sodium pentobarbitone solution (Sagatal, Kyron Laboratories Pty. Ltd., Benrose, S.A.) at
30 mi/h. The animal in the supine position under the gamma camera was injected i.v. witha = 4
m! bolus containing 111-148 MBq of ''"™Sn-PEI-MP (+ 2.3 mg Sn and £ 90 mg PEI-MP
formulated at pH 6 to prevent premature oxidation of Sn(II)) and data acquisition started on a
count down with a Siemens Orbiter, large view gamma camera (Siemens, Erlangen, Germany) in
64 x 64 word mode performing a 60 min dynamic study (60 x 1 min frames). At 1, 2 and 3 h, and

in some cases at 24 h static images of 120 s were acquired.

Blood and urine samples were collected at fixed intervals for 3h, viz. every 3 min for the first h,
then hourly for blood samples, and for the urine every 5 min for the first h, subsequently hourly.
The activity and volume of each sample, and cumulative urine volumes were recorded. Regions
of interest (ROIs) were placed on the images of cardiac blood pool, liver, lung, spleen, kidneys,
and bone {cortical and trabecular) to obtain time-activity curves for these compartments from the
dynamic study. Similarly, data of count-rate per pixel for the ROIs, which were decay-corrected,
were obtained from the static images. These were normalised, according to acquisition protocol,
to extend the time-activity curves of the dynamic study to 3 h from which t'%, the halftime of

clearance, could be calculated.

Blood clearance and cumulative urine curves were also obtained in all cases so that relative organ
distributions of the retained activity and eventually of the injected dose (i.d.) could be obtained
for all ''""™Sn labelled molecular size fractions. These could be compared for optimal distribution

characteristics for therapy according to the mentioned criteria.
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11.2.4 Blood plasma modelling

The ECCLES (Evaluation of Constituent Concentrations for Large Equilibrium studies) program
was used for speciation calculations in this paper. The ECCLES database was previously updated
to include all formation constants for Sn(Il} [10]. To simulate areas of higher or lower
calcification the free Ca(Il) concentration in blood plasma model was manipulated as to achieve
0.1, 10 and 100 fold Ca(Il) levels.

11.3 Results

None of the animals showed any adverse effects from the labelled fractions at any time during the

study and thereafter.

Scintigraphic images of individual representative animals after injection of the various ''™Sn-
PEI-MP fractions are shown. Fig 11-1 presents the thorax images at 1, 2, 3 and 24 h after
injection of the 10-30 kDa fraction. Liver uptake is visible as well as high blood pool activity
while only low bone uptake is present even at 24 h. This is confirmed from the mean time
activity curves (T-A-C) (Fig 11-2) up to 3 h after injection. Fig 11-3 presents the mean (n=3)
blood clearance curve for the same set of animals and confirms continuing high blood pool
activity even from 1 h onwards. However, after 24 h most of the activity is cleared as can be seen
in the scintigraphic image, extreme right in Fig 11-1. Accumulative urinary excretion of activity

is shown as percentage of injected dose (i.d.) in Fig 114,

Fig 11-5 presents scintigraphic images (head, thorax and abdominal/pelvic area) of the baboon
injected with the 3-8 kDa fraction of ''™Sn-PEI-MP, 3 h after administration. Note the reduced
liver uptake while the blood clearance of ''""Sn-PEI-MP for this fraction is much faster (Fig 11-
7). However most significant is the high cortical bone uptake (Fig 11-6). The accumulative urine
curve indicates continuing excretion of the activity (Fig 11-8). Little retention of activity in the
bladder is visible after 3 h (Fig 11-5). The results are summarized in Table 11-1 which represents

the mean t'z of clearance and mean maximum percentage retained body activity between 2 and 3
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h p.i. of the 10-30 kDa fractions of ''"™Sn-PEI-MP as well as individual corresponding values for
the other fractions. For comparison, 99mTc-PEI-MP fractions taken from a previous study [8] are
included together with cumulative urinary excretion as percentage i.d. and t%; of blood clearance

from blood sampling. Results from blood plasma modelling are presented in Table 11-2 and 11-3.

Figure 11-1: Scintigraphic images of the thorax at 1, 2, 3 and 24 h (from left to right) p.i. of ""™Sn-PEI-
MP, fraction 10-30 kDa.
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Fig 11-2: Mean time activity curves (n= 3), fraction 10-30 kDa, for cardiac blood poo! (w), lung (), liver
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Figure 11-3: Mcan blood clearance curve (n = 3), normalised to injected dose, for the 10-30 kDa fraction

vs time 1n min.
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Figure 11-4: Mean cumulative urinary excretion curve {n=3) for fraction 10-30 kDa as percentage of i.d.

{injected dose)
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Figure 11-5: Scintigraphic images of the head, thorax and pelvic area (from left to right), 3 h p.i. ''"™Sn-
PEI-MP, fraction 3-8 kDa.
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Figure 11-6: Individual time activity curves, fraction 3-8 kDa, for cardiac blood pool (m), lung (e), liver
{A), lcft kidney ('¥), night kidney (#), shoulder (+), arm (x), background (%) vs time in min.
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Figure 11-7: Individual blood clearance curve for the 3-8 kDa fraction.
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11.4 Discussion

Due to limited and costly availability of ''”™Sn and because the blood plasma model indicated
that positive results were to be expected with ''"™Sn-PEI-MP [10], only a small number of animal
tests were needed 1o confirm the predictions. As a follow up on previous *™Tc-PEI-MP studies
[8] it was decided to carry out a limited number of tests on non-human primates, like baboons,
that are best suited for this explorative study as they answer many of the criteria of parallelism to
the human. Because the ™Tc-PEI-MP, 10-30 kDa fraction gave the best biodistribution and
kinetics with smal! inter-animal variations per fraction [8)], three animals were chosen for
investigation with the '7™Sn-PE1-MP 10-30 kDa fraction, while only one animal/fraction was
investigated with the 3-8 and 8-10 kDa fractions. These single-animal experiments gave some
useful information, but naturally presented statistics shortcomings. The lack of a visible spleen
compartment in the 3-8 kDa fraction animal was due to gastric bloat. This fraction yielded a fast
clearance from all compartments (t!2), except from bone, where it accumulates, as is known of a

phosphonate [14]. (Table 11-1)

In comparison with the **™Tc-PEI-MP (3-10 kDa fraction), the significant differences for the 3-8
kDa fraction reside in the kidney (t2 and max % uptake) and bone (max % uptake). The
contribution of some larger molecules in the 3-10 kDa vs. the 3-8 kDa fraction could be a reason
for lower accessibility to normal bone in the former case. An estimation of 11 % uptake for the
non-visualised spleen in the animal injected with the 3-8 kDa fraction of ''"™Sn-PEI-MP was
made after comparing the 3-10 kDa *™Tc-PEI-MP complex. The !'""Sn-PE1-MP complex with
smallest molar size behaves as if the ligand is a monomer phosphonate ligand, e.g. as '**Sm-
EDTMP [14] however with considerably lower bone uptake for ''""Sn-PEI-MP. The complex

remains intact in the blood plasma long enough for the ''”

"Sn to reach the target, the bone (in
Table 11-1 the cortical bone), because it is small enough to escape from the circulation and small

enough to avoid trapping by the liver.
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Table 11-1: Mean t%: in minutes and mean maximum % uptake between 2 and 3 h p.i. of "mSn-PERMP, fraction 10-30 kDa, and P re-PEL-MP

fractions in various body compartments of the primate with comresponding individual values for fractions 3-8 and 8-10. Cumulative urinary

excretion is presented as % i.d. (percentage of injected dose) and t/2 of blood clearance in min.

Fraction Maximum % uptake and ty (min)
kDa and Cardiac Liver Kidney Lung Spleen Cortical Urine (%) Blood ty
Wmgn blood pool bone (min)
338 17 (8min) 13 (10min) 13 (12min) 13 (12min) 11 22 (>4h) 55 12
(n=1) (estimation)
8-10 22(22min) [24(>4h) 13 (10 min) 16(>4h) 10(>4h) S(>4h) 25 20
(n=1)
10-30 24+£2.7 23%1 | 15+1.1 11+14 10£1.3 S£1.3 40 5
(n=23) (44%12min) [ (>4Dh) (B0x£6min) [(>120min) | (>4h) (>4 h)
| P=T¢ _
3-10 15+£4 161 36+4 §+2 10+1 81 40.6 5
(=4 (101 min) |(90+22min) [(>4h) (10£1.5min) | (75£2min) |(>4h)
10-30 15£3 202 18+ 4 13£4 131 18%1 52.5 6
(n=4) (10£1.5min) | (2243 min) { (203 min) |(1S+3min) | (60+£9min}) |(>4h)

Background compartment not included in table
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The baboon which received the 8-10 kDa "'"™Sn-PEI-MP fraction had only one functioning
kidney, which could have influenced clearance rates from most compartments and explain the
low (25%) excretion in the urine. The drastic reduction in bone uptake from the 8-10 kDa fraction
and upwards may be because the critical molecular weight above which diffusion becomes

restricted in continuous endothelium is about 5 kDa [15].

Statistically, the results of the 10-30 kDa ''"™Sn-PEI-MP fraction (n=3) can be regarded as the
most useful. The small inter-animal deviations throughout, which were also observed previously
with 10-30 kDa ”™Tc-PEI-MP [8], point to the consistency of the in vivo behaviour of this
fraction. In comparison to the ''"Sn-PEI-MP 3-8 and 8-10 kDa fractions, the larger 10-30 kDa
''7mgn-PEI-MP exhibits a prolonged retention in all compartments, together with low bone
uptake and a reduction in urine excretion, as can be expected from its larger hydrodynamic
volume and its resultant slower diffusion through the endothelium as well as a decrease in renal

excretion rate.

The fact that the '""™Sn bound to the 10-30 kDa fraction remains in the blood plasma in healthy
animals (see Table 11-1 and Fig 11-4) can be explained by two possibilities, one that the ''"™Sn-
PEI-MP, as complex remains bound in blood plasma but this particular size of the polymer
complex is too big to escape from intact vasculature while a significant portion is trapped by the
liver. In this case the complex between the polymer, a phosphonate and therefore a bone-seeker,

117m

and the * ""Sn(II) remains in the blood pool and can only escape from circulation to accumulate

in the bone, if the vasculature is damaged. A low bone-uptake follows as well as completed renal
excretion after 24 h. This is confirmed in (Fig 11-1 and 11-2).

The alternative is that the ''’™

Sn dissociates from the complex and attaches to other blood plasma
ligands like histidinate or remains as ''"™Sn(OH),. Therefore the biodistribution observed could
not be that of the ''"™Sn-PEI-MP complex but of some other species also taken up by the liver

and excreted slowly. In such a process some of the !'"™

Sn would inevitably have been trapped in
the red blood cells as it is known that Sm(PQs), (which is always part of the commercial

redblood-cel! kit administered before *™Tc [16] itself) is trapped inside the red blood cells where
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it reduces the Tc(VII). It was, however found in this study that, even after 3 h p.i. >99% of the
activity was in the serum. It therefore seemed unlikely that the "7mgn-PEI-MP complex had

dissociated.

The first possibility is conclusively confirmed in the animal tested with the smaller 3-8 kDa
fraction of '""™Sn-PEI-MP where the complex is small enough to escape even from intact
vasculature resulting in substantial higher bone uptake being recorded (Fig 11-5 and 11-6).
Furthermore from Fig 11-2 and 11-5 the shoulder (trabecular bone) to cortical bone ratio can be
calculated for the 10-30 kDa as well as the 3-8 kDa fraction. The ratios for the different fractions
of '"™gn. PEI-MP differ, 1.7 for the bigger and 2.6 for the smaller fraction. In the shoulder, high
bone turnover takes place and therefore this is a site for preferential localisation of
bisphosphonates [17], labelled either with ”™Tc or other radionuclides. The 3-8 kDa section of
H7"Sn-PEI-MP is small and therefore this fraction will act as a monomer (phosphonate) and
increased uptake in the shoulder is thus expected, while the 10-30 kDa fraction is too large to
escape from the intact vasculature at normal bone as well as in the shoulder. The substantial
higher shoulder to normal bone ratio for the 3-8 kDa fraction of ''"™Sn-PEI-MP resembles the
known preferential uptake in joints for *™Tc- MDP [17]. These observations therefore prove that
the blood piasma modelling, suggesting that the Sn(II)-PEI-MP complex remains intact in blood

plasma, is indeed correct.

Compared to its "™Tc-labelled counterpart, the 10-30 kDa ''"™Sn-PEI-MP exhibits systemic
anomalies regarding its pharmacokinetics and biodistribution, e.g. in the cardiac blood pool and

in bone. These anomalies are difficult to explain.

It is known that there is an increased Ca(Il) ion concentration at the site of bone remodeiling {18].
This will include all growing bone and sites of metastasis, To some extent the blood plasma
modelling could be used to gain information in this regard [i1). By varying the Ca(ll)
concentration artificially, a site of metastasis can be simulated with a Ca(lI) concentration 10 or
even 100 times of the normal value. From Table 11-2 it is clear that increased Ca(ll)
concentrations as known to exist at sites of high bone turnover cause the ligand to exclusively be

complexed to Ca(ll) while a decrease in Ca(lI) concentration causes a shift of ligand
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complexation towards Mg(Tl). The Ca(1l) concentration also has an impact on the distribution of
Sn(1l) (Table 11-3). Higher Ca(Il) concentration alters the speciation of Sn(lI) so that more
Sn(Il)-histidinate and Sn(Il)-cysteinate complexes are formed while the Sn(I[)-PEI-MP
complexes are reduced. Sn(OH); (insoluble) also forms at elevated levels of Ca(Il) while lower
Ca(ll) levels strengthen the Sn(II)-PEI-MP complexes. If the Sn(1I)-PEI-MP complex were to
pass through a particular microenvironment with higher or lower Ca(ll) concentration (e.g.
calcified tissue) it might considerably change the species distribution of the complex and

therefore alter the biodistribution of these compounds.

Table 11-2: Species distribution ( in percentage) of PEI-MP in normal blood plasma at nommal, clevated
and reduced Ca(Il) tevels

Normal Ca(Il) Ca(IDx 10 Ca(ll) x 100 Ca(Il) x 0.1
levels
Ca,LH 68 84 85 3
Ca,L 12 I5 15 05
Mg LH 10 57
Sn,LOH 3 1 3
Mg.L 2.5 14
LH; 2 10
LH | 7
Sn,L{OH), 1 0.3 i

L = PEI-MP

Table 11-3: Species distribution (in percentage) of Sn(I) in normal blood plasma incorporating the ligand
PEI-MP at normal, elevated and reduced Ca(1l) levels, respectively

Normal Ca(Il) Ca(ll)x 10 Ca(Il) x 100 Ca(il)x 0.1
levels

M;(PEI-MP){OH) 57 15 0.4 63
M,(PEI-MP)XOH), 26 7 0.2 29
M(His)OH 7 31 29 3
M(OH), 5 23 43 2
M(Cys) 3 I5 21 1.5
M(His) 0.5 2 2 0.3
M(PEI-MP) 0.5 0.5

M = Sn (II), His = histidine and Cys = cystcinate

In addition it could be suggested that the longer retention in all compartments and lower bone

uptake, of the ''"""Sn-PEI-MP 10-30 kDa fraction, in comparison to its *™Tc-counterpart,
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originates from it being a larger molecule. The Sn-presence in both the ''’™Sn-PEI-MP and
»MT¢-PEI-MP complexes are comparable, as the S0/PEI-MP of the **™Tc-PEI-MP labelling kits
[8] and the Sn/PEI-MP ratio of the present preparations are of the same order of magnitude.
However, during the ''™Sn-PEI-MP complex preparations, care was taken to keep the tin in the
reduced Sn(11) oxidation state, while during the preparation of *™Tc-labelling kits, and during the
labelling process, where the Sn(II) is used as a reductant for Tc, it is unavoidable that some of the
Sn(II) will become oxidised to Sn(IV). This, as well as the additional Tc in the complex, may
have an effect on the overall charge and molecular conformation of the polymer complex, leading

to altered biological behaviour [5].

Bisphosphonates are excellent bone seeking carriers for both tin and technetium and also prevent
them from untimely hydrolysis in the blood. It is however likely that following delivery of these
complexes to the hydroxyapatite bone matrix, the metals will dissociate from their respective
ligands from where they will follow different routes, e.g. with *™Tc-methyldiphosphonate it is
known that the complex dissociates, followed by chemisorption of the phosphonate at the bone
mineral and adsorption of technetium at the organic phase of the bone [19]. Tin bisphosphonate
species also dissociate near the hydroxyapatite surface, but the tin is transferred from the
bisphosphonate environment in solution to the phosphate environment at the hydroxyapatite
surface nearby [17]. These arguments as well as the predicted in vivo stability of the Sn-PEI-MP
complex [10], suggest that the behaviour of the Sn-complex should be regarded as a more
accurate criterium for the in vivo behaviour of the PEI-MP polymer. The previous argument of
dissociation with accompanying attachment to blood plasma seems to speak against this although
most probably both conditions/reactions occur, resulting in the possibility for different uptake of
PEI-MP labelled by Tc or Sn(Il).

The blood plasma model predicted [10] that the '""™Sn-PEI-MP complex would not dissociate
although the model does not consider the polymer size. Although there is chemically no
difference between complexes of smalier and bigger sizes, a difference in biodistribution was
recorded for the 3-8 and 10-30 kDa fractions of ''"™Sn-PEI-MP. This difference largely proves
that the ''"™Sn-PEI-MP complex does not dissociate and it is therefore expected that ''7™"Sn-PEI-

MP (10-30 kDa section) remains complexed in blood plasma, circulates in the vasculature from
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which it cannot escape due its size until it finds ruptured vasculature. At the location of an
osteosarcoma one would expect passive accumulation of the complex through the hyper
permeable blood vessels into the tumour, where the complex will dissociate and the Sn(Il) be
adsorbed onto hydroxyapatite [17] in bone resorption areas within the cancerous area. Ultimate
prove of the preferential location of the complex in the tumour should follow trom studies on

osteosarcoma bearing animal models.

11.5 Conclusion

It is easy to synthesize PEI-MP, purify and fractionate it into variously sized fractions which can
readily be labelled with ''""™Sn to obtain a labelled product of high radiochemical purity and in
vitro stability. This in vivo study confirmed the demand for reduced uptake of ''""Sn-PEI-MP by
normal bone and kidneys, especially noted for fractions >8kDa. Furthermore the theoretical and
now proven indications of in vivo stability of Sn(l11)-PEI-MP as well as the potential to exploit
the EPR effect due to its macromolecular nature, suggest that ''""$n-PEI-MP can fundamentally
be a promising therapeutic radiopharmaceutical for the treatment of malignant bone diseases,
pending proper dosimetry. The anomalies between the pharmacokinetis and biodistribution of 10-
30 kDa '""™Sn-PEI-MP and "™Tc-PEI-MP indicate that it cannot simply be assumed that the in
vivo behaviour a polymeric ligand complexed with different metal ions will be identical and
therefore cautions that appropriate pre-clinical in vivo experimental work is a prerequisite while
in vitro studies (such as blood plasma modelling) can assist in reducing the number of animal
tests needed.
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Chapter 12 - "'"""Sn and '**Re Radiolabelling of
Polyethyleneiminomethyl Phosphonic Acid (PEI-MP),

followed by In Vivo Targeting of Induced Osteosarcoma in

Nude Mice

12.1 Aim

Water-soluble polvmers are under development as vehicles for systemic drug delivery due to
the effect of enhanced permeability and retention whereby neoplastic tissue selectively
accumulates macromolecules. The 10-30 kDa fraction of the polymer “™Tc-PEI-MP
previously presented promising biodistribution and pharmacokinetics in primates and dogs
and good tumour location in natural canine osteosarcoma The purpose of this study was
therefore 1o evaltuate the labelling of 10-30 kDa PEI-MP with '"™S$n and '®Re, both nuclides
with proven therapeutic properties and subsequently to confirm scintigraphically the potential
of '""™Sn-PEI-MP as a selective therapeutic bone tumour seeker in Balb C nude mice with

induced canine osteosarcoma
12.2 Methods

''"™Sn metal was dissolved in 10M HC! at 60°C under Ar and diluted to 3.3 M with water.
PEI-MP (10-30 kDa; 100 mg) was dissolved in 1.2 ml water and 0.2 ml 10 M NaOH. An
aliquot containing 2.6 mg Sn was added and the pH adjusted to 6.0. "**Re metal was dissolved
in 10 % H202, evaporated to dryness (80°C), whereatier an aliquot containing 25 ug Re was
added to a PEI-MP freeze dried labelling kit (10 mg Na-PEI-MP; 0.5 mg SnCl,.2H;0) at a pH
of 1.0. Afier incubation at = 90°C (30 min) the pH was adjusted 1o 6.0. BALB C nude mice
were subcutaneously injected with 5 M cells, cultured from spontaneous canine osteosarcoma,
and with high lung metastatic capacity (HPOS). At 4 weeks the tumour bearing mice were
injected 75 pCi "'"™Sn-PEI-MP and scintigraphy was performed. Organ and tumour counting

in a well counter followed.



Chapter 12 - ""™Sn and " Re Radiolabelling of Polyethylenciminomethy! Phosphonic Acid (PEI-MP),
followed by In Vivo Targeting of Induced Osteosarcoma in Nude Mice

Fig 12-1: (a) A Balb C nudec mouse with induced cancer ostcosarcoma from the HPOS cell ling (b)

Scintigraphic imagces of above ostcosarcoma bearing nude mouse at (i) 30 min and (i) 210 min p.i.

12.3 Results

Both ''"™$n-PEI-MP and '*°Re-PEI-MP gave radiochemical purities > 98 % with 1.0 %
colloids. For *'"™Sn-PEI-MP the respective percentages were constant for one week, while
those for '®*Re-PEI-MP stayed the same for 48h. Tumour to background uptake within the
period of 30-210 min post injection was around 8.0-6.0. Normal bone could not be visualized,

but cartilage had similar uptake as the tumour.

12.4 Conclusion

These results indicate that PEI-MP can be labelled successfully with radioisotopes that have
proven therapeutic properties. The bone tumour targeting properties of ''"™Sn-PEI-MP were

also confirmed.
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Chapter 13 - Comparison of Tumour Uptake in Different
Types of Osteosarcoma Mice as Studied with the Potential
Bone-seeking Radiopharmaceutical, ''"™Sn(II)-PEI-MP

13.1 Aim

In the search for a cure for metastatic bone cancer, Sn-117m with its conversion electrons
with discrete energies shows little bone marrow toxicity, providing the opportunity to increase
the administration dose. Selective accumulation in lesions would capitalise on this advantage.
The 10-30 kDa fraction of the water-soluble polymer polyethyleneimine, functionalised with
methylene phosphonate groups (PEI-MP) and labelled with T¢-99m, has proved a promising
agent for selective uptake into bone tumours (1). From speciation calculations using the
ECCLES database it was predicted (2) that Sn(Il) will stay bound to the polvmer in the blood
plasma and therefore should deliver the therapeutic radionuclide Sn{lI)-117m to bone with
only a slight reticuloendothelial uptake (Fig 13-1). As this was the first blood plasma model
that has been compiled for Sn(lII), predictions about the behaviour of Sn(11)-117m-PE1-MP in
blood plasma were verified with primate tests (3). The biodistribution studies on these healthy

animals confirmed these predictions.
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Fig 13-1: Sn(ll): Bloodplasma modclling

204



Chapter 13 — Comparison of Tumour Uptake in Ditferent Types of Osteosarcoma Mice as Studied with the
Potential Bone-secking Radiopharmaceutical, '™ Sn([D-PEI-MP

13.2 Method

To test the tumour selectiveness, tests in nude Balb C mice containing ¢anine osleosarcomas
were carried out. HMPOS (fast growing and metastasizing) and POS (slower growing but not
per se metastisizing) cells were implanted and the results compared with each other (Fig 12-1
, 13-2).
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Fig 13-2: Tumour from the POS cell line in a nude mouse scanncd at 10 till 240 min p.i. of ''"™Sn-
PEI-MP (fraction 10-30 kDa)
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Potentinl Bone-seeking Radiopharmaceutical, ' ™Sn(il)-PEI-MP

13.3 Results

Different uptake and wash-out was recorded for the different tumours. Both showed wumour

uptake while POS implanted cells retained the activity longer (Fig 13-3 a, b).

13.4 Conclusion

Sn(II)-117m-PEI-MP has potential as a seleclive bone metastasis and osteosarcoma agent for
therapeutic purposes.
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Fig 13-3: (a) Tumour to background ratio of ' ™Sn(I[)-PEI-MP uptake in POS and HPOS induced
tumours (b) Curve fitting of POS and HPOS curves, excluding the uptake phase
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Chapter 14 - Discussion

The results following from the investigations presented in chapters 4-13, to a large exlent
directed the course and progression of the research covered here. In this present chapter the
highlights are summarized and additional information not presented in the accompanving
papers are shared — information such as clinical application as well as technical spin off’s,
also information published elsewhere or not yet published, and some results still under

scruliny or in continued research are discussed as work in progress.

14.1 The baboon as a valid experimental animal model

14.1.1 ”™Tc-MDP scintigraphy and bone fracture healing

The radionuclide study described in chapter 4 gives an indication of the degree and extent of
operative trauma as well as of the early bone-healing periods in the pre-callus stage (Fig 14-
1b) and of bone healing activity in the osteoblastic stage (Fig 14-1d). As seen in the baboon
model there was a typical time lapse of 4-6 days before radio activity on the scintigrams
relating to bone proliferation was noticeable. This time lapse represents the initial
inflammatory stage before new bone formation. Radionuclide uptake on scintigrams was
previously showed by Marlin to be related to the total regenerative period following a fracture
(Martin, 1979). Radioisotope distribulion is related to the vascular viability in new bone. In a
baseline study of this experiment performed on baboons where bone chips were inserted in
the forearm , radioaciivity could only be visualized afler a time lapse of 3-4 weeks depending
on the revascularization of the control material (Mennen er al, 1985). Contrary lo
radiographic procedures, where the assessment of the bone healing process is quite arbitrary,
the radionuclide procedure with the bisphospbonate MDP is a sensitive measure of the

processes relaled to bone healing, and was as such confirmed in this primate study.

Furthermore the proflile-evaluation method used uniquely in this radionuclide study allows
accurate lesion localization with respect to [ixed anatomical points e.g. the elbow and wrist
joints. The exact position of the lesion based on the radio-active intensity becomes clear in the
later follow-up studies when trauma (i.e. initial inflammalory phase) in the immediate

environment had cleared sufficiently. This stage is reached typically on the 7°-10" day, when
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it also becomes possible to distinguish fracture radioactivity from ‘screw radioactivity’, the
latter from the fixation plate. Once the activity associated with the line of fracture is
determined it is possible to back-track and correlate the early stages of the healing process and
thus indicate that the resolution process (i.e. starting at about 21 days) can be linked 1o a time
factor with the initial trauma. This procedure introduces an accuracy of lesion localisation into
the nuclear medical siudy, which would otherwise be difficult. Fig. 14-1 is a schematic

representation of normal bone healing based on these studies.
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Fig 14-1: Schematic representation of bone healing in a primate model

Nuclear scintigraphy is a useful tool here, based on the profile technique to demonstrate
quantitatively (L/N = lesion to normal bone counts) and qualitatively bone healing at any
given stage. In practical terms, the clinical application of this technique would require weekly
scans between 12-30 days postoperatively in order to demonstrate the radioactivity peak,
which is informative in the following way: (i) the higher the peak, the more blood supply to
the specific area, and thus more material is available for the healing process (Figs 14-2a and
b); (1) a peak pattern as shown with line (a) in Fig 14-2 indicates a normal bone-fracture
healing process; and (iii) a continuous increase of L/N with time during this time interval
would indicate that normal bone activity is continuing in an abnormal way, for example in

delayed union (Fig 14-2¢) or sepsis (Fig 14-2d).
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Fig 14-2: “™Tc-MDP scintigraphy of bone healing in the primatc: (@) normal bone-healing curve;
(b)plated fracturc curve; (c¢) delayed union; (d) scptic unton. Not¢ the intensc bone healing activity of

the normal fracture healing curve

From the **™Tc-MDP scintigraphic studies of bone fractures the following clinical relevance
as far as bone healing is concerned, is deduced: (i) the degree and extent of a lesion to a
traumatized bone is determined; (1) the degree and extent of an operative insult 1o a bone is
shown; (i) the degree of blood supply to a fracture site and thus the degree of bone-healing
activity in the resolution or pre-callus stage is demonstrated by the height of the peak: (iv) the
normality of a fracture-healing process is depicted by the shape of the curve; and (v) the time

span of the healing process is determined by the duration of technetium activity in a lesion.

Apart therefore from validating the baboon model for its bisphosphonate biochemistry in this
investigatton clinical relevance also became obvious. In clinical terms, if scans are done at
weekly intervals between 12 and 30 days afier fracture or postoperatively the pattem of the
resulting graph will show much earlier abnormalities in fracture healing (for example delayed
or non-union or sepsis) than with conventional radiography. A clinical application would save
the patient many unnecessary weeks or months of waiting. For example. non-union of a
scaphoid fracture is only detectable on radiography 6-8 weeks after the fracture. Technetium
MDP scanning could reduce this time by 50 %.
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The results from the studies furthermore contributed to the development of the Mennen plate

for fixation in bone fractures (Fig 14-3 a and b)

b)

Fig 14-3 (a) The Mennen clamp-on plate (b) the Mennen clamp-on plate in position on a baboon

forearm

14.1.2  Scinfigraphic confirmation of appropriate phosphonate

pharmacokinetics

Intiravenous administered bone-seeking radioisotopic agents distribute via the circulatory
system throughout the body while simultaneously accumulating in the bone (Amold, 1979).
The transfer rates of 3.3%/min of the '**Sm-EDTMP from the blood to the bone (Table 5-1)
and 2.9%/min from blood to kidney in the baboon study described in chapter S resulted in a
maximum bone accumulation of 53%, reached after 4 h (Table 5-2). This corresponded with
previous results obtained in experimental animals and humans (Goeckler er al,, 1987, Tumer
et al., 1989, Farhanghi et al., 1992, Eary e al,, 1993; Bayouth er al., 1994), again confirming

that the baboon would be a good mode! in bone ligand investigation.
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From this study a slight washout of **Sm from the bone with a long half-life of 43, 000 min
(Table 5-) was demonstrated. The blood-to-bone transter rate of '*Ho-EDTMP of 1.3%/min
and blood-to-kidney transfer rate of 1.5% is lower than that of 1S m-EDTMP (Table 5-1),
resulting in a maximum accumulation in bone of 45% afler 4 h (Table 5-2). There was no
washout of 'Ho from bone, resulting in a half-life of infinity («) (Table 5-1), Forty-six
percent of **Sm-EDTMP and 54% of '**Ho-EDTMP were excreted in the urine (Table 5-2),
The bone-to-background uptake for "**Ho-EDTMP was 69% in comparison to 91% for "**Sm-
EDTMP and 95% for “™Tc-MDP (Fig 5-3).

These results indicate that '**Ho-EDTMP, in comparison to '**Sm-EDTMP, exhibits poorer in
vivo biodistribution and pharmacokinetic properties in the baboon model, which contrasts
with previous findings in dogs (Appelbaum ef al, 1992). A possible reason for the
discrepancy belween these dala and that of Appelbaum er al. (Appelbaum et al., 1992) may be
relaled 1o high plasma ciftrate levels in the baboon experimental animals. The fact that the
166

Ho-EDTMP is a weaker complex (Wagener & Jarvis. 1995) (chapter 5) may account for

more transchelation of '®Ho-to-plasma citrate.

Considering the biodistribution and pharmacokinetic imperfections of '“Ho-EDTMP
compared to "*Sm-EDTMP. the investigation of a different palliative **Ho-based bone
therapeutic agent with similar biodistribution and pharmacokinetic properiies as 12 Sm-
EDTMP might be an option, The more energetic B-emissions of '**Ho (with its ~ 8.0 mm
max. sofl-tissue penetration) could be more efficient for the treatment of large nonossified

153

tumours. These tumours respond poorly 1o ~"Sm-EDTMP owing to the matrix localisalion

properties of the phosphonates and also due to limiled (~3 mm) soft-lissue penetration of lhe
3§ m B-emissions (Lattimer ef al., 1990 [11]). The half-life of 26.9 h for "**Ho is long enough
to eliminate logistic problems, and is sufficient lo provide a higher radiation dose rate than
153

Sm. which is advantageous for radiolherapeulic Ireatments (Spencer, 1986. Spencer, 1987,
Volkert et al., 1991).

The results in chapter 5 which yielded additional information on holmium’s possible use are

imporiant. Both '**Sm and '®*Ho are lanthanides that easily form EDTMP complexes with a
high radiochemical purity. The role of “*Sm-EDTMP is already established and il is
confirmed as a therapeutic agent for treaiment of paintful skeletal melastases. This

comparative study of '*Sm-EDTMP and '“Ho-EDTMP in the baboon model reveals, despite
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their similar chemical characteristics, a significanily inferior performance of **Ho-EDTMP
with regard to bone localisation, biodistribution and pharmacokinetics. Pursuing clinical trials
on humans with "“Ho-EDTMP is therefore perhaps not justified. However, the development
of more suitable bone-localising ligand(s) for **“Ho, as for that matter for other radionuclides,
should be seriously considered. Furthermore, '®Ho labelled compounds for radionuclide

svnoveclomy and therapy of non osseous tumours do find application (Melichar et a/., 2004).

Palliation of bone pain in palients with bone metastases after repeated application of the
radioligand as might become necessary was often found to be progressivelv less effective.
The question arises whether EDTMP exerts a blocking function, limiting its access to bone or

osseous tumours with successive administration.

Two principle factors lead 1o the accumulation of radiopharmaceuticals in bone. These are
blood flow and extraction efliciency (Garcia & Metiler, 1988). An additional factor to
consider is capillary permeability (Garcia & Metitler, 1988). In an important review (Lin,
1996) of bisphosphonates used for senile osteoporosis it was reporied that the incubation of
the bisphosphonate alendronate with human bone particles resulted in rapid, reversible and
saturable bonding. Alendronale is an aminobisphosphonate which has higher antiresorbing
activily than the bisphosphonate etidronale which has no amino group (Lin, 1996). EDTMP is
a multidentate aminophosphate ligand (Lin, 1996) which localizes in bone by bridging
hvdroxvapatite (Holmes, 1993) and can therefore be presumed to similarly participate in
saturable bonding which could influence the extraction efliciency of the ligand during

multiple applications,

A phenomenon of partial blocking indeed appears present in the primate study of chapter 6,
with the low EDTMP concentration, as can be seen from the reduced '~ *Sm-EDTMP uptake
in the bone with repeated applications (Fig 14-4). The effect reached stalistical signilicance
only afler the third applicalion at 13 weeks (p < 0.02). Furthermore already at the first
application (0 weeks) of the high concentration of EDTMP a lower bone uplake was
observed when compared to the lower conceniration probably pointing lo a blocking
phenomenon bv the high concentration of the EDTMP. The 0-week values of the high
concentration do not show much change with repeated applications. It can be speculated that
continual application of EDTMP, especially at high concentration, will lead to reduced

calcium serum levels increasing parathyroid hormone concentrations (Lin, 1996;
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Percherstorfer er al., 1993) which in turn might trigger osteoblastic activity and some bone
remodelling, thus partially offsetting the blocking which was consequently more clearly
illustrated at the low EDTMP concentration (Hortobagyi et al., 1984, Cloleman er al., 1988).
To avoid a blocking effect during palliative treatment of patients with skeletal metastases the
use of the higher concentration EDTMP ligand could be recommended but care should be

taken to avoid adverse renal effects.

a)

b)

<)

Fig 14-4: Comparative (a) head, (b) chest and (c) pelvic images in the same animal taken at 0 wecks
(left) and 6 wecks (right) of administration of ' *Sm-EDTMP, alrcady indicating reduced uptake, i.c. a
partial blocking cffect
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14.2 A novel bisphosphonate ligand

14.2.1 The scientific reasoning

The prospects of obtaining new, more effective and more potent medicines have been greatly
facilitated by polymer technologies. The use of natural and svnthelic polvmers as drug

delivery vehicles is now well established (Alexander, 2001).

There is also considerable interest in the development of water-soluble polvmers to conjugate
therapeutic drugs and proteins. While there are other applications for soluble polvmers thai
are currently being examined, conjugation of a bioactive agent to a polymer has been a focus

of research for manv vears and extensively discussed (Godwin er af., 2001).

Conjugation of a proper (i.e., biocompatible) polvmer with a drug has become universaily
accepted, because the polymer confers improved pharmacokinetic characteristics on the
original low-molecular-weight active agent (e.g. parent anlicancer drug), the lanter which has
many disadvanlages. Such aclive principles range from cisplatin derivalives to peptides,
alkaloids. proteins (e.g.. neocarzinostatin), and enzyvmes (L-asparaginase, xanthine oxidase
etc.) (Maeda er af., 2001).

The scope for synthetic polymers in drug delivery applications is exceptionally wide, with a
vast arrav ol clinical conditions that require selective targeting of therapeutic agents to

particular biological targets (Alexander, 2001).

A key factor in the success of polvmer-based cancer therapies is the unique blood vasculature
within solid tumours. Compared with the blood vessels in normal tissues, those of growing
tumours are frequently more ‘leaky” to circulating macromolecules and large particles,
allowing them easier access 1o the tumour’s interior. Whereas normally these macromolecules
would quickly drain away back to the circulatory system, tumour tissues with lack of a
lvmphatic system effectively trap them and prevent their ¢scape. This so called enhanced
permeability and retention (EPR) effect was discovered in 1986 by Hiroshi Maeda at the

University of Kumamoto in Japan, and is a major route to enhanced delivery of
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macromolecular cancer therapeutics. Maeda himself exploited the effect in developing
Smancs (Maeda er al., 2001: Driscoll, 2000).

In this manner the accumulation and retention of macromolecules and lipidic particles are
greatly enhanced in tumour tissue compared with those in normal tissue (Maeda er al., 2001).
Plasma residence time (and hence plasma concentration) is the pnimary driving force for
continued tumour accumulation of macromolecules (Duncan er al., 2001). This effect is
applicable only to macromolecules and lipidic particles, not to low-molecular-weight

compounds, the category to which most drugs in use today belong (Fig 14-5).

The EPR effect i1s also observed around the periphery of the tumour, i.e.. in normal tissues
surrounding the tumour, because of the variety of vascular mediators found there. Polymeric
drugs may however be cleared more rapidly from normal tissue via lymphalic drainage
(Maeda et al., 2001).

Macromolecular and macroparticle drug delivery systems

Microparticulate delivery ° )

systems Polymeric delivery systems
¢ Liposomes ¢ antibodies
hd cmulsions ¢ natural substances
. nucrospheres ¢ synthetic polymers

Fig 14-5; Macromolecular and macroparticle drug deliverv systems

All of these data seem lo indicate that tumour vasculature can be an ideal target for tumour-

selective delivery of macromolecular anticancer agents (Maeda et al., 2001).

An ideal pharmaceutical for the trealment of neoplastic and inflammatory (benign) bone
disease would be a compound that predominantly accumulates in bone lesions with limited

access to normal bone and other organs. Polvethvleneiminomethyl phosphonic acid (PEI-
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MP), (the synthesis of which is discussed in chapter 7) is a bone (hydroxyapatite) seeking
bisphosphonate, and belongs to the family of compounds of which some are clinically in use
for the treatment of various bone pathologies (Fig 14-6) (Lin, 1996). Due to the
macromolecular character of PEI-MP allowing selection of different molecular sizes and thus
selective accumulation in inflammatory and neoplastic areas (EPR-effect), PEI-MP may
exhibit some imporiant advantages above its low-molecular-weight counterparts. Furthermore
its affinity for Ca®" (Jarvis e al., 2002) and collagen (Milner, personal communication), may

add to PEI-MP being trapped in inflammatory areas and in tumours.
14.2.2 The effect of molecular size and electric charges on the ligand
Molecular sizing of the polymeric PEI-MP can drastically alter its biodistribution and

pharmacokinetic properties (Dormehl er al., 2001), and this can be exploited to suit different

applications and targeting of specific organs, tissues and pathological affected areas.

PEI-MP

Water-soluble polymers used as
drug carriers

'Enhanched Permeability and

Retention Effect’

Accumulate passively in tumour
PEI-MP is synthesised from PEI
by a Mannich-type reaction

Also known as Polymin-MP
Studied with Sm(III), Ho{IlI),
Pb(I1} and Sr(1I)

Fig 14-6: Polycthyleneiminomethylphosphonic acid (PEI-MP) — rationale; synthesis. structure.

Due to the ease by which PEI-MP can be labelled with the diagnostic radionuclide ™Tc
(Dormehl et al, 2001) (chapter 7) its pharmacokinetics, including localisation and
biodistribution could be scintigraphically studied.
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increasing the sizes of the macromolecules of "™ Tc-labelled PEI-MP resulted in marked
changes in their biodistribution (Table 7-2). In normal bone of the primate model there was
almost complete exclusion (< 1 %) of the particles larger than 100 kDa. The highest relative
skeletal uptake of 18 % was demonstrated by the 10-30 kDa fraction (Table 7-2), but this is
still considerably lower than that known for "*Sm-EDTMP (> 50 %) (Zeevaart et al., 2003).

Fig 14-7: Scintigrams at 1-4 hours of the baboon thorax after administration of **T¢-PEI-MP (10-30
kDa), showing comparable uptake in bone{spin¢) and the liver on a scale of brightness rclative to the

maximum (white and red is maximum radicactivity vs bluc as the minimum)(compare Table 7-2)
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Fig 14-8: Scintigrams at 1-4 hrs of the baboon thorax p.i. of “™Tc-PEI-MP (30-50 kDa), showing
intens¢ activity in the kidneys, with very litle in the skeleton (white and red represcnt high, blue

represents low activity),

Fig 14-9: Scintigrams at 1-4 hours of the baboon thorax p.i. of *™T¢-PEI-MP (3-10 kDa) showing
intense kidney uptake (white and red represents high, and blue low activity),
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This siudy confirmed successfully the reduced normal bone upiake of "™"Tc-PEI-MP,
especially noted for fraction 100-300 kDa. Although the bone uptake value obtained for 10-30
kDa is by comparison more than double that for the other [ractions (Table 7-2), some
accumulation in bone is necessary in an osseous tumour where it would be beneficial to

maximize duration of radiation (Fig 14-7).

To further optimise the molecular size of the macromolecule for its selectivity towards
neoplastic and inflammatory diseased areas, potentially harmful kidnev and liver uptake
should be minimized. This would immediately exclude the fractions with sizes larger than 50
kDa because of liver exposure. Of the smaller {ractions, 30-50 kDa and 3-10 kDa seem 1o

leave especiallv the kidneys vulnerable to radiation exposure (Table 7-2) (Fig 14-8, 14.9).

It seemed that the {raction 10-30 kDa could optimally (it required criteria with relatively low
accumulation in normal bone. but with some bone retention indicated. Access into a lesion
which depends on the degree of vascular disruption could be fairly early for this (raction
because of its relatively small molecular size. The liver and kidney also seemed to enjoy most

protection with this fraction (Fig 14-7).

The uptake of 100-300 kDa PEI-MP (chapter 8) in bony lesions, e.g. the osteosarcoma in the
Dalmation, which pariicipated in a canine study, was clear from the images with very litle
normal bone participation. Even belter tumour uptake is obtained with the 3-10 kDa fraction
ranging from 9: 1 to 11: 1 with respect to normal bone than was obtained with 10-30 kDa (4
1) (Fig 14-10). This was a preliminary finding during an experimental run on dogs which

were intended [or conventional treatment {or naturally occuring apendicular osteosarcomas.

DifTerences in the in vivo behaviour of the various size fraclions were observed, because of
these molecular size variations, but also because of the ionic charges they carried. In the liver,
lung and cardiac blood pool the uptake/retention decreased with a decrease in molecular size,
with the negatively charged molecules of a particular size throughout tending 10 higher uptake
and slower washout than the positively charged ones. The opposite behaviour was observed in
the bone. with higher uptake of the smaller fractions, more so for negatively charged
molecules of especially the 30-50 kDa [raction. No uptake or retention of the large negative
fraction was observed in the kidney while for the other fractions there was a higher

uptake/retention for the positive fractions, even influencing the elfect of size (Fig 14-11 a-¢).
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Charge changes were achieved by passing the macromolecules through different ion-
exchange columns (DEAE-Sephadex and CM-Sephadex).

Fig 14-10; High tumour (left forelimb) uptake of the 3-10 kDa fraction of ™Tc-PEI-MP in a dog with

spontancous ostcosarcoma.

These results obtained from a study on dogs (Dormehl er al., 2004) indicate that by
manipulation of the molecular size and charge of polymeric delivery vehicles for
radionuclides, their in vivo behaviour can be direcled e.g. to avoid radiosensitive non-larget

organs or tissues, which also allows more freedom with increasing therapeutic dosages.
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Fig 14-11: Percentage organ distribution curves obtained from dogs of "T¢c-PEI-MP indicating

uptlake/washout/retention of the size fractions 3-10, 30-50 and 50-100 kDa, carrying negative (CM), or
positive (DEAE) charges in (a) cardiac bloodpool, (b) lung, (c)liver, (d) bone, (¢) kidney

222



Chapter 14 — Discussion

14.2.3 Labelling of PEI-MP for therapeutic purpose

14.2.3.1 Metal ion speciation in blood plasma to select potential bone seeking

radiopharmaceuticals

The next step, once an optimal size was found, was to label PEI-MP (10-30 kDa) with

153 l%fISSR

therapeutic B-emitting radionuclides such as Sm or e, and (0 Invesligate
pharmacokinetics and therapeutic efTicacy of the labelled ligands in osseous tumour bearing

animal models.

To evaluate and facilitate informed selection of a therapeutic radionuclide for delivery to
metastatic bone tumours by PEI-MP, a blood plasma model (or speciation of components in
blood plasma was constructed including PEI-MP. Such a blood plasma model, ECCLES
(Zeevaart er al., 2003) predicts the speciation ol metal ions in plasma, which gives an
indication of the capability of the radiopharmaceutical to survive competition for the
radionuclide by other blood plasma ligands. This s the first time that a polymer had been
included using the ECCLES code (chapter 9).

Therapeutic B-particle emitting radionuclides under consideration were '*'Sm, '“Ho, *Sr,
1861%¥ Re, and from previous studies the Auger electron emitter ''™Sn (Zeevaart er al.. 2003).
A detailed description of the rationale and calculations of chemical speciation in blood plasma
can be found in Metal ion Speciation in Blood Plasma as a Tool in Predicting the in vivo

Behaviour of Potential Bone-Seeking Radiopharmaceuticals (Zeevaart, 2001).

Blood plasma speciation (computer simulation with ECCLES) as applied in chapter 9
explained the results obtained with '**Sm-EDTMP, "“*Ho-EDTMP. and '*'Sm-PEI-MP as

well as !'"™Sn-PEI-MP from in vivo animal studies (chapter 11).

The compuler simulation, together with adsorption studies, may now be regarded as screening
methods [or radioligands belore pre-clinical and clinical trials. This research is useful because
it allows timeous rejection of such radioligand combinations which do not have good in vivo
prospects. In this case it did suggest that ''"™Sn(I)-PEI-MP might be an improvement on
"""$n-DTPA and ''"™Sn(I1)-HEDP, as PEI-MP was found to be a better carrier of ''™Sn(II)
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in blood plasma. The complex redox chemistry of Re makes potentiometry, which is needed
for the apparent [ormation constants to be entered into the model, unreliable for this metal.
The chemistrv of Re and Tc is however very similar, and ™Tc-PEI-MP amply demonsirated
good in vivo behaviour. This encouraged the investigation of the prospects of "**'**Re-PEI-
MP. and also ''™Sn(II)-PEI-MP as therapeutic radiopharmaceuticals, once proper labelling
was reached (chapter 10).

14.2.3.2 In vivo evaluation of ''"Sn(II)-PEI-MP in the normal primate

Initial Jabelling attempts of PEI-MP with '®*Re proved problematic, which delayed its
applicalion as a possible radiotherapeutic agent in animal studies. The earlv successes with
"™ n(1l) labelling of the PEI-MP ligand expedited the primate studies to investigate the in
vivo behaviour of *™Sn(11)-PEI-MP (Yang et al.. 2005).

In the search for a cure for metastalic bone cancer, ''"™Sn with its conversion electrons and
low energy photons (half-life 13.6 davs), shows lilile bone marrow toxicity, providing the
opportunity 10 increase the administered dose (Spencer, 1986) (chapter 11). Seleclive

accumulation in lesions would gain from this advantage.

Furthermore using speciation calculalions, it was predicted that the Sn(lI)-PEI-MP complex
would remain intact in the blood plasma, which was a positive indication for animal
experiments to continue. The chemical properties of this labelled compound should be such
that an in vivo stability is assured, while the species that predominantly forms in vivo remains
charged, since neutral species could lead to colloids with subsequent liver uptake (Zeevaart ef
al., 2001; Jarvis er al ., 2002).

The baboons for the experiments (chapter 11) were subjected to identical experimental
procedures except for the mentioned difTerences in molecular sizes of the injected ''"™Sn-PEI-
MP and three different size fractions were studied, viz. in the following ranges (1) 3-8 kDa.
(2) 8-10 kDa, (3) 10-30 kDa. This last {raction was of special interest, since it ideally suited
the characteristics sought for an optimal therapeutic agent as gathered from data on -

PEI-MP in primate models (Dormehl er af., 2001),
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In comparison to the '"™Sn-PEI-MP 3-8 and 8-10 kDa fractions. the larger 10-30 kDa ''""Sn-
PEI-MP exhibils a prolonged retention in all compartments. together with low bone uplake
and a reduction in urinary excretion, as can be expected from its larger hydrodynamic volume
and tts resultant slower diffusion through the endothelium and the decrease in renal excretion

rate.

Compared to its “™Tc-labelled counterpart, the 10-30 kDa '""™Sn-PEI-MP exhibils systemic
anomalies regarding ils biodistribution, e.g. in the cardiac blood pool and in bone. These
anomalies are difficull to explain, but varying the radiolabel of a specific ligand is known on
occasion 10 have changed the biokinetics (see chapter 11). Amongsl others it could be
suggested that the longer retention in all compartments and lower bone uptake of the ''"™Sn-
PEI-MP 10-30 kDa fraction originate form il being a larger molecule in comparison lo its
"™ Tc-counterpart. It must be noted that the latter also contains Sn (not radioactive) of
comparable concentralions for redox purposes (Yang et a/., 2003). The anomalies belween the
pharmacokinetics and biodistribution of 10-30 kDa ''""Sn-PEI-MP and *"Tc-PEI-MP
indicate that it cannot simply be assumed that the in vivo behaviour a polvmeric ligand
complexed with different metal ions will be identical and it therefore cautions that approprniale
pre-clinical in vivo experimenltal work is a prerequisile while in vitro studies (such as blood

plasma modelling) can assist in reducing the number of animal tests needed.
14.3 Osteosarcoma bearing nude mice and normal Wistar rats

14.3.1 Comparison between pharmacokinetics of " Tc- and ''"™Sn(11)-PEI-
MP

The above in vivo primate study confirmed reduced uptake of ''"Sn-PEI-MP by normal bone
and kidneys. especially noted for fractions > 8kDa. Furthermore the theoretical and now
proven indications of in vivo stability of Sn(II)-PEI-MP as well as the potennal to exploit the
EPR effect due to its macromolecular nature, suggest thay '*’"™Sn-PEI-MP can fundamentally
be a promising therapeutic radiopharmaceutical for the treatment of malignant bone diseases,

pending proper dosimetry, which could be studied in osteosarcoma bearing nude mice.
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In turning to rodent studies at this stage to confirm scintigraphically the potential of ''™Sn-
PEI-MP (10-30 kDa) as a therapeutic tumour secker two aspects demanded attention: firstly
an appropriate osteosarcoma model should be available, and in addition some normal rodent
biodistribution and pharmacokinetic studies, preferably with PmTe-PEI-MP and ''"™Sn(1)-

PEI-MP (or rodent control information should be performed.

The choice of normal Wistar rats as controls stemmed from easier scintigraphy for biokinetic
information of the larger animals, leading to better statistics (Dormehl er a/.. 2001). Two
groups of six normal rats each were injected with 300-350 mCi of ™T¢-and ''"™Sn-PEI-MP
respectively and scintigraphically studied. The target organs for both radiopharmaceuticals
were found 1o be kidnev and bladder. From organ counting in a2 well counter the maximum
uptake at 4 hrs was highest for the bladder wall, 18 % ID/g for *™Tc-PEI-MP, and 8 % ID/g
for ''""Sn-PEI-MP.

The delaved retention in the circulation of ''"™S$n-PEI-MP vs *™T'c-PEI-MP seen in this study
agrees with the observation in the normal primate studies. The high uptake of ''"™$n-PEI-MP
in the bladder wall is disturbing,

The osteosarcoma bearing nude mice (Balb C) were subculaneously injected with 5 x 10°
cells cultured from spontaneous canine osteosarcoma, in the one case these cells had high

lung metastatic capacity (HPOS), altemnatively the cells were without this capacity (POS).

Different uptake and washout of ''"™Sn-PEI-MP were recorded from the different cell lines.
Both showed tumour uptake, but the tumours from the POS implanted cells retained the
activity longer (Fig 13-3 a and b). The tumour to background ratios ranging between 14 and 6

17Tm

during the period 60-240 min p.i. indicate that ' ™Sn(11)-PEI-MP has potential as a seleclive

osteosarcoma therapeutic agent.

14.3.2 Work in progress

The therapeutic efficacy of ''"™Sn(II)-PEI-MP for osteosarcoma and more important bone
metaslasis has vel to be proven. More research is however needed towards a more suitable

model for osteosarcoma, preferably from a human osteosarcoma cell line. The alternative of
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using “Re-PEI-MP which meanwhile has been successfully labelled and which would be
clinically and logistically easier to use should also be explored. These challenges are presently
being addressed in continuing research. It is however certain that the ligand PEI-MP is a
adequate carrier of radiotherapeulic nuclides 1o bone, and because ol its flexibility for
modification of molecular size most probably also to other areas of neoplastic and

inflammatory disease.

The intention however of changing and improving the biokinetics of common
polvphosphonates by changes in the complex structures is one extensively being studied by
various groups notably the group of Markus Mitterhauser from the Medical University of
Vienna (Mitterhauser es al., 2004), Exact mechanisms involved in bone uptake of labelled
polvphosphonates is still highly speculative. Possible explanations for the process of uptake
range Itom simple chemisorption onto the osseous surface over incorporation, inio the
mineralization process to a combination of both, Other factors such as solubility of the
complex, calcification of the ligand, transchelation to the bone hvdroxyapatite mairix, effects
of the radionuclide could also be parameters influencing bone uptake which should be well
researched. What seems clear is that binding of bone seekers is irreversible and takes place on
the mineral matrix and very little on collagen. It is important that preparaiion and labelling
methods should be well thought through and carefully handled in the laboratory in order to

have a scientifically sound and reproducible product.
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Chapter 15- Conclusion

From the research covered in this thesis there is no doubt that the ligand PEI-MP exhibits
promising and exciting characlerislics for targeted delivery of therapeutic radionuclides 1o
areas of neoplastic bone disease. The flexibility in biodistribution slemming from possibililies
of size and charge modification has been illustraled in a non-human primate model. This

enables the ideal of organ sparing and thus largeted drug delivery to be achieved.

The groundwork for prediclive modelling of appropriate radionuclide-ligand complexes using
the ECCLES program for metal ion speciation in blood plasma has successfully been
explored and some difficult Jabelling procedures of the ligand with therapeutic radionuclides

have been mastered.

The information following the rodent research confirmed the compliance with conditions for
non-toxicity and pyrogenicity, and illusirated the uptake by induced canine osteosarcoma

iumours of the radiopharmaceuticals.

The research presented here has only now reached the stage where investigations on the
therapeutic efficacy of the various novel radioligands. be it curative or palliative, can be
considered in cases of osleosarcoma or metastatic bone disease. This could ideally take place
as a controlled clinical irial in dogs with naturally occurring osteosarcoma 1o the long bones.

The meriis of this in vivo model have previously extensively been discussed.

Such a studv would be extensive and could logistically be quite demanding. Access would be
needed to various modalities of expertise — veterinary oncology with accompanying facilities
for histopathology. haematology, radiology, diagnostic nuclear medicine, as well as well
equipped radiochemistry and radiopharmacy laboratories, and supply lines to therapeutic

radionuclides, of which "™ "**Re should initially prove the easier option.

There is reason to believe that the ligand PEI-MP could be useful for drug delivery in general,
not only in radiotherapy. The basic requirements for the design of polvmer anticancer drug
conjugates are that these be biocompatable polymers, i.e.non toxic or immungenic, preferably

biodegradable, that they should be able to carry the required payload of drug, able to protect
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the drug against premature metabolism in transit. that they should avoid rapid liver uptake
(unless this happens to be a target for delivery), should be able 10 display active or passive
(EPR effect) tumour targeting and furthermore, the active drug must be liberated at a rate

appropnate to its mechanism of action,

PEI-MP can easily be adapted 10 also fulfil these functions. By using sub-optimal quantilies
of phosphonating reagents (formaldehvde and phosphonic acid) in the maonnich reaction for
the preparation of PEI-MP from polyethyleneimine, methylphosphonate polymers with
varying amoumts of free amino groups (depending on experimental conditions and drug
loading needed), can be obtained. Polymers containing amino groups are amongst the most
widely studied and technically useful functional polymers, which is due to the chemical and
structural versaulity of the amino function. The chemical reactions of amines include those of
bases and nucleophiles, two of the fundamental allinities in chemistry (Xie ef al., 1996). A
variety of compounds, can thus be coupled, directly or with a selection of appropriate linkers
1o amino groups conaining PEI-MP 1o form many difTerent possible polvmer-drug conjugates
(Maeda er al., 2001).

The research around PEI-MP can therefore quite possibly in the future be extended to cover a
variety of important requiremenis for targeted drug delivery. not necessarily including

radionuclides.
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Appendix 1 — Glossary of Abbreviations and Terms

Ca
(CM-sephadex
CT

CTR

d
DLEAL-sephadex
CCCLES

LCG
EDTMP
[LPR
[LSTA
¢V

Gl
GIT

h

H
HEDP
HMPOS
o

LV

IGIFBP

angstrom

I-hydroxy-3-amine-propylidene diphophonate
transcription factor

bone morphogenic protein

basic molecular unit

Bequeret

carbon

caleium

carboxy-methyl-sephadex

computed tomography

cathode ray tube

days

2-(diethylamino)ethyl-sephadex

Lvaluation of Constituent Concentration in Large Equilibrium
Systems

electrocardiograph

ethylenediamine tetramethylencphosphonate
enhanced permeability and retention
equilibrium simulation by titration analysis
electron volt

fibroblast growth factor

gastrointestinal tract

hours

hydrogen 1ons
I-hydroxy-ethylenediphosphonic acid

highly metastazing primary osteosarcoma
holmium

intravenously

inhibitory binding proteins
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il interleukin

ITLC-SG instant thin laver chromatography

] Joules

kDa kilo Dalton

keV kilo electron volt

[. ligand

L/N lesion Lo normal

LWI. low-molecular-weight

M metal ion

MCA multichannel analyser

m(ti milli Curie

MDP methylenediphosphonic acid

MeV million electron volts

min minute

MIRD medical internal radiation dosimetry
ml milliliter

Mo molvbdenum

MRI magnetic resonance imaging

MW molecular weight

Na”"™1¢c0, sodium pertechnetate

NECSA Nuclear Energy Corporation of SA
NF-k nuclear factor- ld; transcription factor
NRC Nuclear Regulatory Commission
NSAIDS non steroidal ant inflammatory drug
OoPG osteoprotegerin

P phosphorus

p.i post injcction

PDGF platelet derived growth factor
PEI-MP polyethyleneiminomethylphosphonate
PHA pulse height analyser

PM photomultiplier

POS primary osteosarcoma

PSA prostate specitic antigen

PTH parathyroid hormone
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Sr

Te

TGF-p
TRAPase
UPA

USp

ViIZ

VPF
B-emmision
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AN
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pyrophosphoric acid

receptor activator of nuclear factor ki3

recptor activator of nuclear factor xfi higand

rhenium

region of interest

samarium

tin

stannous chloride dihydrate

strontium

technetium

transforming growth factor-[3

tartrate-resistant-acid phosphatase

urikinase

Unites States Pharmacopeia

namely

vascular permeability factor

beta emission

micron

average number of protons per ligand in the absence of metal
ion

formation function, the average number of protons bound per
metal ion

formation protonation function, the average number of protons
bound per ligand

(neutron, neutron')

(neutron, gamma)

technetium pertechneltate
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tine of the lesion, round abouat 33—04) dayvs, The ex-
perimenta] errors indicated in the time-activity cur-
ves were obtained from the statistics of the radioacti-
ve countraie and the degradation of the results on
applying mathematical procedures.
Roenigenological plates indicate normal bone healing
Le. callus formation in all the swudies, but do not
reficct any quantifiable indication of the iealing pro-
Cess.

Histology o 8 specimens ot {racture arcas corre-
sponding to different stages of healing demoenstrates
vascalarization of the fracture area and ossitication

(1.

L LONT AT

s

Nuel =AMk Bapmd XXT [len -t

PN Seintive

Discussion

The profile evaluation method used in the radionuchi-
de study allows accurate lesion Jocalization witl re-
spect to elbow and wrist. The exaet posduon of the
Jesien becomes clear in the late studies when trauma
in the immediate environment had suafficiently clear-
ed. It 3s then also possible to distinguish the fracture
activity from “serew activitys (Fig. 630 This exaa
fracture position is then used tor the evaluation., also
in the carly studies. In this way an accuracy otherwise
attained with difficulty, is introduced into the nuclear
mudicad study.

The rudionuchide study gives anindication of the deg
ree and extent of operative trauma as well as af the
eurly bone heating penods i the pre-cablus stuge (1.e.
inflammatory stuze) and of bope healing activity
the bone forming
of the duration of the healing process, The radioizo-
tope study shows only vascularized bone. Bone chips
which were inserted in a cantrol study were not de-
nonstrated until after 3—4 weeks when vasculariza-
ton takes place, Contrary 1o the roentgenological pro-

stupe (2). [t alse gives an indication

cedure where a shadow of the accumulated Bealing
stages bs visualized, the radionuclide study demon-
strates very sensitively the bene healing stage as
such. Scintigraphically. however, it s not possible to
distinguish between the effects of the different im-
plants inserted on the bone fractures. Diftferences in
metal tvpe (cogl stainless steet, vitalinm, thickness
and shape ax well us biological differences as age (61
of the animal and variation 1 bone type cannet be
carrected for.
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Bone Healing m Now-Human Prnies — Studies woh Segqueniial

liistolopy on 8 specimiens of fracture areas corre-
sponding to different stuges of healing demaonstrates
an encouraging relationship with the {L/N) curve.

It therefore seems possible to use nuclear seintigra-
phyv in this manner. as based on the profile rechmgue
to demonstrate quantitatively (L/N) and gualitatively
bane healing at any grven stace. A further study is in
progress (o extensively correlate the LAN curve with
histodogical chunge m the long bone of the pomite,
with eventual climeal application in mind,
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ABSTRACT. Bone-secking rudiopharmaceuticals such as cthylencdiaminetetramethylene phosphonate
{(EIYTMT) complexes of samariuni-153 and holmium- 166 are receiving considerable attention for therupeutic
treatment of bone metastases, In this stady, wsing the baboon experimental model, multi\.omp;mmcnt;:l

analysis tevealed that with regard to Eh.{rnncmmuma, biodistribution, and skeletal [ocalisation,
Sm-EDTMP und ¥ Te-MDP. A mare suitahle " Ho-bonc-secking

133

EDTMDP was siunificantly inferior to

1&Ho-

agent should thus be songht for closer similarity o P ?8m-EDTMP to exploit fully the therapeutic patential

of its shorier half-life and more energctic beta radiation.

aroy 23 5 935940, 1596

Cipyright & 1996 Elsewer Scienze Jnc NUGL MED

KEY WORDS. Samanium- 133, Holmiwn- 166, FNTME, Pharmacekinetics, Baboon madel

INTRODUCTION

Radiation teletherapy s effective 1o contiol o palliate dsolated skel-
etal mctasmases. Dulficulties
tifocal disease ogether wai
seeking radiopharmaceuricals led to retewed amrerest in fredrmen
with internal radienuchde theropy {5, 11) Ahhaugh the curcent
treatmens objective is primtandy foe palliative parposes, & potential
should also be snvestpned (10, 22) Thara-
peutic sucemss will huape an many ianerelated factos, such as the

ssociated with iz applicetion in mol-

y recend availablioy of varoys new bone-

use in curative therapy

carefil chowe of o radicmuclide (ot which the half:-Life dnd radinven
emissions dictate s radichiclogical effeces) ligked 5 2 bone.
Igcalising agenc {of which the biachemical properties dictaee i3
pharmacckinetcs and bedistribunon) (12, 26, 28).

Radicouchides suitable for therap
nuclear properties such as mm:rimnv]i} [i;” 46,7 h; _B’ E’.}i[_:' ;"L,:
702[44% ] and 632[349] keV, max. soft tissue peretation =003 em;
¥y (103 [28% ) ke V) bned holmium- 166 («,,, 269 h A 1776 !-1h“a]
and Y540 131%)] ke max: saft-ussue penetmanen 084 oy y (81
keV [£.290) and 1380 [1%) keV ) can be copsadered. These nuclear
properstes sid resultaat mdiobiological effects may rendar useful
35m- and "**Ha-pased mdlopharmacenticals with complementary
thempeutiz applicatns (21, 39)

Samarwim [SmY and holmiwn (Ha) are farthanides with sunilar
chienical preperties. Thiey form stable complenes wich bone-geeking
phesphornates such as echylenediamine tetramethylene phosphonic
acid (EDTMP). 1M 8mEDTMP has been expenmentally invest;:
gated in amimals ard pesned o bamane for |- i palitaticn of borne
metistaies (4, 5,8, 14, 15, 29), while e SF - apd e

cutic purposes, tul wirh diverss

Ho-EDOTA

o 'L;'.' VWOKOA Louw, ARD
oA

b 1.,.,-,

P00, PO Bow 352,

Adilreds reprice
Precans D001, £
3 2 Decen

i May Ve

RCLL Ly

Adcepty

IS
o
LN

COTMP {errarazcyelododecane tetramethylene phasphomic acid)
have been evaluated an experimental animals for bone mariow ab-
latien {1, 20). However, inore information regarding the pharm-
cokinerics, biedistribution, and Bene localiztion of **'Sm-EDTMP
and ' He-EDTHMP s needed before vrearment protocals in humans
can be concluded. For this purpose extensive in v experimenta:
tion m animal medels cannat be avoided. The wie of nenbucuan
primates such as baboans {Papio spp.) s juaificd o these investi-
gatinns. The bubosn maodel conforms 1o many of the requised on
tenn of peenllelism (eg. anatomizal, physislogical, immunologieal,
and radinhalagical) of the human (8, 7, 18),

This investigation cencemed the pharmacokinetics, biodisiriba-
PSm-EDTMP and "*Ha EDTMP
i ahe pesrmal baboon experimenzal medel, before o clinical wial in
humans wirh metastatic bube cincer was considered. The pharma-
cokinetics, Bicdisinburion, and bone lecalisation of 7" Sm-EDTMP
ated, subsequently, alse YOHoEDTMP were scinnigraphically com-
pared with those of " TeMEP by dvnamic and sanc studies, From
these resulis, wogether with uring excrenion data, compartmental
madelling couid be done and the m vito behaviour of *'Sm-
EDTME and "™ Ho-EDTMP could be desribed, These reals were
alis applied 1o caleulite P*28n and " Hoccumulared actvines and
shearbed doaes in varlews ongans.

tiit, #nd bone doealisation of

MATERIALS AND METHODS

Radionuclides

Porh Y4 8m amd "™ Ho were prepared by neucron sradiarion of 9%
entiched ”:Sm,DJ (1020 my, 48 h) and "™ o0, {1.0-2.0 mg,
4 1 in the Safani-1 Besearch Resctar uning o theemal flux of 278
2 W' e Typiost specific acovities of 272.3 = 10% MBy!
e dor P4em Dy and 6333 * 12Y MBalmmiole fior '*“He O,
were obianed. Following wmadnmaon, the oxide targes were dis-
solved tn 0.2 mL HCL (1.0 M for "8m,0, and 2.0 M for
0Ok diluted 1001 M OHC with sterite densed water and
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F1G. 1. Typical scintigrams of haboens indicating skeletal localisation of {a) *"™Te.MDP (185 MBy), (b) '**Sm-EDTMP (111

MBg), and (¢} """Ho-FDTMD (155 MBq) 4 b postinjection,
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F1G. 2. Time.activity curves (countsipixel) for the bleodpoal
(x), liver (£), kidney (), and background (+) obiained from
dynamic studies (Q to 30 min postinjection) with 111 MBq
IDSm.EDTMP (o) and 185 MBg M*"Ho-EDTMP (b), respec-
tively.

filtered (Millex- GV, Q.21 pwm, Millipore Bedford, MA) When nec-
eeary 4 wrrier solution SmCly was adiled to obtain o smarium
concentration of 1.8 mM and an actnty of 1554 MBa/mb 2 dags
after irradiation. Gamma-my specera sbunned by counting aliquorns
of the Sm€) and "*HoCL, stock soluticas with a Ge(Li)-
gamma detector revealed within the "800, the presence of enly
PG, P E, and "B, The P Bu activity ot the end of irradiztion
was less than 6.8 % 10748 of V' 8m, while those of P *Eu and **'Eu
were < 4.3 % 107 %% and 2.6 x 10 "%, respectvely. The anly ra-
dionuclide present with " Ho was " 'Sovat an activay of ~0.6% of
1."'f,H0.

The Ligand and Complexing with '*7Sm and '*°Ho

EDTMP was prepared by the condensation of ethylenediamine,
phosphotons acid, and formaldebivde by a melified Mannich reac-
ricn in the presence of hydrochlorie acd (19), Recrysallisanion
fevm watermethanel and water vielded white erystals, mop. 214%C
Lin ap, 214700 Apabvis: Found, ©, 16.83%; H, 4.62%; N, 6.52%;
Calewdated for O HaN0, PG ) 16.52%; H, 4.62%; N, 6.41%.

The EDTMI reagent was prepared in 1QemL vinls by fyophilising
Ll aliquets of 50 wmgmL EDTME soludion of pH RS, The dry
pracdict was szaled under nitragen, Stedility, apyrogenicity, and tox-
ity were ascertained by standand mechosds.

For complexing 1-ml aliquote of '¥'SmCY,, alternatively
a0, (containing the preseribed amount of activiry und Sm”
or Ho'') were added to lyophilised EOTME reagent kits. The so-
futions were teft for 30 min, diluted 1o 3 b, and counted, where-
afrer 3 pl. sunples were chromitographically anzlysed. After seal-
ing, the vials containing the finad products {pH 7.0-5.0) were ster
ilized by anteclaving, Radiechemical purity was determuned by thin-
laver chromatograply on cellulose thinsdayers (TLC aluminum
sheets, collulise, 0.1 mm, E. Meck, Durmeade, Germany} using
pyridineethanobwater (1:2:4) as sobvene (250, Y m-EDTMP as
well as V™ H o EUTME was found no Ry 0. 75385, and uncomphesed
Spy'* and o' remained a1 the ongn. Labeihng efficiencwes were
peeater than $7% for bath ' 'Se EOTMEP and P HG-EDTMD,
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m and " He-EDTMP in the Bakoon Model

Biood and Urine Collection After
Administration of '3 8m-EDTMP and ***Ho-EDTMD

The animal experituentation was done acearding te the National
Cosde for tne Handling and Use of Animals in Research, Education,
Dhagneins and Testing of Drugs and Related Substances in South
Africa and approved by the Ethics Commirree of the Univeniry of
Precorin.

Anaeathesia was induced in healthy, male chacma baboons (Pa-
pio ursinus) of average weight 27.5 (22.0) kg with ketaming bwdro-
chloride {Ketalar, Parke Davis, SA, 10 mpke) and mantained with
pentokarbitone sodium as a solution of ¢ mgiml in Ringer's facute
{Zagaral, Maybaker, SA}at o rate of 36 mL/h in the vena cephalica.
A TF urinary catheter wis plied in the urinary Bladder to facilicate
the callectwn f urine samples:

Doses of 370 MBy " 8m-EDTME (5 = 6) and " Ho-EDTMP
(= 6% were adnuinustered. Cine lyephilised kit containing 30 wg
EDTMP was wsed for vach aninal. Bleod and wrine samples were
collected ar fixved ineeevals for 4 h. The activity and volume of each

sample were measered immediately and registered,

Biodistribution of **Sm-EDTMP and '°°He-EDTMP

Twelve healthy male baboons (sx each for Sm-EDTMP and
MO EDTMDP) (avernge

weinht 17,5 kid were deed in this sody.

t";r-.-_‘.&:'ilhra,!.;l 141 -:.l.n.'l'. Ceid Was ||'|.i||:,'t_'._‘i w|!|-. 1('-:[ Reath el ||','-.|:'r'n_'|'3]-:::|.!-:
(10 mLikg} and maintained as above by an IV 2
rentebarbitone sodinm solutian,

Seintigraphy was perfurmed (Semens Oroiter) with the animal
rositioned in the wpine positon for plinar wnages. The data ae.
quisition initially invalved a view of the thetax, liver, and kidneys
and was performed as o dymanic stody of 30 x L.man frames on a
countdown bolus injection of 111 MBg "**Sm-EDTMP er 185 MEq
YR A-EDTMP. Stanc images of 4-min duration each followed ar 2,
3,4, 5. and 7 h after the injection of the tracer. These images
presented the skeletal structure fram the skull to the pelvis a5 two
matched isages.

Frem the dynamic study, time-activity curves weee ohtained for
the cardiac, kidney, and liver regions. Regions of interest {ROD
placed on areas of the bany structures of skull, shoulder, sternum,
ribs, and pelvis, as well as approprioste museular buckground areas
{na other argans were at this stage visible) from the static (mages,

nstrxtion of

% Bone Uptake

Hours

FIG:. 3. Pereent of bone uptake {region of interest—hip) of
185 MBg *"™Te-MDP (%), 185 MBq ""*Ho-EDTMP (), and
1E1 MBg "*'Sov-EDTMP () 4 o 7 h postinjection. SD ranges
are indicnted,

937

rendered relarive region-to-muscular backpround raties after natural
Backpraond subtraction and consequently percentage uprake of
8 and "Ho by the bane This upeake of 'S and "Ho by
the bone was compared o " Te-MDP (183 MBq) uptake previ-
ously measured sunilarly in the same animals at the same time
intervals but starting 3 hoafier ™ Te-MDP admonustrazion. Kinetic
data from the dynamic studies and data from the statie studies were
normalised in agreement, with urine actvity values expressed as a
percentage of the injected activity. Blood sample activity was car-
rected with estimated blood velume and compared 1o injected ac-
tivity o determine perientage blood actpaty at a specific tme.
These percentages were used to nomialise RO counts aver the left
veniricle in the dynamee study, These calibrated data were fited 10
a multicompartoent. model wing the Ssmulition Analysis and
Modeling [SAAM-30) soltware and pediormed ence for vach of
P4 5m and "“Ho on averaged raw dara.

Six compartments were considered—rz, blood, bane, kidney,
liver, urinary hladder, and the remainder of the body, Transfer mtes,
half-lives, ancd "*3m and "**Ho-distributions for the different com-
partments were simulated ging the comparimental model.

Dosimetry

The Mehaal Imemal Baluton Dadimeuy (MIRD) dose calcula:
ton system wis wsed (16). The blesad, Fane, liver, kidney, urinary
bladdee content, and rest of the becly were selected as sonrce organs
for absortad-duse calewlations. Tarpet orpans were the ovartes, bone
marrew, calon, lung, stomach, unnary bladder wall, breast, liver,
cezophagus, thyroid, skin, bone surface, and remiinder of the body.
The absorbed dose D(r) o each target wrgan k as che sum of the
contributions of n source organs b for the rudionuclide » was calcu-
lated using the following equation:

Dir) = A, 00,=)8(r, 7, )F

where A {02) is the cumulated activity in souree organ b, S(ry,
7,) the mean dose per unit eumulated activity {rad/pCi h), received
by teiget argan & from soutce organ b and F the conversien facter
from rud/wCl to mSviMiBq,

The curmulated activity (A, (0.2 for each source organ and the
bleod was caleulated as the integral of the time-activity curve up o
4 b, plus the integral of the physical decay of the activity ar 4 h.
Cumulated bladder activity was caleulated naing enly the Go-4-h
pericd assuming vouding at 4 h. The total absacked dose of each
targer arein ks the sum of the contrbutiors frum the nosource
argans 10 that specific trger organ, The effective dose was caleu-
lated according 1o the latest recommuendations of the International
Commesion on Radielogical Protection (13). The effeccive dose E
can he constdered as a rough esumate of the camparable whole-
bouly irmadiation and was calculated from the fommuala

. ol o
E= 2 W
T
where W 15 the weighting facter for tissue or orpan T and Hyp ds the

equivalent dose in Ussue T, give 1n Sv. The equivalent dose Hy was
caleulisted using the formula

He= O We - Dina
T

with Wi the radiation weghting fuctor {equal 1o 1 for the adio-
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FIG. 4. Compartmental analysis showing fitted curves for the
bloodpool (x}, urine (©), bone (W), kidney (D)ddand remain.
der of the body (+) of '**Sm-EDTMP (a} and "**Ho-EDTMP
{b).

nuclides under discumion) and X}y the absarbed dose for the
different organs and risue

RESULTS

Scintigraphic images of individual representative animals 4 h after
injection of 111 Mhg '**Sm-EDTMP or 185 MBq '*Ho-EDTMP

TABLE 1. Transfer Rates and Half-Lives of Clearance from
Various Organs of '3*Sm and '“*He

Sm-153 HO-166
Transfer Transfer
Rate Halt-Life Rate Half-Life

Compartment {(mio") (min) {min™"} {min)
Blood-Bone c033 0.013
Bone-Blood 43 Q0T %
Blood-Liver 0.000¢16 C.0000002
Blood-Kidney 0029 0.015
Kidney-Urine 0.141 167
Blocd-Remainder (.252 0.067
Remainder-Blood 4.0 25

W, KA. Leuw et al.

are shown, respectively, in Fig, 1b, €. These images reveal selective
skeletal and little nonossecus tissue accumularion. For qualitative
comparison, a typical skeletal image of 185 MBq **=Tc-MDP up.
take previously imeasured in the same group of animals is presented
(Frz. 1a).

Time-activity curves for the bloodgool, liver, kidney, and back-
ground ohbtained from the dvmamic studies {2 1w 38 min) with
*I5m- and "**Ha-EDTMP are presented in Fig. 2, b. The resultng
tracer uprake in the bone structure, which was measured at 4, 3, 6,
and 7 & by static acquisition, produced additional count rate daca
that are shown as target-to-background ratios in Fig, 3. The uptake
ratio of ™ Tc-MDP in the bone is included for comparison.

The above data were used for the comparimental analysis, and
the fitred curves from these caloulatons are shown in Fig. 4 a, b for
80 EDTMP and " Ho-EDTMP, respectively.

Transfer rares and half-lives for the varioms organs appear in
Table | and tracer distribution in Tahle 2.

The toral absorked dose and effective dose 1o each target organ
appear it Table 3. The effective dose was 0.208 mS«/MBq for ''Sm
and 0.283 mSv/MBq for "““Ho.

DISCUSSION

Intravenour adminisiered bone-seeking internal radiosotopic
agents distribute via the circilatory system throughout the body
while simultaneously accumulating in the bone (2). The transfer
rates of 3.3%/min of the '*¥Sn. EDTMP from the klood to the bone
(Table 1) and 2.9%/min from blood to kidney resulted in a maxi-
mum bame aceumulation of 53% reached after 4 h (Table 2). This
corresponded with previous resules abtained in experimental ani-
mals ard humans (3-5, 8, 25).

There is a slight washour of '**Sm from the bone with a long
half-life of 43,600 min {Table 1), The bleed-to-kone transfer rare of
19 Ho-EDTMP of 1.3%/min and blood-to-kidney tansfer mte of
1.5% is Jower than that of '*?Sm-EDTMP (Table 1), resulting in a
maximum accurnulation of 45% after 4 h (Table 2). There was no
washour of "**Ho from bone, resulting in a half-life of infinity ()
(Table 1). Forty-six percent of '*Sm-EDTMP and 54% of '*Ha-
EDTMP were excreted in the urine (Table 2). The bone-to-
background (cacdiac bloed pool) uptake for **Ho-EDTMP was
9% in comparison ta 91% for ' Sm-EDTMP and 85% for *"™Te-
MDP (Fig. 3).

These results indicate that " Ho-EDTMP, in comparison to
195m-EDTMP, cxhibits poorer in vive biodistribution and pharma-
cokinetic propertics in the baboen mudel, which contrasts with
previous findings in dogs {1). A possible reason for the discrepancy
between these dara and that of Appelbaum & al. (1) may be related
to high plasma citrate levels in the baboon experimental animals,
The fact that the *SHo.EDTMP is 2 weaker complex than **Sm.
EDTMP (27) may account for more transchelation of "**Ho-to-
plasma citrate.

The highest absorbed doses were received by the bone marrow
and bone surface for both '**Sm-EDTMP and *“*Ho-EDTMP
{Table 3). The higher urinary accumulation and higher energy of
1% Ho leads to the high radiation dose 1o the wrinary bladder walt.

The count razefunit activity was higher for '**Ho than for '*Sm
(Fig. 2 a. b). This is due o the scatter contribution from the high-
energy y-photon emitted by *“*Ho (1.38 MeV), as is also visible on
the **Ho scintigram (Fig. lc). The effect of the scatter on the
percentage dissribution was never more than 2%, wending to reduce
the skeletal uptake of "*Ho,

248
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TABLE 2. Tracer Distribution of '**Sm and **¢Ho

Time of Max

Maximum % {h) % at 4+ h

Organ S$m-153 Ho-166 Sm-153 Ho-166 Sm-153 Ho-166
Bone 53 43 4 53 45
Urine 46 34 4 46 54
Kidneys 5.8 5.0 0.2 0.2 o] 0
Remainder 46 19 0.1 0.1 1 ¢
Blaad g0 100 : 0 0 0.4
Liver Q.03 0 0 o)

The rotal absorbed dose of *¥Sm for varous target organs as
presented in Table 3 corresponds 1o the caleulated values of Logan
et al. (17). In contraxt, the caleulated "**He bone mamow dose
{even il corrections are made for the lower bore uptake In the
kabcan model} differs considerably from the values for **Ho.
EDTMP obiained by Appelbaum et al. (1) in a beagle (dog) model.
This discrepancy might be ier alia due to their use for Sevalues for
human children, whereas adult human S-values were wsed for cal-
enlaring the results in Tahle 3.

Considering the above budistriburion and pharmacokinetic um-
perfections of ***Ho-EDTMP compared te '*'Sm-EDTMP, the de-
velepment of a different palliative "““Ho-based Lane therapeutic
agent with similar biodistribution and pharmacokineric propertics
as "**8m-EDTMP might be a worthwhile appreach.

The more erergetic Pr-emissions of "**Ho (with its ~8.0 mm max.
seft-tissne penetration) may be more efficient for che tremmenr of
large rvmassified tumars. These tumors respand pocely to '*'Sin-
EDTMP owing to the matrix localmtion properties of the phos
phonares and limited (=3 mm) saft-tissue pepetration of the '*3m
B-emissions (L5} Tes half-life of 26.9 b is long encugh to eliminte
logistic prohlems, but is sufficient to provide a higher radiation dose
rate than Sm, which s advantageous for radiotherapeutic treat-

ments (23, 24, 26).

CONCLUSIONS

Bone-seeking phosphonate camplexes of ' Smoand '**He can form
cemplementary therapeutle radiopharmaceutical agents owing w

their different physical properties with regard ro half-life and beta
encrpies. Both "**8m and "**Ho are lanthanides that easily form
EDTMP complexes with a high radicchemical purity. The role of
I 8m-EDNTMP is defired and canfirmed as a therapeutic agent for
the troatment of painful skeletal metsstaves. This comparative study
of "**Sm. ELFTMP and "**Ho-EDTMP in the haboon model reveals,
despite their sunilar chemical characteristics, a significantly inferior
periormance of "*Ho-EDTMP with megard 10 bane localisation,
Erodistribution, and pharmacokineacs. Pursuing clinical trials on
humans with '“Ho-EDTMP is perhaps not justified. However, the
development of more suitable bonelocalising ligand(s) for "**Ho
should ke sericusly conzidered.
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caleulurions, and the Medical Rezearch Council of Scuth Afica and the
Naisral Concer Association for fmancial suppore. Our thanks also go to
Evika Oosthwizen for typing the manuscript.
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Uptake of Ethylenediamine Tetramethylene Phosphonic
Acid in Normal Bone after Multiple Applications
A non-human primate study

fvene C. Dovoreh!”, Werner KA. Louw”, Frank., H. AL Schiteeweiss®, Rowan Milner!, Gerd Schminr,
Lirich Carl. and Sandra AL Croly!

AEC lstnure Tor Lite Sciendes, Medical Faculty®, Universiiy of Prewomm (Sowlh Afmcu), Atomie Energy
Corpornoon ol 5A L, Pretorn (Somb Al Institute for Medicine, Research Cenlre Jilich GminH®,
Tuheh i Germnmy), Vitermiry Fagulte, Universive of Preworia (Soutly Arrico. and Klinik und

Paliklinik 10r Strahlentherape wnd Radiologische Onkolowe”. Uiniversity of Dusseldort (Germunyy

Summary

Pathation of bape pun m patienis with bone metsiases hasspresiously been eviluared using

Sm samanium) complesed to bone secking -_lhxluu_daunum tetramctliylene phmplmlm
acid (CAS 1429:50-1, EDTMP), Repeated application of the radiolizand ns needed was found
progressively less eflective. This siudy questions whether EDTMP exerts 4 blocking function,
limitling dccess 1o bone or osseGus 1Imours w i-.]l successive adnunisiralion,
The phurmacokinetics and biodistribusion of "*'Sm-EDTMP in the normal expermmental ba-
boon (n = 6 douring three sucoessive applications (6 wesklv) each with twe ditfergnt cancentr-
tions of EDTMP (0.7 and 1 4 Mtk bawe) were investiguted using bone scintigraphy, '*'Sm-
EDTMP {111 MBqg) wus injected in each case and monitored for 3 h. Curves of tracer Kinglics
and bane to backzround uptake were obtainad. alse blood und cummukaive urine curves Com-
MTISONE Were :;L;n;.ucucu.l'i_-.- asseysed in euch group hetween successive applicatians und betwesn

DTMP cancentralions.
Partial blocking with the low EDTMP concentration reachel staustical significance alter the
third application. The 1irst application of the high EDTMP concentration velded lower up-
take n the bune than did low EDTMP pointing 10 blocking by the hagh concentration, b
nol seen witl repeated upplications,
Conunual applicaiion of high concentration EDTMF eould lead 1o a reduced level of caleium
in serum and ncreased parithyreid hormone levels which might trieeer osteoblastic actvity
i bone remodelling. This would partially affeet the hlocking which was thus more obvious
i the Jow EDTMP concentration

Zusammenfassung

Aufrte oo Edcleidionon-tetrametiiensphogpfionsdiee in gesunde Keoclien

aacht Melwfachappiicarion £ Eine Privaienseucdic

Bei Patienten mit Knochenmetastasen wurde mit Hilfe von "*5m |Sumarium). komplexiers
mit Ethvlendiamin-tetrmethivlien-phosphonsiure (CAS [429-30.0, EDTMP). die Alinitit wu
Krochengewebe besitzl, eine p lintive Sehmerzbehandiunyg bewirkt. Wiederholie Applikutio-
pen dee Hadioliganden érwiesen sich 2unelimend als weniger effekiy, Die vorlizgende Studiwe
beschiaftiet sich mit den Fragen, ob EDTMP die '#*Sm-EDTMP-Inkorporaion blockiert oder
begrenzt. wenn der Lignnd hLI#‘(LHmV appliziest ward.

e Pharmakokingih und die Bluivertellung von ™Sm-ERTMP im gesunden Versuclisticr
(Paviin) withrend dret puleinanderiolgender f\m'-!l!l..mom.l‘l 0.7 A und 1.4 mafke Knrp-_r_._xxmhn
wurden minels Knochensaintigrphic unjersuchy, 111 MByg "'Sm-E0T MP wurden Juweris
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infiriert und 5 h lang gemessen Die Kurven Tur die Tracerkineuk. fir die Aufnahme in die
Knochen relutis zum Hindergrund, (Gr Blun und den gogessmmelien Urin wurden ermanell
Vergleiche zwischen den wuleinunderfolgenden Applikationen und zwischen den beiden
EDTMP-Kondentranonen wurden in weder Gruppe statistisch usgewertet

Teilwerse Blockierung der "'Sm-EDTMP-Aulhahme dureh die medrigere EDTMP-Ronzen-
Lrition erreichie erst nach der dritien Applikiaton stinistisehe Sienifikanz. Die erste Appliku-
ey ot der héheren EDTMP-Konzentration greab eine gecingere Knochenaulmahine als die
mit der niedrigeren EDTMP-Konzentration, was wul einen BiockierungselTekt bet der hiheren
Knmeentraiion hinweist, Bel wicderhalien A r.'l Lationen wurde dis nicht beobachiel. Kont-

puierlicne Applikation der hdheren EDTMP

Ralzinm-Smeps
wistureh odteoblastische

“hanzentrialion kdnniz ru emmem verminderten

1 i Serism and demaulolee 2ceinem erbdhien Purathormon-Spicgel fihren,
Aktivitaten und Knochenwiedersu by ansgelost wurden,

Key words

Bigphosphonate, multiple appliciations -
plexzd o sthylenediomine vetrmmethylens phosphione acid -

Bone nn:la titsed - Samarium-1330 com-
Sm-EDTMP

1. Introduction

Radiation telztherapy has beon found effective to
cantrel or palliaie selated skeletal metastuszs, The
therupeutic success in multifocal disesse with bone-
seeking rudiopharmaceuncals will bings on many

imterrelated facters. such as the careful choice of

the mdionuehde (of which the hall-life and rudi-
ation emissions dictate 1ts radiobiclogical eflect)
and on the bone localizing agent (of which the bio-
chemical properiies dh_mt its pliarmacokinetios
and h.udu[rmmmn H . %t . = 4607 he
[i = "«“\ ke¥ 210 [': I‘u’.\ [44 %0 and 632 kel
134 %l maxs soft- liseue penetration = 03 em: v =
HJ~ 3\ 28 W de o radiopuchde with mlclr.n
properiics suituble [or therupeutic purposes. 1L 1S
furthermore 4 lanthanide which forms a stuble
compiex with bone-szeking phosphonales such ds
ethvlenediamine 1etrametbylens phosphanic acicd
(EDTMP). "*'Sm- FDTMP has been experiment-
ally investigated in animals and successindly tested
in humans for pain palliation ab bane melastises
[4-9).

Informatior regurding the pharmacokinetics, bio-
distribution  and  bane localization of "S-
EDTMP is necded 1o direel tredtment proteools in
humans. Such infermation has been obtained dur-
ing extensive 1 vive expericientation in non-hu-
mun primates [9). PFL|II‘I‘|II1|I1'\ patient studies. how-
ever, have shown that ' Sm-EDTMP progressivels
loses its pailiative effeet with repented administri-
tion @s 1t Beconies NeCessry: Dogs with cateosus-
coma and treated with 'S-EDTMP alse showed
no improved cllicues wlter i second administration
lown experience). The question arises whether
EDTMP exerts o blocking function, limiting wccess
0 the bone or osseous lnor with suocessive ad-
mimistrntion. or whether radmtion dumige to the
visciliaturs svstem disturbs proper aecess of the rit-
dichgand into the tumor

Bisphiosphanines wnd multidente phosphonates
such s EDTMP ure chemically stable and e not
stgnificantly metaboiized. They are sichtly bound
10 hone mateis and are powerlul inhibiors of os-
leochist mediated bone resarpiion [10] Onee taken

Arzneim -Forseh /Drog Res 48 (1), d08=d 15 (1995)

up by the bone. bisphosphonates are liberated
again anly when the bone in which 1t was deposiied
is resorhed [11] For example. the half-life of the
bisphosphonate alendronate ([4-winino-1-hvdroxy-
butvlidene]bisphosphonate) in bone was estimated
to be about three vears for dogs and 1en years for
humans [11. 12}, There are also data, although
conflicting. that the affinity of radiolabelled bis-
phiesphonates for disgnostic bone imaging is ul-
tered 10 the presence of therapeutically adminis-
tered hisphosphonates [13]

This investigation concerns the phirmacokingiies.
biodisiribution apd bone loculizavien of ' 'Sm-
EDTMP in the normal baboon experimental
made] during three successive applications (b-week
intervals which resemble the patient protocol) with
two dilferent concentrations of EDTMP 1o poss
sibly contirm ns biocking effect.

Such information could assist in optimalizing the
ligand as well as possibly lead Lo improved patient
trestiment protocels [or palliation of painful bope
B HES

2. Materials and methods
2.1. Radicpharmaceutical

Lsotopically ennched '=8m-0: (> 98 ) tirgets were ir-
ridinted for & me mmum tirse of 30 b and a nzucron us
ol 1.0 x 1™ em= s in the Safun-1 Research Reactor.
Following irmadintion the targets were dissolved i 0.23
ml 0.2 molll HOWmg SmaOs and diluied to resul) inoa
salution whieh tg 004 sl in NCY and [lered (.22
Lt

EDTMP was svnehesized 0 house v WKA Louw
e 'osn-C 4-'\ EDTMP s pirepired by wedding ! ane
part ol the " 'SmCl solition 1o tiree parts of .22 um
Bhered CaNa-EDTMP salution {466 me EDTMP %
HLO4ul und 7.03 mafml Cu as CalOH ) adjusied o pH
T.9-8.0 wih NaQH) 16 (orm & soluliom continning -
naiinmd< 200 pefmly, EDTMP < HO033 gl ond
3% mgim) Ca fas CalQFs, pll T.5-510, This salution
ts then diluted with un il]‘-prupn.'nh vilume of Calla-
EOTMPAOA malTHCIH D (1o vield lI'.‘ meidugl an-
mmal doses comaining = IRW Mﬂq 8y and 0.7 me
EDTMP/ka b\\l (Tow |L|I11l|lhlL,rL{' EDTME levell. s
= |83 Mﬁq Smoand 1.4 mg EDTMMLe b, s (e

252
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high EDTMP level Terminal stenlizinon of the produet
is pehivved by st autoclwing whered(Ter it 15 stored
Froden o mpnnize mdiolvsis, The musimuam Lipese o
ume between production and admpustraien wis ool
ragre un Three davs:

Complex deniity and mdiochemicu) purity was deter-
wated by dlan-lusver chromatogniphy on cellulose thin-
Bvers (TLC alumimuony sheets, cellulose (0.1 mm). E.
Merck,  Darmstadt,  Germany),  using  ammonia
[ 25 ) methanol s water (0.1 112 2) s solvent, ' Sm-
EDTMEP was found at R, = 0.75-0.85 and uncomplexed
Sm™" remaned at theonizin, The vield of the complex
Glways = 4900 was determined by lon exchange on
CN-Sephadex C-23 (Sigmu Chermcal Co, b

2.2. Biodistribution of *Sm-EDTMP in the primate
maode!

The ammal expermmentation was done secording v 1he
National Code far the Fandline i Use of Smgils in
Resenrch, Educabion, Dignoss and Testing ol Drum
and Reduted Substances in Soult Africd, and thie proto-
col approved by the authorised Eilyes Commitiee of the
Liniversity of Pretori, The antmals were obtained from
a registercd bregder, kept o under eavicommentally con-
trofled conditions und led fresh frait and special primaie
pellets.

Twelve healthy male huboons (Papio wrsinush six eich
for the low and the high EDTMP conceniration Lavemge
waight 27,5 Ke) wore used. Apiesthesit (1 end case wis
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Fig §+ w0 Mezn in = 6) nme-achiviey curves Inom the 2

2 dvnamie study of vhe cartiae Blasd poot o, Kidaey 00, o liver

foi alter the Goweek (B G-week (@), and 12-week (&) applications of ' "'Sm-EDTMP with I coneemtntmn of EOTME o ancd

o Mean in =4 besd clesmme
Heoweek (IR, f-wceh (@) aml [ 2oucek L&) wpplivations

wnd ctmulatve urme values

of "MSm-EOTMP {low epneentration) Likes over -3 by alter
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Fig 2 Histowrans of micon persentuge bone upiake of "Sm-EDTMP (low carcem cution? obuiined (rom 2-h-, 4-h-. und 5-h-static
soinupraphy alter Oowegk (20 foweek (0 and | 2oweek [8) gpplivations

nduzed witll ketwmne hvdrochlonde (1) mlfkg tm Kep-
akar, Parke Davig SA 3 and mamumszl By an 1y ad-
ministiatian of pentabarmilyl sodium solution (9 mafml
e satine: Sagsal. Muavbaker 5A b at a raie af 360 mih
in the vena cepliadica From which, gontrmliterally, blood
samiples could be drawn. A urinary eatheter (folevy was
placed in the bladder o facihtate the collection of urne
samples Blood pressore and heart rite were contimially
monitared as well as blood goses

Scintigraphy was perflprmed (Sizmiens Orbiter gamma
gameriy with the animal in the supne position for
planar images. The dats acguisttion initially involved «
view of 1the thory, liver and Kknevs, and wos performad
us o dviamic stody of 1203 1 min frames on @ count
diswn bolus injsction of 111 MBg ''Sm-EDTMP. Static
imuges of 4 min duration each lollowed a1 2.3, 4 and
5 hoaller the trcer imection. Thess imiges were chosen
to present the skeleq stracture from the skull to the
pebvis as two mutched images

Blood and urine siemprles were coilected ut Nxed intervals
for-3 . i eveny 3-muin for Ure first hour und then Wourfy
for bload samples, and urine every 3 mam for the first

hour subsequenth howrds Thé aetivity and valume of

cach sample were mensured and regisiered.
From the dynamic studs time-nclivity ¢urves were ob-
tained for the eardiag, kidney and liver regions RO (re-

Tiabsdy Mzl Bahess 0 0 of dracet learinees abtaioed Trun
he dviumne organ detdbinon stdbies foF low and fogh con-
ratws ol EETAT afier repeato] adminiabation al O, &
undd 12 weeks

gion of interest) placed on preas of the bony structures
af skull. shoulder, sterpum. nibs and pelvis as well as
miuscular bugkground aress (ho organs were visible @)
this stago) {rom 1he stitic images rendered relative region
1o buckground ratios alter background subtraction
Consequently relative uptake of **'5m by the bone was
calcwlited with bone and Buckaround taken as 1007,
Blood clearance and cumulative urine curves were ulso
abtuined. Afler 6 and later 12 weeks the sume procedure
wins repeuted for the six baboons in the low EDTMP
CONCENTraAion group.

A similar procedure followed also with three upplici-
tions for the six buboons in the group receiving high
EDTMP concentrations. Comparisons were driawn in
euch group between the successive applicutions and alsa
between Jow and high concenvations. The statistical
analysis was performed by Swudent’s t-test for paired
variables on # 3% level of conlidance.

3. Results

Time-activity curves for cardiac blood paol. kid-
ney and liver obtained from the dynamic studies
(0=120 min) with 0.7 mg "“Sm-EDTMP/kg b,
after gach of the consecutive tracer apphicaticns

Tinde 2. Pereentage sheletal opuake of tricer wuth ow amd fogh
EDTMP concentration at 2, 3. 4 and 2 v altey admuassiration
during (% & und 12 weeks repented siudies

s ez s Lol Porce iz uptake in biane D)
Low |[EDTMP] | Low |ECTMP) -
Uowerh {1 weeks 11 weeks D week | b ks 12 weeks

Cardine blood pool An=qs 40=06 4.0 =04 Th =43 758z 34 THO 2 4.6
Kodiies 15 =41 6323 154=42 b 8r4=5%| THA=52 To5=4%
Liver 12d=4) | 1423253 ) 18h=d) 4 4 hT7=47 4 e F R 14 1= 40"
il wripios hs= |4 Ll =30 Ri=21 ih B8l =44 | B E=2X0 Tin T 36

Hrgh [ECTMPT | 17 wed B oweeks i 2 weeks High [ELTME| 1wk £ wiccks 12 wenks
Camdie Yhisenl Py e dlrali k dil=0X 20 TEE=2h 77.2=34 T7.2=4.1
Ko ilgres 144 =4 [EN AE=TI® ih Bld4=733 =62 Bh=52
(WS i 43 [5d =53 Sl=ad} 4h B24s+2| 8l0=7"0 Mid=63
Blowed somaples LR SRa 8.1=30 ih B4 =33 BT =5 Bly=13
“pLilliE pelnd
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dlime intervals of 0, 6 and 12 weeks) are presented
m Fig. Lao b, and ¢ No signilicant differences in
the carly bickinelics appear from these curyes,
Consequently the early phase (up to the first 120
min} aversge washout rates from the cardiae
bloodpool. kidneys. liver and whole blood sam-
phing (Fig. 1d) expressed in terms of t, of cleur-
ance and presanted in Table 1 are not statistically
signilicantly different. but show a tendency of
stower clearance especially for the Kidney, liver and
blood with repented upphcations. The wrine excre-
tion of the tracer alter the first application further-
mare reached a higher (by 21 %) cumulative villue
after 5 h than Jor the second und third applications
which in turn did not difter from el other (Fig.

led. Large standard deviations of the order ol 40 %,
jeopardised statistical validation i this case. Par-
tul renal clearances estimated rony the blood
curves also did not differ stgnincantly.

The tracer uptake and retention in the bone sirue-
ture which was measured at 2, 304 and 5 1 by static
acquisition preduced additional count rite dat
which are shown as percentage bone uptake of the
tracer {considering only the skeletal and soft tssue
compariments;: only these were still visible) at 2, 3,
4 and 5 h (Fig. 2. Tuble 2y, Decrensed uptuke is
seen ut 4 and 3 h with cousecutive upplicitions -
on the average 6.0 % less between the Tirst two ap-
plications and likewise (6.3 ) batween the second
and third mjections. Stanstica) significant differ-
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siar the Deoweek (M), Ge-week (@), and | 2-week (&) application of
Al clearance 14/, amld cumulanive wime valis
week (@), and [ 2-week (&) appheitions

Vot UEm EOTMP thigh concempation) taken over 3

HSm-EDTMP with high concentrstion ERTME d and o Maan
b oalter Deweck (). b
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Fig 4 Higogroms ol mean percentugs bone upiake of
brstavic seinterphy afier Qoweek (20, G-week (80,

ences are reached between the 0 and 6 week 1njec-
tions at 2 h (p =<0.03), but not at 3 h
(L5 < p =< 0.01) betwegn the 0 and 12 week ad-
mimsirations a4 and 30 (p < 0,020 but not a1 3
Fos<p<Uiy 1o at 4 and 3 b thin max-
e uptake of "USa-EDTMP has been proven
o aecur [9).

in the high EDTMP groun of animals which re-
ceivad the 1.4 mg EDTMP/g bwt. the tine-uctis -
ity curves of cardiac bloodpool wnd liver indicated
no bickinetic and biodisinbunon differences be-
tween the tracer applications (0, 6 and 12 werks:
Fig 3y and ¢). The Kidney. however, [Fip. 3b), pre-
sented miarkedly delaved exeretion of the raeer al
the thrd appheation. This is confirmed by the 1, -
vitlues for the kidney clearance in Table ) (1, =
ISK =700 at the third spplication (p < 0.03), De-
luved Kidney elearance 1s alse illpstrmed (e 3eg
in the cumulative urine values afler 12 weeks,
where a clear blocking effect of Y*Sm-EDTMP ex-
cretion is seer m the first 30 min after the wpplica-
tien al the high EDTMP concentration follawed
by the subsequen! sudden inerease of tracer clear-
ance.

The Blaod clearance curves show no differences be-
teeen the three applicitions (Fig. 3d and Table 1),
and from these the calculated renal cleurance val-
ues were whso not diflerent,

The trucer uptake and rewntion of the high
EDTMP concentrmnion in the bane structure as
memsured during the stauc studies a0 20 3, 4 and
51 oshow no statistical sienficant chimoes between

the 0, 6 ond 12 wezks admimistrutions (Fig. 4,
Tahle 25 AvD weeks. however, 1he tracer with 1the

high concentranon of EDTMP indicates reduced
eptike with respect to the low  concentration
{p = 0.05). This puttern wig ni repeated at 6 and
12 woeks (g, 2 and @1 The scintigrams (which are
not shown hered clearh dlustrate reduced skeletal
pptinke with repented adminisiration,

a & 12 g 6 12
4 ROUKS £ HOURS

WEEKS
Sm-EDTME Gagh concemrminn ohtwmed from 2-he. 3-ha.
wred § Zewpek () appleatisan

Lo wngd 3-

4, Discussion

Two principle factors lead tn the sccumulation of
radiopharmaceuticals in bone These are blood
Mo and extraction efficiency [14]. An additionai
facror 1o consider 15 capillary per |'|'u.ubi'|:[_\ [14]. In
A recent review [L0] of bisphosphonates used (or
senile osteaparosis i1 was reported that the meuba-
tion of the bisphosphonate alendronule with hu-
man bone particles resulted in rupid. reversible and
saturable bonding., Alendronate is an aminobis-
phoaphanate which has higher antircsorbing activ-
ity thun the bisphosphonate etidropate which has
no amine zroup [10]. EDTMP s o multidentate
amimophasphamate heand [10] which locahzes in
bone by bridging lndlnx\ apatite. [15] and can
therelare be presumed to similarly participale in
satursble bonding which ceuld influence the ex-
tracton efficiency of the braand durimg mulnple ap-
plications

A phenomenon of partial blocking indeed appears
present in this primate study with e low EDTMP
concentration, us cun be seen (rom the reduced
FASm-EDTMP uptake in the bone with r;pc;ntd
Elpp'lt.lliull‘- The etfeet reached sttistical signih-
cunce only alter the third upplication (p < 0.02).
Furthermore already al the first application (0
weeks) of the high concentration of EGTMP a
lower bone uplake was observed when compared
10 the lower concentration probably pointing 1o a
blocking phenomenon by the high concentrution
of the EDTMP. The U-weck values of the hich con-
centration de not show much change with repedied
apphcations. It can be speculated that continuyl
application of EDTMP. cspecially at hielh concen-
pration. will lend to reduced serim calcium levels
mercasing  parathyroid  hormone  concentritions
[0, 13] which in turn nught trisuer osteoblastic
activity and some bone remodelling, thus partinliy
oflsetting the blocking which was corsequently
more clearhy illustrated at the low EDTMP concen-
tration [16. 7]
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B s oo, badnady musically mamtered under
controlled winesthesia and aeh animal beng ity
ann reference, no Tlood Mow ehanees need (0 be
considered. Early chuamges in cupilliey perimeability
could maybe follow from localized radiation dam-
ape 1o the skeletal mocrovaseuluture aid conld also
ciuse reduction in bone metabolism visible in the
subsequent wdministration 18] However, the 0
week dilfersice between the low and [igh EDTMP
concentition: USm-EDTMP emnot be altrib-
ated o rdlation danuge effects on bong mebo-
frsmeaid woulld seem 10 negate ridiation et o
this stitee. So also does the fact thal no reduction
i uptiake ix seen dor the high EDTMP concentra-
tion with muluple applcations and the sime radio-
active dose as with the low EDTMP ¢oncentration,
I conmiderning the early biokineue data 1t should
be poted thut renul excretion s the only route of
climination o bisphesphonates. Animial and hy-
man stadics imdicine that svstemicilly adminstered
brsphesphonates are purily Laken up by bone anu
the vemupnder excreted by the Kidneys [10],

The effect ol delaved Kidney:clearniice (b ) seen in
this study progressively with mulliple sgoinisti-
tens of "Sn-EDTMEP and especially pronounced
alter the third application of the high EDTMP
cencentration could passibly be explained by a sat-
urable transport mechanism in the kidney by bis-
phuosphonites also seen in rat studies [100 19)
Comprapusing the renul excretion s seems Lhe
case in this study with multiple "*"Sm-EDTMP ap-
plicutions ceuld wlsd expluin the genenil defayved
clearanee pattesn s2en n the dyvnamic 3udies {13)
Flowever, no significant diferences could e found
in purtiil renal cleirunces culcvluted from the
Dlood clearance Turves

Bisphosphonates hind preferentiully. 1o bones with
high turnover rates amd ther distribution is not
homogeneaus. The preferential localizatian of his-
phosphonates could be due (o the lrger exposure
ol fydroxvapatite ut sites prepared for undergoing
bone resorption which makes them uccessible o
the drugs in circulation [20]. Trabecular bone uc-
counts Jfor 809 af the bone turmover aithoush it
represents anly 20 ' ol the skeleton [21). The near
absence of long bones in the “*Sm-EDTMP scinti-
grams dnd the high activity in trabeculur bone (rib-
cige. vertehrae, sternum. shaulder and wrist joints)
hivee been found 1vpical of 'F'Srn-EDTMJP 9,
FRe-HEDP  (hvdroxvehwlidenediphoasphanate)
22] but 1o some extent different to the routinety
used dingnostic ligand ™" Te-MDP (methylenedi-
phesphonates, Althaugh all bisphosphonates have
similar physicochemical properties. their ant-re-
sorbimg activities differ substantially [14], This
could e the redson lor the contlieling data on pos-
sible impaired sensitvity of radigpharmuceutical
tone imaging after previous bsphesphomate tlyer-
upy |12, 4, 25§

5. Conclusion

The resalis of the present primate study clearly in-
dicate u blocking efMect 10 the entry of ¥'8m-
EDTMP into nermal bone with repeated applica-
tons of the lew EDTMP concentration. To avoid
this effect during 4 pallintive treatment of puticnts
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with skefetul metustsses the use of the ngher con-
centeation of the EDTMP heand conkd be recom-
mended et only on condivon tar po renal dam-
aee Lukes place. Due to the bone remodelling efiect
seen Pere ot lngh EDYTME concentration. its com-
bination with a stronger [emitter (™Mol could
miybe enhance the pallintive etlect.
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Summary

/

An ldeal radiopharmaceutical for the
treatnent of neaplastic and nflamma-
tary (benign) bonw dlseise would be a
radiclabelled compound that predombi-
antly sccwmnulates in bore leslons with
limited access to normal Lone snd other
organt. Neoplastie iissue’y ahnormal
blucl supply (Increused permeabiliny)
and lack of lymphatlcs will salectlvely ac-
cumulate radiolubelled macremolecules.
This erthanced permeablilty and reten-
ton effect forma the basis of this swdy,
using various molecidur sizes of the
radllolabelled macromalecute polyethyl-
enclhininemethyl phosphonie acld {PEI-
MP) for Increased selectivity af the baae-
secking radiopharmaceutical. PE[MP
whas symithesized by condensation of poly-
ethylencimhie, phosphanic neid and
formaldehyde, followed by fraciionation
Into different molecular sizes by mem-
brane altrafitration. Labelling efficiency
1o ¥*™[¢ {as radlotracer) was =~ 99 % with
camplexes stable for 24 h. The pharmaca-
khietics and biodlsribution of various
Fez-PEL-MP fractlons were Inveniguted
using 4 experimertal baboass (Puplo ur-
#inus) per fractlon. Scintigraphy was per-

i1y phesphoc aosd

258

l'élrmr:d on the bubcons under general an-
aesthesia of pentobarbital kv After an Lw
bolus of ™= Te-PLI-MP (~ 185 MIq) both
dynumic siudles (30 x 1 min frames), and
statle studlis (2 min acqulsiilon every
hour for 4 h) were done, 3y well a3 bload
samples and urine collected. Fram the pe-
sults mazromolesiles with sbs ranging
herwean 30-300 kla were chareterized
by excessive liver (21 57 % retained ec-
tvly) and kidney (40 % retained actlvicy)
uptake end accompanying lang reskding
tmes {1,,5 up to 24 hl. The percentage
beste uptake averaged at 8 % for these
partleles excluding skzes 100-100 kDa
where very litle bone uptake wwas seen

{< 1 ). In this case the hlood clearance
was alio slow (t; > = 2 h), The [raction
slze 10-30 KDa had comparztively low ac-
cumulaton and short resldence tmes in
the liver and kldreys (resp. 20 %, =
22 £4 min; 17.5 %, 4,2 = 20 = 3 min) and
although the bone uptake of 18 %5 In this
casg was high, It Is stlll Jow for a bone-
secking agent. These particles cleared the
blood with I,z = 23 £2 min and seemed
sultable {or labelling with a rtherapeutic
radloisotoplc agent,

Armieim, Forsch./Dineg Rea 31 |0, 258263 (2041}
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Zusammenlassung

fnitibiotles - Antlvira] Omgs - Chemctherapeotics - Crioslatcs

Vertefung und Pharmakokinetik von ra.
dluaktiv markiarter Poiyethylanining-
mathyiphiosphonslium unterschledlicher
Molekilgrife als selekliver Xnochensis-
cher.im nocmalen Primatenmadell

Eln wenles Radlopharmareuiihum fli
die Behandlung von neopizsitschen und
entzindliclen (benlgeen) Kooshn-
krankhelten stellt elite radicakily mar-
Kierte Verbirstung dar, die sich varwle-
gend an Kaochenlisionen snrelchert und
2y nocmalen Knochen und anderen Orga-
nen elnen moghlehat begreszion Zugang
hat, Die apamale Blurersorgung nfolge
steigender Celillpermeabilinil sowle das
Fellen lymphatischer Geffile ln neapla-
silsthiem Gewnbe kiinnen eine selektive
Akkomulatlan radioushiiv markierier
Makremalekiile bewirken. Mere erhishre
Permeubilitit ond dur Retanilonsoffekt
bilden die Basis fir die vorliegende Ase
bett, dle verschiedens Molekitbgrdfen des
radioaktly mracklerten Makropalehils
Polyeibyloplminomethylphosphensiun

(PEI-MP) flUr sunehmende Selekthtis
dus knochensuchendon Hadivpharmazeu -
Tihums benuzs, PEI-AP wunle durch
Kondensatkan von Pnl}.'el.l::.'lrn'lmim-
phizsphonabure mlt Formaldehyd synihe-
tisiert, Die Fraktionlernng n verschle-
dane MolekillgrdBen erfalgu: nilitels
Membranulirafilirathan. Tile Markiie-
rupgseMiclenz des Komplexes mit ™ Te
als Radiotracer hetrug ca. 59 ¥ bl
Zasriwdiger Stabilitie. Bie Pharmakokl-
netlk und dle Bioverteiiung von verschie-
donen " Tc.FEL-MP: Frakilonen wurde
a4 Pasdanen {Magrie wuradnus) Pru Fruk-
tian untersiche Smmigraphiscle Mes-
sumgen wurden an den Venuchzileren
urier allgemelner Andsthesle mit Feato-
Barbltal duschpefiihrt, Noch elnen Ly
Dolus von e 108 Mg ™= Tc-PELMP er-
folgten dynamische (30 2 1 min Bilder)
uret stutlselre Untersuchungeo (Akguisls
tion: 2 min Dawver fur 4 h). Zusdidich
wurden Blutproben gerommen und Urin
gesamuie]l. Die Resultare zelgier, daf
Makeromolek e, deren Grlde zwischen

30 ued 300 kKDa Lag, durch oxzesslie Anl-
nalume in Lober und Sanm (eorhlel-
bende Radioaktivitti: 21-57 % baw, 10 %)
sowie bel glelchzeitiy langer Verwedll:
dauer {14 bis 7y 24 hl charuklerislert wa-
resn. THe durehischittliche proweniuale
Aufrialbione in die Kbochen betrug 8 % filr
iicya Makromolekille, ausschllefilich sol-
chee, deren Gréfe 100-300 hDa betrug
und die elne sehr klelne (< 1 %) Koechan-
mufnabime zefgten, In dlesern Folle war
ie Blut-Clearance auch langsam (e, = 2
hi Die 10-30 kiDa-Frakoon reigne e me-
lariv nledrige Akkunudation und Verwell-
davter sowolil in Leber (20 %5, 1., » 2224
mint als such o deny Nleven (175 7%, 4,

2 = 20 =3 miin). Obwahl die Knochenauf-
nalime dieser Feakton mibt 13 % hoch er-
schden, war sle [Mr elnen Kiochensucher
relitiv pledrig. e Blat-Clearance b
trug 25 = 2 min und schien daher filr
eine Murkderung mit einem therapeud-
ichen Radicisotap geelgnet zu sein

1. Introduction

A variety of skeletal diseases eg. osseocus metastases,
various bone tumours and Inflammatory skeletal dis-
ease such as ankylosing spondylids, Paget's dissuse and
rheumatoid arthidis resuit in severe skeletal palu, im-
matility, anxdery, and seversly diminjsly a padent's quiz
ity of life.

Ragdiation teletherapy is ¢ some extent ¢ifzctive 10
control or pallinte iselated skeletal pain foci from these
dizeases, Difficuides associated with Irs applicaton in
multifeenl discase together with recent commemial
availability of vardeus bone-seeking mdiopharmiaceu-
ticals eg. stromtium-89 ("5, samacdam-153 (18-
eihylenediaminetetramethylene phosphonate and rhe-
mium- 186 " Ae) -hydmayeihylidene diphesphonate 11,
2}, led ta renewed interest in systemic treatment with
internal radionuclide therapy. Inwavencusly adminis-
tered bone-seeking radicisotopic agents diswibure via
the circulmory system throughout the bady while sim-
ulraneously accumulating in the bone. The material not
taken up by the bone is efficiendy cleared through the
kiclreys into the Bladder |1, 2]. Using thiz medality all
invelved gsseous sies can be wreated simultaneously
with limited associated toxicity, Selective absorption
into bane and especially into diseased bony areas limits
irradiation 1o mormal tssues and increnses the thera-
peutic ratn,

Therapeutic (and aiso diagnostic) success of a radlo-
pharmaceutcal will hinge on many interrelated factors,

Aremwiene Farschd Dy Bes 57 {1, 254-763 (200
ray ]

e Cammr Yedee b dendrad [rtmimmit

such as the careful cholce of a radionuclide (of which
its hati-life and radiation emissions dictate its mdiobin-
logical effects and its diagnostic tinage qualiv), linked
19 a bane localising agent of whicl the Licchemical
propertiss dictate its pharmacokinetics and biodistri
bution

The basic principle for the design of diagnostic and
thempeutic radloplarmaceudcals 1s the intorparation
of a suitable radlonuclide in an apprapriate chermical
cormpound to atain the highest target-10-background
concentration ratio. The important concern, especially
with therapeutic radiopharmaceuticals, is w maximise
the madlation deze to the |esion while minimising that
to the remdinder of the body, mest specifically 1o the
critical organ In this case, the radiozensitve bone mar-
oW,

Bisphosphonates and aminophosphanic peids (eg
ethylenediaminetetrameathylene  phasphanic  acid
{EDTMP]} are cheinically stable and are not slgnifi-
cantly metabolised. They bind tighly o the bone ma-
irix, undl onee taken up by bone are liberated only when
the bone in which it was deposited is resorbed [3),

Particle-emiuing radionuclides, eg. [f-emiting **Sm,
have been complexed wirh bisphesphonates and sub-
stituted acganic amine phasphonle acid derivadves, £g.
EDTMP wherein the niwggen and phosphorous are in-
terconnected by an alkylene or substtuted alkylene
group. Certain of these complexes have been shown 1o
be very selectve for the skeletal system with very low
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soft tssue upiake [4). The complexes also tend to con-
centrate in areas ol fast growing bone much miare read-
ily than in normal bone, The radionuclides used are
mostly B-particle emining. and a high radiation dose Is
delivered In the area where they are deposied. Thus
therapeutli radintion doses cun be dellvered specifically
to ealeific tumours. These complewss (eg. "™ 5m-ethyl-
enedimmineterametiylens phosphonate) have been
found uselul in the geatnient of such wmoues i hu-
mians and animats (3-8 Unfortunately the selecilvity
towards fast growing bone (tumanr areas] 15 not ad-
equarte 50 s to avoid bone margw suppresiion, which
limits the mdicactiviny doses that ¢un be given to a pa-
ticnt, and thus akso the therapeutic efficacy of the agent,
Any radionuclide that ends up on tmberular bone, or
in e fnner surface of corticnl bane, will deposit energy
1y the msdicssnsitive bone masmosw (95,

The principal factors that lead o the accumulyton
of radiopharmaeeuticals in bone dre blnod Oow; extac
tiony efficacy and capillary permeabilivy. The discovery
that macrmelecuwles and small particles accumulate
passively In solid tamour tissue has had enormous lm-
plications for improved design of targeted chemothe-
mpy (10, 11). This phenomenon has been called the
“enhanced permeabilicy and retention effect” [EPR-ef-
fect) and has been artribiuted 1o two maln factors: -
meur vasculnure ofien displays a disrupled endothe-
lium (Le. becomies leaky!, which allows racromalecular
extravasation 10 a greater extent than sevrn vid moest
other endothelial barriers, and also a lack of effective
Ivinphade drainage, leading to macromolecular accu-
mulation. Generally tumowr tssues and infammatory
areas are chamctersed by an increased permeability of
caplliary endothefial layers 1o blued-borne macromol-
ecules. Administration of radiclabelled macromolecules
this leadds 1o a selective accumulmizo of radioacdvity
in these areas. Furthermore, if these wimours or inflam-
matory areas ae calvified or associaced with the bone
matris, the selecilve retentian of the phosphanate con-
taining macromolecnle will also be enbanced by its
birding to the hydroovapatite bone matrix. At the same
tirme the nonmal Bone (and especially the radiosensitive
red-marrow) is protected by the normal impermeabillry
of their capilliry endothelial loyers wo bioed-bome
macrnmolecules (= 60 kDaj [12]. Higher and more ef-
feciive therapeutic doses are thus ataipalile.

With sl molecules (eg. Sm-EDTME) a signifi-
cant part of the administered radioactiviry is eliinated
in the kidneys by glomerular filuadon. By increasing
the malecular weight, glomerular elimination, and thus
also the administereid dose can be reduced (§3),

The bindistibution and pharmacokinerics of various
radionuclide compleses were studied in this invesd-
galion in the normal chacma baboon (Papio ursinus).
Thase sudies were conducted by injecting the "™ Tc
complexes of polyethyvleneiminomethyl phosphonic
actd (PEI-MP) fractions of various molecular sizes into
the experimental animals to obtain the gareuna fay Im-
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ages of the entire animal at various tWmes up to 4 h after
injection. In this manner an optimal molecular size of
palvmeric macromolecular radicactive cornpounds can
be determined with optimal protection of normal bone,
tiver and kidney, ®™T¢ is {n this study used as a tracer
isotope to fullow the pharmacokinetics, with no thera-
peutic properties.

2. Materials and methods

2.1. Synthesls of polyethyleneiminomethyl
phosphionic acid (PE1-MP)

PEL-MP was prepaed by the cosdensation of polyethyieneln-
ine (PEL), phosphorous acld end Srmnldenyde by a modified
Mannich eaction in the presence of hydrochloric actd {14, 15].

Phosphiorous acld (1036 ¢ (Riedel.de Hagn, Seelze, Ger-
many). was dissolved o 31.3 ml concentrated bvdrochtoric
aoid (32 % pro armlysi, B Meck. Daonsady Secmany), while
ing snd hexing to BU *C. Aler dropwtse addiion of 32%
frrmaldedipde soludion (pro analve, £ Merck), (e temperaiure
was raised to 20 °C (rellusing emperature} and a solution of
A.33 g polsethyleneimtine (Polymin®, water-free, BASE Lud-
wigshiaten, Germany) tn 40 m] water, was slowly added 10 the
reaction miitume aft @ mte of 0.3 mi/min. The reacton mbaure
wag comtinuously pusged with argon. When addition of the
palyathylenaimine salution was completed, the reartien nix-
ture was aticyed ander reflux for anodher hoot, then alloved o
cal slowly overnight during which the product sepamied a5 a
wiscous oil Alter decanting the mothe liguld, 50 nl vwater was
added to the oilv precipitate which formed a doughy mass
upan stirring.

The liquid phasa was decanied and the process repeated
mwice whersalter the daughy matanial was dissalved In 37 ml
of molar sadium carbonate solutian to form the water sofuhle
sadiym saltof PE]-MP {pH 7.0 Alter Iyophilization 12 g of PEI-
P was obigined,

2.2, Puriflcation and fractionation of PEI-MP

The macromalocule PEL-MP o5 propared above, was fucther
purtbed and fmotionated lnie diffetent macramolecular sized
fractions by membmne ultcafilirarton using commarcialiy avail-
ahie polvethersulfong membmies. An aqueaus solution of so-
dium PEL-MP was subjected to & saquential ultrafilimation pro-
cess throuph o sequence of 300, 100, 50, 30, 10, and 3 kD
ultrafiliration rembmoes (Fliron Techiolegy Comp., Narthbor-
ougl, AA, USA). The membmne retemates were washed with
distifled water to a thenreticaly caleulued purity of 93 %, to
vield 3-10, 15-32, 30-50, 50- 100, and 100-300 kD4 macronale-
cular sized [ractions {see Tatle 1)

Typical elemenial anztysis gove a C:N molar ratie of 2.97:1,
whish on the basls of a empirlsal formula of & PELMP mono-
mer of GH N3O, indicates a high level of me:hylphos-
phonutizn, in eentmst to PEI with a monomer empirical for-
mila of CoHaM; and a ratio C:N of 2:1.

2.3, Labelling of PEI-MP with "¢

The |ignnd PEL-MP was labelled with {as tracer] by addiang so-
dium perechistate (up 10 53 mCi) o yophilized kits of the
ligand (13 mg and a reduzing agent (sannous chiodde dihy-
drate 0.5 mg! 1o produce the labelled camplex (pH 5.06-5.55.

Argricim.-Fenchd Dreg, Res, 51 (1L 298253 (2001
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Table 1: Percentage yield of PEL-MP fractions ¢hialned by mem-

brane nlirafiliration,

Andibledizs - Antiviez) Diugs

—— _— —

+ Chemalherapantics - Cytlostalics

Tatde 3: Mean percentage (n = 4) of Injected dose of different
*Te-PELMP frocilons sscrated through Kidneys alier 4 b,

Fraclion (kDa) Percenlage vield % of Injected dose
- Fraction (ki) “excreted thrgugh the kidneys

<3 bR e < ; after 4 It :
-1 78 -
1030 b2 =19 46

=50 G4 | B=30 BB

E0-100 324 A0-50 Gan

§ o= 177 Sh—00 202

% J0KS T | T0-J00 122

The racdiolabriled complekes were analysed for endiochemical
pariey using frstan thin-ipver chromatagraphy on silice gol
impregaared glass-fihre sheers a3 siationary phuse and acerone
wid 0.2 % sadivin ehlaride soliilons as movile phase The m-
shoshemical purity ol the comploves was = 938,

2.4. Bledistribution of 9°"[¢-PEI-MP

Twerry healthy male tiboons. avesage welght 275 kg were
used in the sudy and received Ly ™9 0e-PEL-MP of various
miofecular stzes All studies weee performed after approval by
the Bchics Committen of the University of Fretoria, according (o
the guidelines of the National Cede for Antmit Usa In Research,
Editcarkon. Diagnuosis and Testng of Drugs and Relared Sub.
stiarices in Seuth Afriza.

Thebaboans (= 4 In each groug) were subjected 1 bden]-
cal expericnentyl procedures extept for the mentioned difet-
ences i nialecular size of the infecred ™" Tc-PEL-MP mal-
ecules Five differant slze fraciions [grovps) of the PEI-MF ma-
crornlaculs wine sudied, viz in (e following ranges: (1] 3-10,
(23 10-30, (3] 3050, (4] 50180 and (3) 100-300 kDa. Induction
of anarsthesia was performed with ketamine hyesochlorlde {10
g/ Lm), (Koalar Parke Davls, Cape Town, SAJ, and im-
mediagely followed by & mainmined controlled infuslen of a
&% sodium pemebarbitane salution (Segaial Kvron Labomig-
ries Pry. Led, Benrose, S4) a1 530 midh. The anlmal jn the su-
pine pasition under the gamma cunera was Injected L with
a balus of 185-250 MEq of " T PEL-MP and data acquisition
starfed ana count dowst with a Slemecs Orbitar gasmma cam-
era (Siemens. Erdangen, Gernany) In fd x 64 weorrd mode per-
formlag a 30 min dymmic study (30 % | min famesh. At 1,2,
3. e o ed also at 24 b stacke imapes of 120 s wem acquired,

Mogd and urine samples were collected a1 fued incervals
for 4 1, viz every 3 min for the first houwr, then hourly for blood
samples, and urine every five min for the first hour sub-

ssquently hourly The activiny and volume of each sample
were recorded.

Regions of inferest (RO} were placed on tlie images of car-
e bload pool, Yiver, lung, spleen, kiineys, and sping {1he ver-
tibraed to. sbiain time-activiny curves of the dynamic study
Slinildrly, damn of countrate p2r plxel for the ROEs which were
decay-cormecrod, were shtalined from e stalle images Thess
were popnalisel) (o extend e time-acihviyy curves of the dy-
mamii study 24 h

Blood cleatance and cumulative ufine curves weme alza ob-
tained in all coses o that avemge wlarive organ diziributions
of the retained activity and eveniually of the lnjected dose |L2)
cauld be obtained for all ™=Tc-labelled malectdar size fmc-
tians Thess could be compared for optirmal distribution ehas-
acierisios for thempy acennding 10 the mentioped criteria. The
slarigrical anolysis was periocomed by Stadends -1es1 for paired
varigblis ona 5% level of canfidence.

3. Results

The mean (n=4) hall-life of retentdon of the different
e Te-PE]-MP fractions are given in Table 2 for various
body comparunents including the cardiac blead pool.
Also in Table 2 s the highest mean percentage uptake
(n=4) of the different fractions during the first 4 h in
the varlous comparunents. The mean {(n = 4) percent-
ages of injecied dese of the diferent “™Te-PEL-MF frac-
dims excreted by the kidney after 4 h post injecdon are
presented in Table 3. Mean tme actvity curves as a
percentage of retained body activity for the different
ST e.PELMP fraciions for the liver and kidney are pre-
sented in Fig, 1 and 2, as well as normalised blood ¢lear-
once curves in Fig. 3.

Tabie 2; Mean 1,2 In min (0 = 4) and menn maximum percentage uptake (in the first 4 h) of Lhe various ™" Te-PEL-MP fraction ln tre

warious body compartments of the primate noilel,

e ' tuz (ovin} and percentage ol uplake
lkﬂ_ﬂ) Cardia bloud pool - Biver Kiduw b LS e Spleen Bone
- wel 90 k32 =4 h W=z13 Tax2 >N
15324% 1izgl1s Weiw B22% le]% B=1%
10-30 10x1ls L£3 =l 153 o EE =4 h
1I£3% Nx2% 184 % IZ5=2d % IFEES R Wzt
an-50 B2 El'x 15 >4 I De2 45£U >41h
10E4S izl P rin TAElS BER % 9+05%
=100 Zx18 =4l >4h 2iz2 =dh >l h=2h
1524% 4523 % I5ti% DLI% B=05% TEU5%
| Ga-200 2hz0dh 29htL5h ES5hz05h 224h=2h -
0=THN 57T=9% FT5tZI% 53=2
ety - Fesmag Tl Hoes. &1 A2 [ SO0
ﬂu}‘c:.l'm I,:-T-: ;:1::.: 'nl-or.:’;-r T ..-I'I.r.".-.:-i! 13t 1 5 = Frlyedn immessarmilny phoypmarie shil 261
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¥ig. 1: Percentage of reisined body activity for diffarent ™= 7¢.
PELME fractlons In the primate liver. w = Fraction 3-10, @ = Frae-
tlon 10-30, 4 = Fractlon 30-50, ¥ = Fraction 50-100, # = Fraction
108300,

0

) of refrined activily
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Fig 2 Moun pereentage of retained body setivity for differrent
" Te-FELMP fractons bn Ute primate Kldney. w = Fraction 3-10,
® = Fracton 10~30, & = Fructian 30-30, ¥ = Fraction 50--100.

B

s e
* L P

Mormndes] countimil kil
T B
Y
1
4
L]

T
L3 0 1159 200 e
e {miruiga)

P
-

g 2 Normalised blood elearance far different *™Te.PEL-MR
W = Fractlon 3~10, = Fracdon 10-30, & = Fraction 30-50, v =
Fracilon 50100, ¢ = Fracton 100-304.
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4. Discussion

Inereasing the size of the macromalecules ¢f ¥ Te-la
Uelled PELMP results in marked changes in their
phzrmacokinelics amd biedistribution {Takle 2). In nor-
mial bone of the primate medel thare was almest com-
plete exclusion (<1 9%:) of the particles larger than 100
kDa, The highest reladve skeletal uprake of 18% was
demonatrated by the 10-30 kDa fraction (Table 2), but
this is tiil cansiderably lower than that known for **'Sm-
EDTMP (> 50 %) (16].

Al masromolecules of sizes = 50 kD= exnerienced an
excessively high upake and prolonged reiention by the
1 would lead 10 unzccapably high radiation
deses eventually from the carresponding therapeutc
agemts (Fig. 1), A measurable llver accumulaticn is pre-
sent for all particle ranges (Table 2), contrary 1o ¥15m-
EOTMP which demonstrates minimal liver upiake
[= 003 %) [16), However, the retention time {1,,7) of the
smaller particles in the liver {5 shon (maxlmum 90 roin
far fraztion 3-10 kDa (Talilz 2} and lowest {p < 0.03) far
10-30 kD),

Mo upiake by the kidney is observad far the PEI-MP
fracilan 100-320 kDa. For the fraction 50-100 kDa there
is kidney uptake which is largely retained ar around
15% of bedy activity. The fraction 3-10 kDa demon-
strates [nival high kidney upake and an Inereasing per-
centage of retained activity with time (¢ =4 hi. This is
algd the case with fracticn 30-50 kDa. The high (= 20 %)
iniial kidney uptake of fraction 10-30 kDa experiences
fast washour within the first 30 min, and is scon re:
duced 1o arcund 50 % of the Inital vpiake [Fig. 2) which
is significantly lower than for the other fractians with
malecular size < 50 kDa. Blood clearance (1;:4) from the
cardize blood poals was <[5 tnin, werept for fraction
100-300 kDa where there was o prolenged retsntion of
the particles in the circulation [1;> = 2 h). The lung
clearnnce rate followed a simitar panem with prolonged
retenticn for fraction 100300 kDa {1, = 2.5 h), In all
other cases 1 for the lung was < 30 min (Table 2), The
percentage uptake and retention fer the gplaen lies
araund 10 % for all partcle sizes, but 1, Is prolonged
far sizes > 50 kDa. Clearance curves obiained from the
blood samples (Fig. 3} are faund 1o ba multiphasic be-
cause of the particle size tanges of each fraction.

The highest percentage of infected dose excreted In
the uripe at 4 h was found for the fractden 30-30 kDa,
follpwed by 10-30 KDa (B2 % vs 528 %, respectively)
{Tahle 3!. Because winary excretion of 30-50 kDa PEL-
MF it 50 % higher than for 3-10 kDa. and = 7 % higher
than for 10-30 kDa. the radiaton dose from the re-
tained activity 1o all organs, except the kidney, can be
sipected to be lowest for 30-50 kDa PEI-MFE High radi-
arlon dose ta the kidneys will follow in this case because
mast of ®Te-PEI-MP (30-30 kDa) will be handled by
the kidney over a prolonged time fnerval {1, >4 h)
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5. Conclusion

This study demonstrated the required reduced normal
bane uptake of ™ Te-PEL-MB especially noted for frac-
tion L00-300 kDa. Althaugh the value for 10-30 kDa is
by eomparisen more than double that for the other
fractions, same rerendon in bone is necessary such as
in an essecus tumour where it would be beneficial to
maximise duration of mdindon.

To furiher optimise the malecnlar size of the macra-
miadecule for its selectiviy towands neoplastic and in-
flanminatory diseased areas, potentially harmful kidney
and liver uptake should be minimiésed. This would im-
mediately exclude the fmcions with sizes larger than
50 KDk because of liver exposure. Of the smaller frac-
tigris, 30-50 and 3=10 kDo seem o leave especially the
kidneys vulnerable w radindon exposure [ Table 21

In conelusion it would seso thay the fraction 10-30
kDa couldd eptimally fiv reguired eriterla with relatively
low accunudatian in narmal hone, but with some bone
retention indicated. Acceas into a lesion whichi depends
on the degree of vascular disruption could be fairly
eirly for this fraction because of its refatively small me-
lecular size. The liver and kidiey alsa seem 1o enjoy
most protection with this fmetlon.

The next step would be 1o label PEI-MP (10-30 kDa}
with ""5m ar ™" Re, and 10 iovestigare biodistribu-
don, pharmacokinetics and therapewtic efficacy 10 os-
scous tumour Bearing animal mmodels,
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Optimalisation of Radiolabelled Polymin-MP of Different Mole-
cular Sizes as a Selective Bone Seeker for Therapy in Animal
Models

1L.C, Dermehl™ . EH.A. Schneeweiss, WA, Louw?®, R.J. Milner', E. Kilian!

. AEC lastinte fove Ldfe Fidanors, Univarrss of Pretoria, Prososia (RS4)
2, Inntitnte of Medicine, Research Centre faelich [ Germeny)
3. Awmic Enerpy Corporaiion, Palindsba (RSA)

Anstrac!

Abnarmal bleod supply amd lack af lyrphatics of neoplastc s lead 10 enbanced permeability und reention effects which fonn the
baszs of this sTUdy using varions sizes of the ruliolibelled macromeleculs polyethyleniminonethy] phosphonic acil (pelymin-mp) w
incteane the selectivily of bone seeking raciopharmaceuticals, Polymin-mp wias syniesised and fractionated by memirane ulirafiltra
Yo inbe different moteculor sizes, viz, 3«14, 10030, 30-50, 50-100 and [(0-300 kDa. Labelling efficiency to ™ Te 25 mdivtreer wis
995 with complexes stable fir 24 hours, The pharmacokietics and biodiseribution of all ™ Te-palymin fructions were investiganed
in five experimenial baboons per fracten and dugs (n = 3 with paturally eccuting appenlicolar estecsrroomus. Seintigraphy followed
# borlus Iniestion of ™ Te-polymin 185 MBg) w0 the baboons and dina were acguired as 30 % 1 min frames dynamic, and hourfy siaie
siudies far four hours. Regular blood and wrine sumples wene tuken. The dogs underwent static studies of tve wwmours a1 four hours
p.t. For bakoons, the mactumolecilsr dize frction 10-30 kDa had cemparatrvely Jow secumulation and sheet residence times in the
liverond kidoey (resp, 20%, T =22 24 min; 18%. T,~=20= 3 min}and although the bone uptake of 18% in this case was comparatively
igh, 1t s still low for 1 bone seeking agent, e g A0 & for "Sm-EDTMP. Results from the dogs showed good upioke in the tumour
(e b D anad LA sdih 3 10 ke ot recuced uprake with the Srger molecular siees.

KEYWORDS: Radiopharmaceutical, weaplastic bene discaser, wegeted thetnpy. polyethylenimisnmethyt phosphonic acid

1. Introduction med with ™=Tc as rucliowacer. A lubelling clficiency
of ~ 99% was reached,
An ideal radiopharmaesutical for treatment of neo- For the aninial experimentation five expecimental
plastic and inflammotory bone disease should pre- babocns {Papio ursinus, ~ 28 k) per size fraction
deminantly aceumulate in the bone lesions with of the macromolecules were used and dogs (n=3)
limited aecess to nommal beme and other ongans. with spontunecus appendicular osteosarcomas. All
MNeoplastie tissue tends 1o display abnormal blood animals received general anacsthesia for the dura-
supply (increased permeability) amd lock of lympha- ton of the scimigraphic investigation, i.c., pentobar-
tics leading to selective accumulation of macromo- bitone infusion (Sagatai: 6%, 30 ml/hr), The scin-
lecules {i]. These effeets of enhunced permeability tigraphy (Siemens Orbiter tomographic camera) of
and retention form the basia of this study: to use the baboons were performed after an i.v. bolus
various molecular sizes of the radiolabelled macro- injection of ™*Tec-polymin-mp (1835 MBg) on a
molecule polyethyleniminomethyl phosphonic acid count down for dynamic data acquisition (30 x |
{polymun-mp) for increased selectivity of the bone min frames) followed by static images of 3 minutes
secking mudiopharmacentical, and to investigate the every hour for 4 hours. Blood and urine sumples
pharmacokinatics and bindistribution in the normal were collected every L0 minutes for the first hour
primate model and in dogs with spontaneocusly and then hourly tll the fourth hour. Scintigraphy for
vecurring appendicular osteosarcomas. the dogs consisted of static images of the tumour and

contralateral sites al four hours p..
From the time activity curves percenlage organ

2. Materials and Methods distribution and retention times could be evaluated
(Table 1) which would allow the caleulatien of

Folymin-mp was synthesised by the condensation of percentage injected dose and dosimetry, when uni-

palyethylenimine, phosphorous acid and formal- nary excretion is taken into consideration.

dehyde in the presence of hydrochlerie acid {modi-

fied Mannich reaction) [2]. Then fallewed fractio- 3. Results

nation into different molcculur sizes by membrane ’

ultradiltration, viz, 310, 10-30, 30-50, 50-100, and The biodistribution in normal primutes is described

100-300 kDa. Subsequently Jabelling was pecfor- 1 Table I where the half life imes (T ) of clearance

" Correspanding authes: Prall O, Darmeh], Director of AEC lastitute for Life Sciences, University of Proierse P.O. Bax 2034
RSA. E-gail: dormehl @medic.up.ac.ca
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[.7. Dormehl et al.: Omimalisation of Rudiclabelled Polymin-MP of Different Molecular Sizes

Table 1 — Half Life and highes! percentage of the differem

lc-polymin-mp fractions in various organs of the prmate

mode!
Fraction | - T % and max. % _
kDa Cardiae Liver Kidiey Lung Spieen Rone
3-10 10 = 1 nun 80 £ 22 min >4 10 = 1.8 min 75 = 2 min =2h
15+ 4 % 16 2 [ % 36 = &4 8=2% 10+ | % &x7 %
1030 10 = 1.5 min 22 x 4 min 20 £ 3 min IS = 3 min G0 = 9 min =4 h
15+3 % 20 =2 G 18 +4 % 125 + 4 % 12521 % 1821 %
30-50 6 + 2 min 60 £ {5 min >4 h 8 = 2 min 45 + § min >4 h
1D+4 % 20+ 2 % 40 = 5 %% 7522 % 8§+3% 9=205%
50-100 12 2 1.5 min >4 h >4 h 22 = 2 min >4 h >4h
IS5t4 % i3z 3% 15+ 2% 9+ 1% $+085% 7105w
100-300 2h+005h 24h=15h - 25h+05h >2h=2h -
J0x 7% 5229 % - 175 x 2 % = -

of various fractions of “Te-polymin-mp und ma-
ximum pereentage of tracer accumulation in 4 hours
are presented,

For the dogs with appendicular osteosarcoma the
smaller size fractions of polymin-mp showed higher
uptake into the lesions; sec Figure 1 where the
uptake of “*Le-polymin-mp (10-30 kDa) into the
lesion reached 4:1 at three hours. This uptake was
fower in the two cases (not depicted here) with
macromolecular size range of 100-300 kDa, and
reached up to 11 : | for the size range of 3-10 kDa.

4. Discussion
#Te¢-polymin-mp of various molecular sizes have

distinet diffcrences in biokinetics which predomi-
nantly pertain to the rate of removal {rom the cardiac

blood pool. i.¢., clearance cither by involvement of
the liver or the kidney or both. Substantial liver and
kidney participation (20% and 40% resp. max. up-
take) for the fraction 30-50 kDa lcads to fast clearan-
ce for blood pool (T,, = 6 min), and fast blood cle-
arance as measured from the blood samples (T, =20
min). Reduced liver and kidney involvement, as with
3-10 kDa and 10-30 kDa leads 10 delayed cardiac
blood clearance (10 min and 25 min resp. for both
fractions). The slow although substantial liver panti-
cipation for 50-100 kDa, and 100-300 kDa lead to
long retention in the cardiac blood pool (12 min and
2 hrs resp.), as well as to slow clearonce from the
blood (45 min and 75 min resp.). The highest normal
bone paricipation, viz. 18%. occurs for the fraction
[0-30 kDa, but this is still much lower than the 40%,
or higher of EDTMP and other characienstic bipho-
sphonate accumulation in normal bone. This fraction

1200
8 o candiac |
—a— fung
YOG 4 = iy
—¢— kidney, left
—o— kidpey, right |
800 —— background
| —e— tumour |
| —¢— bone
600 4
400
a0 L
a
: %
0 T - T T : -
0 20 40 60 80 100 120 140 160 180 200
time (min)
Fiz. 1 = Uptake of *™Te-polymin-mp (10-30 kDa) into various organs of the Dahmatian as «

function of Ume (b hr dynamic study and up to 3 hr static studyl.
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seems to be the best compromise for low tracer up-
tuke in both liver and kidney. The uptake in bony
lesions, ey, the osteosarcoma in the Dalmatian of
100-300 kDa was clear from the images with very
little normal bone participation. Even better tumour
uptake is obtained with the 3- 10 kDa fractien ranging
from9:1t0 111 with respeet to normal Bone than was
obtained with 10-30 kDa (4:1).

5. Conclusion

From the biokinctics and organ distribution of the
various polymin-mp fractions the next step would
be 1o label the polymin-mp with either 'BSm or "¢
Re and to apply the agent for therapeutic purposes

266
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in cases ol osteosarcoma or bone metastases [3]. Tt
is expected that the organ distribution espectally for
the **'™Re polymin-mp will be similar to that
obtained from **T¢ polymin-mp so that cnough
data already exist for dosimetric calculation.
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By Neil ¥ farviy’, Jan Bijn Zeevaar' =, Judith M. Wagener', Werner K. A, Loww!, [rene €. Danmehl®, Rowan 1. Milner”

and Elmard Killian®

! Radieciemisiry, South African Nusleor Bnergy Corporation, B Box #82, Protora (001, Suuth Africa
¥ Bhoredical Fesearch Ceire, Linfwersive uf Pretoeia, PO Box 2034, Pretoria . Souily Africi

(Resoepverd April 10, 2001 accepted (0 sevised Jorm Nuvember 6. 200))

Therapauic radiopharmacentionls /
Water-solihile poianers / Bone cancer / Potentiometry /
Blood plasma / Formation constants

Summary. A wulersoluble  polymer,  pobvethyleneimine
functionalised. with weethylene phosphonate groops (PE-MP)
ond Jabefled with **Tec. haz shown szlecuve upiake inlo
bomne twmours. Apparent Ternniion constants for the comples-
ation ol imporiany Blosd plasma metal-ions and metal-ions
of radionudlides osed in o therapeutic radiopharmaceuticals
texcluding Te) with PELI-MP were nieasured  petentiometri-
cully, These were added 10 the ECCLES dita bwse in order 1o
construct a blood plasma model for PEI-MP. From (his mudel
it could be predicied that the poelymer would nat deliver the
therpeutic radioouehices *'5m. "™ Ho, ph, YPE and ¥Sr
1o bone, This was clinically verified [or "™ 38m. However gond
uprake of *=Te-FEI-MP could he demonstmied in dogs. Dus
to the smfiur chemisiy of Re as compared to Te, it can
be expected that PEL-MP labelled with "™ Re or ™'Re could
resull in effective therapemic mdiapharmacenticnds for b
CHET,

1. Introduction

The use of *8m.complexed to the cotaanion, ethylene-
diamineetramethylene-phosphonate (EDTMP), in pain pal-
lintion therapy for metastatic bone cancer is well estab-
lished [1] and has been extensivelv siudied in elinical trials
in a number of countrics. Studies were undestaken b eluci-
date the in vive behaviour of "'Sm-EDTMP [2, 33, The use
of the blood plasma model, BOCLES [4), his provied partic-
wlarly useful and it was found that predictions made by the
madel were closely comparable to clinical observations,
Improvement of 1he therapeutic efhcucy of bone-seeking
radiapharmaceuticals could possibly be achieved using "“Ho
(f, =26.9hr: maximum p-particle energy = 1.86 MeV
(3.0 % 107" 1)) instead of *“Sm (#, . = 46.75 hr; maximun
B-particte energy = 0.81 Me¥ (1.3 % 10 " J1. However, ex-
periments using bath balioan [2] and rat {3) models showed
poor uptake of *Ho from "™Ho-EDTMP. Blood plasma

= Author for copeapuindince (Eamail: rcdchem@ace ozn).
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modelling [2] was able to explain the deticiency of EDTMP
in this regard. Thus, a mare seitable ligand than EDTMP is
needed to deliver a high percentage of injected ™ Ho 10 bone
tumours, Atiernpts with other bisphosphonate ligands have
proven 1o be ineffective [3-8], The behaviour of these bis-
phicssphorstes (used in the treatment of bane discases (9]0 in
cenjunction with "Sm and "Ho conld be prognosticited.
using ECCLLES {4].

Water-soluble polyiners as drug camiers have been the
sibject of research activity for some time [10] and have been
studied 4x potentia) chemotherapy agents for cancer [11].
The principle behind this approach is that water-sotuble
macromalecules accumulate passively in selid tumours ac-
carding to the “Enhanced Permeability and Retention Ef-
feet™ [12], This phenomenen is thought 10 be cuused by the
production in nunour cells of compounds such as Vasco-
lar Permeability Factor (VPF) and Bradykmine that mergase
vascular penmeahility of the mumour ussue. Rerention is en-
hinced by the impairment of the lymphatic system in timaur
tissue, resarding the removil of macromolecnles from w-
manirs, The polymer must therefore be Jarge enough not
to be taken up in healthy tssue but not so lurge as o be
trapped in organs such as the liver or kidneys. In this paper
it is ussumed that this phenemena also applies 10 secendury
mefastasis - although the latter has a different physiology.

To extend this approach to therapeutic radiopharma-
ceiticals, the watsr-soluble polymer, polyethyleneimine
(see Fig. 1) was fupctionslized with methylenephiospho-
nate groups (o make the resulting witer-soluble pelymer
bape-seeking — PEI-MP. Extensive pre-clinical work using
“Te-labelled PELI-MP has been done to asceriuin the opli-
mum fraciion in terms of paass [13). It has been found that
anionic species in the fraction 10 to 30 kDa achieve good ti-
maur oplzbie with minimal uptake in healthy bone, kidneys
or hver. The polymer thus has the potential 1o selectively
deliver a therapeutic radivauelide to lumours.

The object of the research reported in this paper, was
10 copgimuel a blood plisme medel including. PEI-MP.
This should enable an informed selection of a thetapeu-
tic radionuclide for delivery to metastatic bone tumoeurs by
PEI-MP. {n order 1o achieve this, apparest formation con-
stants of bload plasma metal-ions as well as radionuclides
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T paper,

of interest had tw be measured. This nxy be achieved, gz
was previously done with polyethyleneimine (FED [14], by
treating the waler-solubie golymer as a collection of sepa-
raje repealing units. Putentivmetnio titvations, in which Il
repenting unit is considered Lo be the lzand, yield data that
may be analysed by compuater codes such as ESTA |15).
Apparent formatien constanis are then added 1w 1he blood
plasma model, ECCLES [4]. which predicts the speciation
of metal-ions in plasma. This gives an indication of tie abil-
ity of the radiopharmaceutical 1o survive competition for
the radicnuclide by other blood plisma ligands. This ap-
praach is novel in so far as polymers having nat et heen
included in work perfonmed vsing the BCCLES code, Thera-
peutic A-particle emitting radionticlides under consideration
were *8m, "Ho, "Sr, ™Re and "Re. In mldition to
blood plasima metal-tons, petentiometiic titrations involving
Smily, Ho(lll) and Sr(ll) were performed. Unfortunately,
the complex redex chemistry of Re makes patentionmetry
wilh this metal unreliable. Recently, a-emiting radionuclide
couples, 7°Pb Bl and T Pn /M ' Bi together with EDTMP
lrave Deen studied [16] as potential therapeutic radiophar-
macenticals for metastatic bone cancer, In order to predict
the it vive behaviour of these radionuclides with PEI-MP,
poleniiemelric trations were alio perforined with Ph(ll).

2, Experimental
2.1 Synthesis of PEI-MP

Synthesis of the polymer was achieved using a Manaich
tvpe resction as described by Moedritzer and Irani |17],
Phesphereus acid (18.4 g) and concentrated hydrochloric
wctd (31.3ml) were added 1o a reaction vessel equipped
willh a thermometer, magnetic stritrer bar, dropping fun-
nel and condenser. The reaction was performed under an
inen aimosphere of arzen, Dissolution of the phosphorous
acid was achicved by stirming asd beating 1o 80°C. The
dropping funnel wis chiarged with Jormaldehyde solution
{23.3 10l) which was added dropwise 10 the reaction mix-’
ture. On compietion, the tempereture was raised w 90°C
(reftuxing temperature) and a soluion of palyethyleneimine
(8.33 g in 40 ml water; Polvinin™ Water-Tree, # BASF prod-
uct it which the ratio of primary, secondary and tertiary
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amine groups is Lo 1 losee Fig. 1) was slowly wlded to
the reaction mixtare al a rate of (0.3 ml/min with the aid
ol @ perstaliic pump, The reicton mistune was continu-
ausly purged with arzon. On completion of the additton of
polyethyleneiming, the mixture was stimed under reflux for
an additional hour. then sllewed to cool slowly during which
the product separated as a viseous oil. Afler decanting the
mother liguor, 50 mi water were added to oil which furmed
i doughy mass upan stiming,

The fiquid phase was decanred and the process repeate:d
twice, The doughy material was dissolved 10 37 ml molar
aockinm carbonate selutinn to form the water-soluble sodium
salt of the PELMP. Afer lyophilisation, [2g ol produoct
were oblaingd, Microanalysis: Found: C, 23.11: H. 5.98;
N. R91: Na, 9.86%. Calculured for CoHpPN Oy NayH.O;
C. 2284: H. 5.11; N, 8.87; Na, 9.72%. Patentiometric
titrations Lo determine protonation constants were used to
doubie-check the purity of the ligand.

To obiain the 10 to 30KDa fraction, an agueous so-
lution of sodium PEL-MF wos subjected to ulirafiliration
through the appropriate membranes (Fidiron Technology
Carparation), The membrane reientates were washed with
distilled water v 0 (heoretically calewlated purity of 99%
and lypholised,

Due to the searcity of the 10-30kDa fraction. the
PEL-MP used in patentiomelric titrations was net fraction-
aled. However, apparent protonation {ormation constants
were culeudated for the 10-30kDu fraction and found to
be practically identical to the unfractionnted polymer {see
Table 1), Ths is because the polymer was treated in caleuli-
Lans s a collection of monamerie units, 1t is thus assumed
that the caleulation of apparent formation constants by po-
tentiometry is not affected by the molecuinr size fraction of
the polymer,

2.2 Metal-ion solutions

Fresh metal-ion solutions were emploved in the 1imtions.
These were made by dissolving reagent grade chlonde salts
of the metal-ions in distilled witzr and standardised by com-
plexometric tiration using EDTA and o Metrohim Titrino
equipped with a copper selective electrode. Where neces-
sy, solutions were acidified 1o prevent bydrolysis,

2.3 Potentiometry

Potentiometric titrations were performed using a Metrohm
Titroprecessor 670 with a Metrohm 665 dosirrat and a com-
bination glass electrode (Ag/AaCl reference). The elec-
trode wis calibrated regularly using strong acid-base titra-
tion data. All tdtrations were performed under an inert al-
mosphere of nitrogen and solutions were held at a con-
stant ionic strength of 0.15 mol/t NaCl und a temperature
of 25.0+£0.1=C. The titrations were performed beginning
al low and ending at high pH, adding 0.10ml aliquots
of (1050 mal/] NaOH {carbortate-free} in 0.10 mol /1 NaCl.
Protonation eonstants were calculated trom data nbtained
from titrations uf the lizgand in the presence of sarious hy-
drechloric acid concenrations. Melal-PEI-MP apparent for-
mation copstants were crdeulated from titration data at five
different metal:ligand ratios varying from 2:1 1o 113, For
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Table L. Comparative  apgmrcenl

Equllibriam

prowfation copsiants or PEE-MP lopk ! I“H‘F 'Qﬂk T
aenl Pokymin Water-free  deter PEL-MP Polymin Waterfree  Palymin Water-free {14]
nuned in this sudy ® 25.0% m—— ——————————————
01*C il o= |50 mml din™ HwLe=HL 9,341 11 2= G T
mall|, Charges oo the ropesting FEPE S T
units have bien cmiined Tor sim - = ———— S — ——
pEecity. L represents Lhe repeating H4+HL &= H,L 7585010 i 1) 170
uml & ia Fl:._' | The proons- { T i
tham Fermsniion consiamis i falics e — - -
are st zalculated Foe the 10w H+H.L=H.L T95 ' Not loumd 1
30 kDa fracnion af the polymes FEEOT
H 4+ H.L == H;L 1260200
15431 2)
IH=3IL=HiL; - 289311 ANET
A =21 =H;L- - 1700 41.58
Nunther of data points 434 582 -
§41
Hamittun R-factor 00120 (XN
[ELRFET]

* The protonalion consiant s probably -= 2 and could thus not be detected within the pH tange used in

this

* Mheamured w ZEROAQ N and o= 0L maldm et RaNO..

Liatiens involving fanthanides, precipiates formed at low
pll, as was found for EDTMP [3]. By pH 5, the solutions
had cleared ard data points from here onwards were used in
calculations. Data were analysed by the ESTA [15]) library
of progranymes. During the analysis the previously dener-
mined protonation canstats were held constant. Hydrolysiz
constanis amd p&. were taken Trom the literatore (18] and
held constant during eptimiznlion procedures,. The moels
were tested for plaesibility by comparing experimental and
calculated formation and deprownation curves, Formation
constants Tor PEI-MP with Re and T'e were not iheasured s
both can exist in different oxidation states and change be-
tween thess states easily making it virually impossible 10
accuralely siudy the complexes involved by potentiometry.

2.4 Bload plasn maodelling

Al constamis mensured in this stedy wene added 10 he
ECCLES database [4]. The concentraticn of the repeating
unit of PEI-MP used in nideliing wis 5.5 % 10 * mol/I.
This value is representative of actual clinical amounts,
and is similar to that previously eniployed during EDTMP
work [2]. The metal ion concentrations emploved ranged
from 1.0x 10%10 1.8:x 10°* mal/l which alsa resembles
elinical amoums.
The plasma mebilisaion index (p.m.d.) is defined as:

titiel cancentiation af lew-molecular-welght
metal comples 5 in 1he presence af the dreg
vl concentsation of low -molecular-weight
metad comipleses in aormal plasmia

pami o=

The p.m.i. values give an indication of which metal-ions are
mobilised by the added drug. This may be used as 4 sereen-
ing method 1w predict the loss of biologically important
metal-tons from blosd plasma. Bemedial actians such as
laking supplementay metal ions may then be followed, if

necessary. In this study, povi. values were computed by
ECCLES for the blood plasms metal-ions Cafll), Ma(Il),
N1l und Zn(ll),

2.5 Preparation of '**Sm-PEL-MP

8w was prepared by nettron imadiation of 1.0-20mg
Sm-0, (99% enriched) fur 24 h in the SAFARI-] reac-
tor at a rewwon Nux of 1 x 10" neuwonem = &=, Typical
specific acnvities of ~ 4000 MBq/mg of 285m0, were ob-
tained. Using the necessary shiclding, the imadinted oxide
wis dissolved in 250 pl of 0.2M HCI solution, diluted
to 0.04 M HCI with sterile deionised water and filtered.
(Millex-Gv, 0.22 pm, Milipore Bedford, M.A.)

Complexation was schieved by adding 0.3 ml of the
1S m salution above to 0.9 ml PEI-MP sojution (48 mg Na-
PCI-MP/ml, pH =8.0). This was diluted up to Sml and
steritized by ultrafiltration (1.22 pm).

Complexation yiolds were determined by separmting
the complesed and uncomplexed 'Sm species on a car-
boxymethyl sephadex cation exchanze column [ 19]. Comn-
plexation vields of > 99% were abtainzd.

2.6 Preparation of ¥ Te.PET-MP

As it the procedure for ™ To-rudiophurmacewmicals, Iyophil-
wsed, labelling kit of the figand were prepared In advance
and stored ina freezer amil the day of use. The kits were
preparcd by mixing Sl of a solutian containing 250 mg
al 3nCl,-2H;0 crysials in 0.5 il HCHe) with an nquecus
PEI-MP solution (48 mg Na-PEI-MP/mnl, pll = 8.0) where
after the pH was adjusted 10 6. This misture was dispensed
into 3 vinls and freeze died. The evicuited vials were starec
below 0°C until used.

The final =olutions for injeetion were prepared by adding
03 ml ™ T (1110 LB MBg), obtained from 2 Mo/ ™ Tc
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generitor, 10 the above wvials, Radicehemical purity was
checked using instant thin-layer chremawgraphy on sil-
ica gel impregnated glass-fibre sheets as stationary phase
and acetone and 0.9% sodium chlacide solutions as mobile
phaie, Complexation yields of = 99% were recorded.

2.7 Determination of biodistributions in the canine
maode]

Anmimal esperimemation was dope accanding to the Nuticnal
Codde for the Handling and Use 0f Animals In Research,
Education, Diagnoas and Testing of Drogs and Related Sub-
stances in South Afrca, and the protocols approved by the
anthorsed Ethics Committee of the University of Pretoria.

Healthy adult Genmnan Shepherd dogs were studied.
Aunaesthesia in each ease was induced vin an indwelling
catheter (Jelco) with & mixwre of ketamine hydrochloride
(3 mg/ke, iv. Kewular, Parke Davis, 5.A) and medsto-
midine hydrochleride (0.1 mg/10kg, Ly, Domiter, Navar-
lis, 5A) and nwintuined by an iv. adwinistration of pen-
wharbitone sedivm solution {20 mafmi, 10ml diluted in
200m! saline, Kyron Lubormtories, SA) al a constunl rane
af 20-30 ml per hour for the first 2 heurs and then the in-
fusion was stopped for the last hour, Blood samples wero
collectel vin an indwelling catheter placed in the oppusite
forelimb. A wrinory catheter (Foley's) was placed in the
bindder 4o facilitate the collection of urine samples. Ane-
rink blowl pressure (Hewlew Packard Lile Scope 12) and
lieart rate were comtinually nonitored by indwelling femoral
arterial catheter (Jeleo 18G). Oxygen saturation, expired
carbon dioxide and respiraiory mie were skho monilored
(Hewlew Packard Life Scope [2) for the durmion of the
anaesthesia.

Seintigraphy was performed (Siemens Orbiter y-ciunera,
low energy collimator, enerzy peak 140 keV, window 155
for = Te-PEL-MP and " Sm-PEI-MP {energy poak 103 keéV.
window 153%). The animals were positioned in the supine

position for planar images. Static images of 2 min duration
were recorded in 64 x 64 word maode at 1, 2and 3 hours after
a bolus injection of between 111 and 185 MBq of the ™ Te
and "Sm labelled PEL-MP.

Uding these static images (he relative region 1o back-
pround mafios were caleulated by placing RO (region of
intereat) on areus of he comical bane, liver, kidneys, cardiac
bioed poal, lungs and museular beckground. These valies
were uszd o ohinin the relative buodidributions.

3. Results and discussion
1.1 Potentlomelry

The results of modelling for PEL-MP using the computer
programme ESTA [15) are given in Tables 1 and 2, Good
fits, indicated by Jow Hamilton R-factors and standard de-
viations i log # values, were obtained for all the systems
studied. For the parent polymer, PELL the same model as pre-
viously applicable at a different ionic sirength, wiss found 10
be plaisible [14],

For the repeating unit-proton system, pKs comrespond-
ing 1o presunation of the nitrogen centres functionalised with
methylenephosphonate grougs covld not be calculated as
they an: probahly too high for the potentiomelne method
wsed here. Comparisons of p&s of nitrogens in ligends 1o
which methylenephosphonate groups we successively mbded
are given in Tables 3 and 4. It can be seen that these increase
with increasing number of methylenephosphonates presum-
ably due o anmclive elecirostalic effects. Hemce pK, for
ammaoniii Hses from 943 w 124 and for ethylenedinmine
fran 9.61 1o 13.0. For ethylenedinmiin it can be lunber s=en
that pX,; nzes from 6.83 to 9.78 a8 more niethylenephos-
phowaie groups are added. The pK s of the nitrogens tecoims:
very lurge and some doubt as to their accuracy Vs therefone
suggested [13] When modelling the protonaticn litraliuns
for PEI-MP, {f became apparent that two fewor protons then

Tuble 2. Apparent fermation constanis For PELMP determimed i ihb study & 2304001 °C and /= [30 mmoldin™ NeCL Charges on metal-iom.
hydroxide, the palyenet repeating unit asd compleses Have been nmited for somplicity. L coprevects the repoxiing unit & in Fig- 1.

Equilibrium log K log K fog K log K log K log K log K log K
Ca(ll} Mgt 1) Sr(ll) Wi(lly FATEH] PollL) SmuITD He(11D)

Binuclenr species

ML= ML REL 221121 TR 13644 15.504) By 1475 13

ML == M ML) 8.9:12) #0171 80532 G.01(A1 E5urh 6.7 1% 20412m

MAHL + 1 = M;iH L) £THT) 4.42(1

M:L+OH =M(H. L} 1E2 1ok L2

M H_ L+ DH == M (111 1ATI4)

Munanuclear species

M+L=ML AENT MLy 7802

ML+ H oe= MUHLY T 6.45(3) TAELN

MHLY+H = M{H,L) AR FIRY] iy 6,200}

MIH.L +H = ML 1423

ML —OH = MH LY 1705 s 103 11, 70§31 1412%) 12.8517)

Number of Data peints 4 X4 317 253 B kK 106 2

Hamitan #-factar 0.0170 00lig 00155 D016 (.0t oarik n.0i74 1] (14D

(R-lind1) W00EI92)  DD0LO8F  (OUDDITG BOENTE  (0.0HGEY) {0.0124) o

10.005064
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Tahled, Copguiion of gro- = | ; . — ¢
toraton coostans Jor methy|- Ligand LU (L L Pk P,
epephosphonate Fueerinnalisad == ———
arnmnpka Hgande [17] A diata NH, 043
were measurcd a1 25°C and —_—— - —
{11 M honie strengils. z
oy 5.40 S
HaN
/PO
HN 0.9 R 6.08 10.79
\—pog
—nnY
O.J"——\ AP
N [H 4.02 fon T30 (12 4;
N—pgt
Tahle3, Comparizon of pras - T - - - - =
fovalbin cosdtanis Jor methyl 1igand ph. pRa P PR PR P&y
enephosphanaie funclionalived = = —_——— = e s -
ethylenedinmime Vgahids §17]
Al datn were meesured @t H r{r_—\?JH h.83 9&1
25 € and 0.1 M ionic dfengsh : e — —
expeat for PEL-MP ad 2550 B
and 115 M tonke sirengih. S POy 485 738 I3
HyM tH
PO?
AN i L :
z N <41 6.34 5417 |0.85
s pag
D:‘F'—ﬁI //—\\ ,/'__POA
HN N .03 5.4% .70 8.76 1.9
-
- POy -
D‘,P'—\ //’—*-\ i P
M N anz 5 42 7.94 Y78 13.0
5 P-—J LF‘QZ
]
\{/\N P /‘-\J‘u
>\ PC;
[/N\] 326 595 754 934 Notfound® Not found®
“o,p PO

at The valoe in produdly e il 16 be determiimel by the gxperimental wing useid in s work

expected were disseciating in the pH band 2— (1. TUis there-
fore asswned hat these prstpitien comstaiis must exceed
L1 and ¢orrespand 1o the protonation of the twa pitrogen
centres funclionalised with methytenephosphonate groups,
The first pK, thiat could be calcukated must correspend to
the unfunctionalised teriary nitrogen. This is supporied by
the resulis ehtained for the parent palymer, where pX,;, cor-
respanding v the protopation of this nitrogen, was found to
be almost identical fsee Table 1) The rest of the pK (s are
for the prownation of methylenephosphiomate groups wwd are
in good agrecment with reshls obtined for similar ligands
(see Table 4).
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Fur neeal-ligand systems, o typical esxample of the ap-
preach used n mode] selecnan and validaion s shown in
Fig. 2. In this diagram, the curves for the ealculied and ex-
perimental deprotowition function, O {(the averape number
of protons released on complexation per metal-ion). for the
Ca(ID-PEI-MP system are shown. The dashed curve is 7,
the protonation state of the repesting unit in the absence of
the metal-san. Interpretation of these curves assists gremly
in model selection. In the exawple shown, @ nses 10 0.5
for ull ttrations (nesning that ere proton 8 being released
on complexation for every 1wo metal-ions. At pH between
§ and 7, 7 is approximately 2, Hence, in the ahsence of



Appendix 2 — Reprints

242

MW Inrvis b af

Fig. 2. Exporimental (poimts) und mwdelled {linesy deprotamation ()
eurves for Callly compleanlion by the epmaling unii of PEL-MP
The dashd §ime i s 2 curve aml wpresents e protonalicn
sate o b ligard (o odhe dheeade A7 the maal-fon. The five sep-
arate draions are represented By: (O O0DDORS2 mel dmt Cadll),
0865 mol dm ' repeating unit of FEL-MP amd 000R9T il dm ™
FICH (07 000085 miol ™ Sl 000174 imel dany ™ repeating it
of PEL-MP aind 000097 mod dar ' HC), 123 0.000852 naol dm ™ CaiTl],
L026 maldm™ repeating toit of PEI-MP and 0.0098% w0) dm™!
HCT, () 000128 mied dm Cag ). 0.00100 il dwn=" pepeating urit a1
PEL-MP amd 00502 anl dm~" HCY sad o0 D001 90 mal dm=* Ca(ll,
0080 100 sl = repreati nge anit of FELMEaed 000101 maldem " HCL
verpes QLOSKD ool dan ) NaH i 000 10 ool din ! NaC L Al sobut bons
were at 23 °C and 000 Sl dm Ball or 0013 meabdi ! polad junke
siremyeh,

the matal-inn the repeating wai would he ol the form Hel..
In the presence of metal-ions, oee proten is lost per two
metal-ions. Therefore the predominant species present in
this pH range would be M (HL) as found in the medel and
illustrated in the species distribution curve (Fig. 3). Sinii-
lar reusining can be used o artive at the ML species in
the region of pH 9. Above pH 10, (0 rises above 7. This
indtcates that the glass elecrode detecrs more free pro-
tons in the system than expected from the repeating unit.
These come from either depmtonation of coordinated wu-
ter or a nitrogen centre. Ceimparng the constant obtained
for the formation of the M, (1., L) species with the first by-
dralysis constant for Ca(Il) would indicate (hat the later is
mare likely. A similar deprotonation reaction is observed

Wi - e T e

ol \~.C-lz ||:a_-.[.»{.1;r". ]
6 L 1 feagry’ = h) ,-‘/
, A i
. ™ ,. . s | /
A 6@ v \ / ho
§ \./ w o
E l‘ujl Y ..“. \_,:
- A T
2 W Yy ¢
s ol . : fi X
N
m 4 /
@ o % ) N
1] '/’ —
¢ - e ——
i ; = —
Y 4 ¥ 7 8 " 12 1"
i

Fig. X Species distrituition curves for Catl)) complexation by PEL-MP
at 25°C apd 0,15 mol dm~ as ealeulated from the formsmon consmants
In Talde 2, Copeegirations used were 0000852 mo) dne! Calll) and
0001 74 mel dm™" repesting unir of PELMP,
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for Mglll) and Sr(l) with constunts remarkably close to
that of Cufllh

The prezence of dinuclear species s similar to that found
for ather phosphonate ligands previously siudied [5-8). In
thiy coze it is expected that one repeating unit could wccom-
madate two metal-ioeps g1 1he twa methylenephosphonate
Functiomualised nitrogen cenlres

The formation function (not shown bere). Z (the aver-
age number of repeating units per metal-jun), rises 10 0.5
which corroborates the model of one repeating unil per lwo
metal-ions. Al low free repeating unit concenrmion, "back-
fanning™ ccours indicuting that hydrolysis or deprotonation
of the repeating unit to a greater extent than expected, is
oceurring. This is in agreement with the deprotonation Rune-
tion information.

The protonation consiunl for the ML species lies be-
wween pAy and pRo.. T i therefore likely that the nitro-
gen cenire -not functionalised with methylenephesphonine
groups- is being protonated. Stilarly, for Mg(lL), the com-
plex is protonated wt the same nitrogen after which socoes-
sive protonation of methylenephosphonate groups oceurs,

The formnion constants for the ML species for the al-
kaline earth metals are in the expecied vrder Sr(11) < Ca(li).
Hiswever, (he constint for Ma(1T) is equal 1o that of Ca{ll).
Thix 15 upexpected a= Melll1) is a harder metal-ion. An expla-
nation could be thar, as found with EDTME, stability is fess
than expected due to stenc hindrisce derved feam a nuimber
ol negatively charped oxyeen donor groups having 1o 61"
around the small MeilI) fon.

For the transition metal-ions, Ni(ll) and Zn(I0), i1 was
found that the composition of the complexes was strongly
dependent eon the ratio of repeating unit 10 matal used

Fig. 4. Eqperimental (points} and wadelled [lines) depratanation [ 3)
curves for Zo(11) complexation by the sepeating hmt of PEL-NE
The dashed lime i the B curve and represenis the prolenation
stafe of the lgand in the absence of the meral-ion, The five sep-
arale Uirjons gre cepresemted by o0 (OO mel din= Zalli),
0,00 100 med dimy™" repenting unil of PELMP aind 0008090 mwl diy™!
HCI; () 0,001 00 mef dm* Zeily, 0.00201 med din~* epeating it
of PELMP and 00977 mol dm™ MO (a) 0,000 100 miod doy ' Zall.
000301 el din™ repesting wnit of PELMP wed 00097 L mwl dim ™’
HEL, (52 0.0020] vl dor * Zailf). 0.00100 mol dm * repeating wnit of
PEL MP and 200G mal ding™ FIC) and (5] 000180 mol dm Zai11),
006100 ol dbei? vegeating undt of PELMP aned 000301 med dm ™ FICHL
vereus (.0500 mol dov! Hadd] in 0.0 mal dm=' Nall. all sulutions
were gt 257°C und 015 mat dm=* NaCl ar 0. VS moldint™! atl fonic
strength.
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and is reflecied in the deprotwmaion corves for Znllh
complexatinn in Fig. 4. At the highest metal @ ligand ralio
(2 1), the curve flanens aff ar just above 0.5 w low pH in-
dicatnng that eomplexes ame fonned preduminantly in the
ratio 2: |. For this litralion, sensible do points end at
about pH = 7 as the free ligand conceniration becomes zero
under these conditions. At pH =4, T has risen 10 about
0.5 fur this titration whereas 37§ a1 3, Therefors, in the
abseree of tie inesal-ion, the lighnd would be in the form
Hill. In the presence of the metil-ion, ane proten is lost per
two metal-ions. Hence e species preclominating at this pH
vitlue showld be Zi: (HLLY. As pll increases 10 7, @ =1uand
it =2 Hence the predominating species should be Zn.L. As
the concentration of repeating unit in relanion to the metal-
ion increases so the curves show inflections st 1.0 and 1.5,
Therefore both mononuclear and dinuclear complexes are
formed. At lngher ligand @ metal ratios, monomiglear speeies
predomingte,

Far NIl aond Zngdly it is presumed that the ML species
is formed by comiplexation of the wetal-ions by the nitro-
gen centre functionalised with two methylenephosphonate
grimups. The ML speetes miast therefore be formed by com-
plexation by the nitregen centre functionalised with cne
methylenephosphanate group of the second metal-ion. Tris
difficult to speculte regarding the rale of the unfunciion-
ulised mitrogen cenire in complexalion.

Protonation of e Ni(ll} and Zn(ll) complexes tukes
place m phosphenats ceotres and nol a1 the unfundtionalised
nitrogen centre. This may be seen by comparison of the
protonation congiunts for U complexes with those of the
Tepeiting unil.

Far PRill), deprolomalion corves rise to 10 for abl titsa-
tions (Fig. 5), This is an mdication that only menonuelear
complexes are formed wilh the repeating unit which is per-
haps due 1o the Jage fonie radius of the Pbiil ion (1.2 A)

(AR

Flg. 8 Expertmeieta) (podits) sl sodelled (nes) doproteaation -,E_L
curves for PBID cnmplexaton by e repeanng unin of FEI-MP.
The darheld line ja e B curve and represcifs the pridonation stle
ol the Vgand i the dbsesce of the wend-lon. The dhree sepa-
mle Urations g pepresenled by (00 DODGET] maidm=! Calll),
A0S el dm ™ repenting unis of PEL-MEP amd 00 sl ds = HECY
(00 GO0ET | el din ' PREITY, QU000 mal doi - pepeating il of
Prd-M g Qo 0N ] ' 1O qund ) BOB0OST | mod ds™! PELL,
(L0200 mal dn* repeating uni ol TELMP and 0.00996 mal dm * HEL:
o rras CLOSO0 ol s SO o 0010 meb den - SaZl Al sedinions
were @ 2550 grd 0013 meldm ™ Reidl or I 15 mol do

wrreiaih

" ional omic

making it slerically difficult for the repenting unit @ accom-
miodate twa metil-ians,

The PRI, Znill and Nilh moedels contain “hydraly-
sis™ species. Here, the extra praten detected by the elecirode
could ariginate from coordinated water or the ligand. inspec-
tion of the hydrolysis constants for thess three metal-ions
indicates that the Jatler is more likely, Tharefore deprotona-
tica of one of the functionulised nittogens takes place.

For the lanthanides, Smiliby and Hol11T), models contain-
ing menonuelear and dinuelzar species were found - as was
found for Nitll) and ZnflL) The Hoglll) compleses are gen-
crally less stable than these of Smilll) — as was found for
EDTMP [3]. The expected order due 1a the lanthanide con-
traction 1s reversed, presumbuly due o stenc elfecls caused
by the large number of negatively chirged oxygen donors

having o 1" mround the smatler Hot1T ion,

3.2 In vive speciation calenfated by XCCLES

The speciation of the repeating unil of PEI-MP in normal
hlooed plasma is given in Table 5. As has previously been
found with bisphosphonates and amincmeihylenephospha-
nates (25,6, 8], the repedting unit Bes astrong affinity for
Cufll) and Mg(Il). The p.n. curves, however, mdicute that
littke mabtlisation of the blood plasma metal-ions, Catll),
Myc1h), ZndID) and Nif11) ocours at the likely clinical concen-
wation of PEL-MI' in blood plasma (Fig. 65 This is an ¢o-
couraging result ax side-efiects due to mehilisation of blood
plasma metal-ions i be predicted 10 be negligible,

Far Phill) and Sr(l), no dilference in speciation for these
two metil-jops 1 e absence or the presence of PEI-MP
could be discerned by ECCLES. Theorefone, PEI-MP wil)
B unible (o compele i vivo for these metal-ions above
the hgands cysieinate andl phosphate which respectively
strongly complex these metal-ions in blood plasma, Hence it
is unlikely that the polymer will be able by deliver therapen-
tic mdiviselopes of these metal-ions to bone umours.

The specipticn of Sm(LT) and Ho(lll) in the presence of
PEI-MP in blecd plasma is presented in Table 6. Translerrin
win niod included as kinatles of complexation for lanthanides
is slow aind would priobubly nat vevur before bone logalizu-
tien. From this resuft it is clear that no Smilll) or Hef(ll)
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Table & Speciation of PELMP in normal Bload plasma as caleslated
hy ECCLES. L= repeuting unit of PEI-MP as jllustrucd io tig. 1.

Spocies Mal G
[CasHE) ) 7il6
|Gl 12.2
[Mz-rnE)] 16
Mg L7 iy
1.8
1.3
(ML 0.2
[Cat8 LT 0.1

Table 8. Speciatinn ol Sm{l1 wisd Hol 1) 1 the presesce of PE3-MP
i bloal plasma

Muol < HaIIl)

Species Mol % SmfIl)

|LnCittOH 1] 6.4 699
[LaCin D) %1 192
| Lt | 30 42
[LnSlal | .8 13
JLRiCTH1] s 0.6

Where Ch = ilnate aimd Shit = salicylae.

remains bound to PEI-MP in blood plasma. Citrate com-
petes favorably for the Tanthanides and thus the distribution
of the lanthanides in blood plisina is almest exclusively de-
termined by their aflinity for and complexation to ejirate.

Thie munin reasan for the poor refention of Sm(I or
Ho([i) by PEI-MP in blood plasma lies in s affinity for
Catll). 82.8% of the ligand is bound to Calll) rather than
Lnflil). This n=ans that almest all of the lanthanide ion
is available to complex to citrate, Theretere, results from
the animal test with **Sm-PEI-MP should be comparrble
with results for " Sm-Citrate. The only species to be con-
sidered for liver uptake i [SmCit]" (neutral species at low
conceniralions form fine precipimes or cofloids) which is
enly present in a small percentage at physislugical pH.

3.3 Animatl studies

Tahles 7 and 8 present the enteulated biodistribation achieved
for " Te-PEI-MP and "“Smi-PEI-MD as studied in canine

Table 7, Hiodistribulion of intravenoosly

subjects. In interpreting the in vive tesults it is impoctant
to note that the values presented here are conparisons of
the activity measured (counted pixels) in a defined area in
the different organs, These valugs were then normidized
between the organs and expreised as o percentize biodis-
tribution, which has no correlulion with 1he percentage of
injected dose hut rather Lo percentage of retained activity i
the bedy, Organs with no or low uptake were ignored. Fur-
thermore, it must be kept in mind that only the distribution
of the radionuclide entity of the complex is chserved which
is not necessarily the same as the radionuclide-ligand com-
plex that has been administered, due to possibilities of in
vive ranschelators,

[¥ the results for the two radionuclides are compared for
the 10-30kDa section of the poiyimer, i dollows that, at
three hours after injection, the relative Bone upiake for '#Sm
is 79 while for ¥ Tc it is 12%. For *8m the uplike is
especially Yow (this is as predicted that no Swi 1) remains
complexed 1o PEI-MP — the bene secker) especially after
three hours. *=Te in the pertechnetate forin stays bound to
PEL-MP during the tests as [ree pertechnetate wonld have
beert demonstrated in thyroid vptake. No differsnce in the
background ond excretion rate (presented by the kidney up-
1ake) for ™ Te-PEI-MP and "*'Sm-EDTMP were recortded.
However the blood pool and liver uptake are both higher
for *'Sm than for **Tc indicating that 'S is distributed
throughout the whole body - an indication thl it is no longer
complexed by the polymer.

These results agree with those predicied by the hlood
plasma medel, Although the Iater predicted that na Sm{lll)
would stay complexed to PEL-MP, a low hone uptake could
still be foreseen as citrate is metubolized by all pans of the
bedy including the bone. The distribution of '*'Sny through-
our the body of the canine subjects comresponds wilh his pre-
ciction. This reasoning is further justificd by the recording of
higher bane uptake of "*Sm-PEI-MP in ‘vabeuular’ (grow-
ing} bone where there is higher metabolic activity [13],

As the biadistribution for "*Sm-PEI-MP can therefore
be estumated with that of “*Sm-ciirate the liver uptake {ex-
pressed as 4 liver to bane mitio) is lower than expected, if
comparcd with animal studies using "*Sm-ciraie [20-22).
A pozsible explaration for this apparent discrepancy can be
found in the pH sensitive speciation of Smitlil)-Citrate. The
pH of the injected formulation {bolus) contributes 10 the
liver uptake as set owt in Appendix A,

sdministered == Te PELMP {1D-30 kila) Cartical Liver Kldneys Cardiac bincd Lung Backpround
i dogs (pheed dogd thdird), 2 % retained Bune puul

1h 1G=1 22 1241 043 171 101

Ih =l 21 &2 2] W2 741 1041

3h 12%1 2142 1941 pilE (a0 1641
Tuble 8. Biodisrribution of intrivenousiy ) == % -
adriingstered " 5m-PEI-MP (10-30kDa| Cartical Liver Kiduneys  Caordlic bleod Lung Background
i dogy Uoar dogs studied), us % retained Bone pool
sty —— e = — —_——— -

14 i) M3 1¥&2 18+ 1 111

1h TE] it 51 1843 14 izl

Lh T2 Wed g3 44 4+
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For " Sm-PELI-MP which was prepared ar pH = 7.8, the
neutral ML species forms 1o a small extent (95 while
MLLOH (625 ard MLOH (28%) secount fir the complex-
ativn of nost of the "'Sm in the bolus. At first. Sm(111)
is complexed Lo PEL-MP in the injected bolus. As it passes
the Bonz the complex is absorbed duc to PEI-MP's phios-
phonate mlety, al first resulling in o higher than expecied
bone uprlebe. Ax thine pastes the complex renches eguilib-
Aumm with the blood plasma and citrate competes for the
Smilln and once equilibrium is achieved, complexes all the
inwected SmIT). Ax only & small amoum of [SmCit]! col-
[0id is present, o low liver uptake is recorded. As other
Sm(lID-Cirrale species distribute through the body, they are
absorbed on the basis of metabohie actvity of clirate in all
orzians including the liver, bone, msele and blood, The de-
cline in Bume uptake with time a5 well as the figher uplake
i trabecular bene [ L3] don both be explained by thix mech-
anism. Ahhough ST -phosphine-slbamin lemary com-
plexes will olso conuribiute wwards liver uptake [23] ev-
idence for the formauon of this species only exists after
longer perieds (22 h) and is presumed (o have linke effect in
e 3 b study for " Sim-FEE-MP.

4, Conclusions

A walter soluble pulymer wis successfislly included in the
ECCLES mudel [ur blood plasma. Prognostications made by
the progrimme couk! be verined by clinies) abservanons.
The auivme fretion of the 10-30KDa runge of 1hz paly-
mer con be prognesticated o pourly debiver 1the therapewtic
rudionuelides '3m, "*Ho, TP, *'Ph and "'Sr o bane,
This was clinically verified for "'Sm. Beuer, although pot
good. uptake of ®*Tc-PEI-MP could be demonstrated in
doga. This confirms that the lipund tends 1o have less leakage
feam healiby viscalur tissue into healthy bane than other bis-
phosphonate ligands, This could result in inereased leakage
from disrepted vascular tssie into Jesions, with a resulting
increased tesion to nonmal mne if it 15 camplexed by a ra-
divnuclide that is able o remain coordinaied 1w PEL-MP in
blood plasma. Due to the similar chemistry of Re as com-

245

pared to Te, 0 can be expected that PEI-MP tabelled with
"Re s " He could resnlt in effective therapeutic radiophar-
maceuticals for bone cancer. In addition, speciation caleu-
lations iMustrated the importunce of pH in an intravenousfy
administered preparation.
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Appendix

Speciation caleulations involving Smdlll-citrate. If the re-
sults achieved with *Sm-Citrate in the {iterature are ana-
lysed we find the following. Durbin ef «f. [24] showed that
citrate complesed with trunsition lanthanides (for cxample
Smliy) lecalises mainly in the bver and to a lesser extent
in bone tissue, O'Mara er of. [25] confirmed this and pro-
posed thi the found retivuloendihelial (Bver, spleen and
lungs) aecumulation could by aseriled to colluid formation.
No preposal was miude us to the identity of the colloid.
Luter work by Weoltenden ef al. [20], Turner 0 al. [21]
and Tse er al. [22] al] register high liver uptake (ulthough
not jdentical) in differemt animal types. Turner and co-
wirkers [21] identified & Sm-Na-CO; species as heing re-
spensible Car the collowd funmation.

Fronmm these animal studies [20-22] the following can be
nated an the biodistribution of " Sm-Citmte. The pH of the
injected radiophammaceutical is of zrew imporiance. With
1he help of speciation caleulations {Table 9} it can be shown
that at pH values lower than employed in this study, the spe-
ciution of Sm(l1)-Citrale changes dramatically. It is import-
ant to compare the ncutra) {SmCit]” species (which would
be likely 1o form precipitates or colloids) and the total of
other species (which are all soluble) mt different pH values.
The neutral [SmCit]” species is more prevalent at lower pli
values. (AL pH = 5. 82.4% |5 in the form of [SmCit]® and
at this pH formis the colloids used for radiation synovec-
tomy (26, 27]. which wiil be irreversibly filtered by the liver
if injected intravenously [28]). Although one can ergue that
blood plasma will buffer and adjust an injected bolus of

Table 9. Spccies distribution af SwilIh

% |53mCit)?

citrte at varinus ph valies, pil % [Smdie) % [SmCileOl]” % [SmCit(OH), )}
tnegtrall
b e 11 - L5
3 L] 7.8 - 13
b 426 404 07 1549
[ {3 223 4.4 34 9y
7 87 753 119 4.0
7.4 3.1 68,2 27.6 15
Fable 10, The ratice of lives bz bine dpake T - e
2 K alter Infettunn fn variows pnimals, Weolfenden ef @l [19]  Turner et ef. [20)  Tse etaf. (21]
pH S-6 b7 6.5
Liver : Bone 19.5 10,3 10.3%*
Type of Tumor Vo2 Carcinoma B16 Melmoma Dunning R3I1X7.H
Al Rabbini C-57 black mice Cuopeahagen-Fisher rats

a: Publication data iocornglete — extimated ridio presented;
b Hatio Ligand: Metal-ion = 801 | compared 1o 32 1 for the eihen

2
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K.V Tarvis o1 uf,

pH = 6. 10 pH = 7.4, this will require some tms. The liver
und retculoendothielinl cells stiould irmeversibly filter ull col-
lowds present in the injected bolus. If the above literature
results are compared accarding 1o the pH of the injected dose
there wppears 1o be a correlaton (Table 103, The trend of
lower pH. higher liver uptake is fallowed for all three sets of
results. .

Other aspects 1o note are the corcentration of injected
therapeatic  preparations (higher than the concentrations
used in the hlood plasma model alibough instant mixing
is ussumed) and the formation of ferary complexes (23],
Both these aspects are kinetically controlled. In reality the
injected halus 14 pumped speedity through the body and
is exchanged with organs while baing diluted to the equi-
librium conditions. On the other hand, evidence for the
formation of the SmlD)-plicsphate-albumin ternary com-
plexes (which will also contribute tewards liver uptake [23])
only exists ufter longer periods (22 h). Although the values
reported in Table 10 are for resulls gathered afier 24 b, the
correspirling 61 liver to bone ratio values are ¢ven higher:
209 and 27.7 for Turner [21] et aloand Tae eral, [22] respec-
tively. It s therefore assumed that the existence of ternary
complexes doss not explain high liver uptake shortly atter
albministralion.

Liver uptake {Table 10) was expressed as a ratio of the
liver to bone uptake using as input the percentnge of in-
jected dose per gram of organ for both the liver and bone. As
enly relative organ uptake values are available for PEI-MP
adireel companisen with these results i impossible but from
Table 8 il is clear that the liverbane ratio wall be signifi-
contly lower fur PEI-MD,
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tions to patient care and the investigalion findings.
Differentiation between normal changes of ageing and
deficits due to disease processes must be mada. Increased
ife expectancy Js accompanied by a greater prevalence of
degenerative discases such as heart disease, diabetes,
nvpertersion and osteocarthritis all of which affect the
cyeome of the puclear medicine investgation. Depres-
nis a frequent and debiliating emotional problem of
U'e aged person. Svmptoms of depression in the elderly
are often mistaken for dementia. These symptoms are not
part of the normal ageing process but rather a disease
process and these patients are frequently seen for
diagnostic examination.

Conclusion: As heaith rare professionals, we need lo
guard against ‘ageism’, ie the prejudiced attinude
s wards the elderly. Given that the elderly are the fastest
| Jowing segment of the population, the nuclear medicine
practitioner needs to tailor his or her practice to suit the
negds of the geriatric patient.

5. Current directions in radiopharmaceutical research -
a persanal view
=1 Mather
Zaticer Research UK. London, UK
People undertake research in radiopharmacy for many
different reasors. Those whae work in the pharmaceuatica!
industry follow defined development strategies with the
ultimate aim of registering a new product and generating
money for the company. This review is concerned mostly
with the work that is carried out at academic instirutions
where intellectual, rather than fnancial, stimuli are more
common. The most successful research projects are
normally these which seek to salve a particular chnical
provlem. This provides the necessary focus tn the project
as well as giving the researchers the ultimate satisfaction
of seeing their endeavours put to good use. With the
improvements in competing modalities such as spiral CT,
Doppler echo and speciroscopic MRI for the determina-
tion of locality and perfusion of disease, thers i3 an
increasing need for nuclear medicine to concentrate on its
erique ability o perform functional assessment of tissues
ard, in particular, to try and assess inteacellular as well as
extracellular changes. Recent developments in the field of
targeted radionuclide therapy have also given a fresh
impetus te work in s area,

The main areas of current radiopharmaceutical re-
search can be suminarized as

infection imaging,

cancer imaging,

cancer therapy,

neuro-receptor iIMaging,
rmdiopharmaceatical chemistry.

Fa
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Infoction imaging is perhaps the most prolific area for
radiopharmacecutical development and a survey of the
literature would surely result in dozens of potentially
‘useful’ new products but few, if any, have stcod the test
of time. The main challenges in infection imaging are the
ability to distinguish true infection from sterile in-
flammatory processes and the need for & universal
detector of inflammation to replace the use of radiola-
belled wlute calls. In cancer the diagnostic applications of
nuclear mecicine have moved away from early screening
and primary diagnosis towards secondary staging and
subsequent individual tailoring of patient therapies. As
new expensive biological therapeutic possibilities become
available then ways of identifving those patienis who will
benafit from such treatment will become essential.

For the first Hme in many years new therapeutic
radicpharmaceuticals such as labelled anti-CD20 anti-
bodies in {ymphoma, radiotabelled octreotide analogues
in neuroendocrine disease and radiolabelled phosphe-
nates for bone metastases are proving to have real clinical
utfiity. This has stimulated further research into other
therapeutic applications and even the use of ‘mew’
radinnuclides such as the beta emitter "Lu and alpha
emitters such as ~Bj

The challenge in newroreceptor imaging is to translate
the successes of the PET fleld into SPECT tracers.
Although a number of " Tc labelled ligands which bind
to receptors in vitro have been developed, their applica-
tion i zive continues o be limited by the low bran
uptike caused by the sub-optimal physico-chernical
properties of these compounds.

Progress i radiopharmaceutical chemistry, such as the
development of the aguecus route to the tricarbonvl
e ;- precursor continue 1o produce new complexes with
novel properties which will provide new avenues tor
clinical exploitation in vears o coine.

6. ’™Sn and **Re radiolabelling of polvethyleneimi-
nomethv!l phosphaonic acid (PEI-MP), a potential
selective therapeutic bone tumour seeker

W.ICA. Louw, ™ LR, Zeevaart,! Z1. Kolar,? 1.C. Darmehi,’
.M Wagener, R). Milner,* E. Killan® and
F.H.A. Schieeweiss®

TDemariment. of Radiochemistry, NECSA, P.O. Box 582, Preturia
MG1, South Afriva: *Interfaculty Reacter Instilute, DRl Liniversity
: oy, Deift, the Netherlands; “AEC Instute for Life
. Linmersily of Preforin, Preturin, Soetl Afrion "Dl
Aminia! Clindend Studres, College of Velerirury Mesfiziing
of Flovida, LISA: Huseivt fiir Aded
e, Jiehen SmbH, Germany

'i:n;";l'”"'..rn'i'..':g duthor =

Introduction: An ideal radiopharmaceutical for the
dizgnoesis and/or treatment of peaplaskic and inflam-

Nuvlear Medicine Commuunications (2002) 23
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matory (benign) bone diseases would be a radicla-
belled compound that predominantly accumulates in
bone lesions: with mited access to normal bone and
other organs. Water soluble polvmers are under
development as vehicles tor systamic drug delivery
due to the enhanced permeability and retention effact
whereby neaplastic tissue selectively accumulates
macromolecwles. In previous studies, the “"Tc-PEl-
MP 10-30 kDa fraction showed promising biodistri-
bution and pharmacokinetic properties in primates
and dogs, as well as good tumonr localization in
dogs with natural estecsarcomas. Metal-ion speciation
stadies, however, predicted that the polvmer would
not deliver therapeutic radionuclides such as "Sm 10
bone, but that " ™5n" will remain bound to PEL-MP
in blood plasma. The purpese of this study was
therefore to evaluate the labelling of 10-30 kDa PEI-
MP with 7778 and "Re, both radionuclides with
proven *herapeutic properties.

Materials and methods: PEI-MP was synihesized by
condensation of polyethvlenimire, phosphonic acid
and formaldehyde: The 10-30 kDa fraction was pre-
pared using membrane ultrafiltration techniques.
TEh was prepared by the Boeninn ) 80 reaction
in the HFR-Petten reactor, the Netherlands. The
irradiated metal was dissolved in 10 M HC at 80°C
under Ar and diluted to 3.3 M with water, PEI-MP (10~
30 kDia, 100 mg) was dissolved in 12m) water and
02ml 10M NaOH To this an aliguot confaining
26 mg Sn was added and the pH adjusted to &0,
Radicchemical purity was determined by chromato-
graphy on ITLC-5C (ethanoi) and cellulose thin layers
(1M citrate, pH 7.0} "Re was prepared by the
185 Refn,~) *"Re reaction in the SAFARI-1 reactor,
Pelindaba, Pretona, South Africa. The irradiated metal
was dissolved in 10% H;O., evaporated to dryness
(80°C), whereafter an aliguol containing 25 ug Re was
added to & PEI-MP freeze éried labelling kit (10 mg
Ma-PEI-MP; 0.3 mp 5nCle2H:0) at a pH of 1.0, Afler
incubation at £90°C (30 min) the pH was ajusted to
6.0. Radiochemical purity was determined by chwnma-
tography on ITLC-SG (ethanal) and cellulose 1TLC
(1.0 M citrate, pH 7.0

Results: Bath " ™8n-PEI-MP and **Re-PEI-MP gave
radicchemical purities 298% with = 1.0% colloids. For
P Re-PEL-ME the respective percentages were the same
for 1 week while those for “Re-PEI-MP stayed the same
for 46 I,

Conclusions: These results indicate that PEI-MI' can
be labelled successfully with radicisotopes that have
proven therapeulic properties. The next step would be
to investigate their biodistribution, pharmacakinetics
and therapeutic efficacy i animals bearing osseous
tumatrs

Nuclear Medicing Communications (2002) 23
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7. Stabilization of fractionated HMPAO kits afte:
labelling with A S
SM A ‘%iddig,"" M. Rubene? and AL Ellmann?®

Irsiitute of

i Micclenr Medicme anid Modecilay Bindegy, Uninersityg of
Grire, Wad Medans, Sudan: snd * Dept Nuslear Medizine, '."_-,‘-;jr--l.':-_-_:;
Hospita® and Stellenboist Lomersang, South Afica

*Corrsproned ing ashar

Introduction: The two main disadvantages of *™T¢
labelled hexamethylpropyleneamine oxime (HMPAQ!
are its instability after labelling with " Tc, and th
high cost of the kit. The latter problem is salved &
many institutions by [ractionating and freezing the
kit. Tt has been reported that the addition of
methvlene blue enhanced the stability of the lipophilic
T Te-HMPAQ complex for up to 3 h after recanstitu-
tion, using an intact kit (not fractionated). No
description of stabilization of a fractionated kit could
be found.

Aim: This study evaluated the stabilization of fractic
nated HMPAQ kits, with special attention to the
concentration of methylene blue required.

Materials and methods: HMPAO «its were frac-
tionaled by addition of 6 m! nitregen-purged saline
solution and subdivision into 0.5 ml aliquats. The
fractions were stored at —20°C. A 10 mgm! ™' stock
solution of methylene blue in water for injection was
prepared. Just before use, 0.3 ml of methylene blu
solution was added to 4.3 ml of 0003 M phospliat
buffered saline. Fractinnated kits were reconstitutes
with 400-2100 MBq freshly eluted [¥7Tc|-
perlechnetate. Methylene blue/buffer solution at
varving concentrations was added within 5min. The
three-strip paper and thin-laver chromategraphy
method recommended by Nyvcomed-Amersham was
used to evaluate labelling efficiency. Chromatograph
was done at 10 min after labelling and repeatad
intervals for up to 6 h.

Results: The labelling efficiency was found to be mare
than 80% (84.2%=1.9%) up to 4 h after labelling when
0.7 ml of buffered methylene blue solution was added to
fractionated kats labelled in a volume of 2.3 mu final MB
concentration U.22 mg-ml ™", total volume 3.2 mi). Al &
final methylene blue concentration of 0.17 mg-ml~’, the
labelling efficdiency remained above B0% at 4 L with
activities up to 1300 MBg *""Tc. but deteriorated
78.2% at 4 b when 2100 MBq **'Tc was added to the k=
The labelling efficiency of fractiorated kits withow
stabilization deteriorated to below 80% within 1h
(73.5% + 5.8%).

Conclusion: It is possible to stabilize fractionated
HMPAO kits using a concentration of 0.22 mgml
methylene blue in a final kit volume of 3.2 m!, This could
provide an affordable radiopharmaceutical for ic
SPECT imaging.
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Biodistribution and Pharmacokinetics
of Variously Molecular Sized " ™Sn(1I)-

Polyethyleneiminomethyl Phosphonate
Complexes in the Normal Primate
Model as Potential Selective
Therapcutic Bone Agents

Jan R, Zeevaard®, Werner K. A, Louw®, Zvonimir L Kolar®, Elmard Killan®, Trederika E. Jansen van Renshurgs,

and frene € Dornmehl®

Racliochuwmis
of Badlochwr

Key words

m Bone therapeutics

u Polyethylensiminomethyl
phosphonare, ***™Sn (1)
labelled

m Polymer, enhanced permea-
billty and retention effect

Arzneim,-Farsch./Drug Res.
54, No.. 6, 340-347 (2004)

T s e

Summary

mn Seutlt Alrican Noelear Energy Corpoaration (INECSAJ®, Pretoria (South Africa), Deparunent
ry, lterfaculty Reactor Instiuate, Dellt University of Technology ® Delft (The Netherlands),
AEC lmstivare for Life Sciences, Wniversite of Pre1oria®, Pretoria (South Africa)

sarch fora cire lor metastalic

In thn

bone cancer, V'S0 wich iy canmersion
electrons and low energy photons both
of s rede prgrglos sliows Hide bone mar-
row lesieiny, providing the opportunity to
increase the adminisiered dose. Selective
accumulation b leslons would caplialise
on this advantage, The 10-30 kDa [lrac-
tlon of the water-soluble polymer poly-
ethyleneimine, functionalised with
methyl pheaphonate groups (PEI-MP)
mrd Jabelled with ##Te, las shown selec-
tive apiake in1o bune tumouss, Further-
e walpg speciation calculatlons it was
prmbieed that the SnillLPEL-ME com-
plex would remaian Intacl in tie blaed
plasmi. Because of this positive indica-
tlon aidmal experinients were carrled

Zusammenfassung

oul 1o fest this prediclon This paper re.
Jates the labelllng, blodistribution und
pharmacokinetics of varlous fraclions of
7mgn (171} PEI-MP i the normal pring-
ate model, and polnts to promising thera-
peutic possibilliles.

Vertelung und Pharmakokinetik van
Veanly-Polyethyleniminemetyl-
Miosphonat-Kemp:lexen unlersclied-
licher Molekulargriife by vormden Pri-
mutenmadel] als polenticlle selekdlve
Knochentherapeutiks

Arpnekm-FanchaOn

Bel der Suche nacly einer Kurativan Be-
handlung gezen metasilvmnden Kna-
chenkrebs zelgte Sn-LL7m mil seinen
Konversions=lckronen geringe Knochen-
markioaleltis Dies ermbglicht eine Erhi-
bung der verabrelehten Dosis, was zu

& EUV - Falilg Cas
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elngr gewiisehien Kimalierung am Ort
dor Lisioren [t Die 16-30 kDa-Frak-
tian des wassedéflichen Polymers Poly.
ethylenlmin, dia Methylphosphonat-
Gruppen enthilt PE-MP) und mit Te-
89m marklert wurde, zelgte selektive Anf-
nehme In dle Knocheninmoran Anband

durchgelibet.

sperlaller Berzchrgen watehe die Wor.

1. Introduction

In prineiple, interml mdionuelide thempy (RT) works
by e dellvery of Targe radintion doses 10 the wrgeed
disensed tissaes while sparing noumal tissses. deally
100 % tiegee Jocahzation of e mdiopharmaceutical |5
the aim, but I practice tis has hartly been ataingd,
and is-a mnajor disadvasitage of clinically established 1RT
agenis. This lack of selectvity cavses systemic rmdiolos-
icity to mdiosensitve tissuesforgans, which limits the
applied doses with resulting Jow paliiative or sumiive
rises |1, 2],

In rezent years there las becn an Increasing aware-
rizss that the fck of selectiviy aof fow molecidar weight
anttimour drugs costd be selated to their pharmacaki-
netic propenies. lo. el short hall-life in e blood-
saegr and their sapid diffusion draughout Qe body
resulling inan essentally even dssue accessibitivg [3].

Therefore, one approach to aller the phannacokine-
e belaviour and to overcame the radiotexicity of IRT
agents 1o normal tissues s to attach the appropriate
therapeulic radionuciide 1o a witer-solulle macromiol-

citle, such ps the polymers presently amider investi-
cation, Thesa form chemically seatsle [o-viva veliicles for
systemin drug debvery due to the enhanced permealsi-
lity and retentlon (ERT] effect whereby neoplastic tissue
selectively accumulates macromaleeitles 13, 4, 5).

This strategy can also be applled by lubelling the
miscramolecular bone wmour seeker
FRESA L CEH AT S U0 S CHREE ] SO CHE SH Y O )

with an approprinte therapeutic radionuclide. The
chendeal propertes of this lhelled compound shoull
Be such that an in vive stalilty can be assured while
the species that predominnntly fonms in vive is charged,
as newtral species could forea colloids with subséquent
liver uptoke i8, 71.

In previous studies, the macranolecular 10-30 kDa
PEI-MP (polvethylencimine functonalised with methyl
phosphenate groups) labelled with “Tc fa diagnostic
radionuglide] showed promising biodistrthution and
plarnacokinetic properites {vie fecalisation in bony
tissie, and fast renal cleamnce) for nommal privates
and dopgs |81, as well as good mimour localizadon in
dogs with baturally vecarring esteosarcarma (9], Metal-
ten speciauon studizs, however, predicted i i paly-
mer wonld not deliver the therapeute mdionuclides
YH8m, ¥ He, #7Ph, M1 Ph and M1 to bane. Thede stud-

Az apcing

Forsd b Mooy i 340 X 8, J0-F4T (I001)
ROV Rl K z ¥

% Caiivg \ese Aoleadof slavzresiy)

aunsage gelroflen, duf der Sn(l1)-PEL-
Mp-Komplex b Dlutplazema bake
bleibt. Zur Oberpriificng dlieser Vormis.
sage wurdmn entsprechende Tierversuche

b TR

Anhibabies - Anitdral Diggs - Cramnibesputics - Oietlatics

117m-PELMPs Lin nermalen Primaten-
medell berlehlel, wobel vivlvarpre.
chende Ergebnlsse m 1Hoblick o eine
tharaprulliche Verwendung erzielt wor-
den konnten,

I der sortlegenden Achelt wird ilaer die
MNurklemuig Verreiliang uad Pharmakok]-
neiik verschiodoner Frak uomen der Sn-

lzs were otio clinieally verified for "™8m {71 Additional
speclation studles with Snil) predicred thit in will re-
main baund w PEI-MP in blood plasma and 1herefore
weld exlibit endy stight redculeendathelinl uprake |16
Blaod phisma madelling can nlso be nsed o predict the
specintion of compleses ut elevated levels of Calll
which charaeterlses sites of metastasis whete high bone
turisover occurs [11). PEI-MP Qs furghermamne oasy o
complex with Sndll} zhat cantains Yan (ball-hfe =
13.60 days), a low energy electrons and photwns emit-
ung radionnclide with prven therapestic propertics
k213,

The biodistribution and pharmacokinetics of vari-
ously molecular sized 17780001 Sndll-FEI-AP (to be
abboreviated as ''7"Sn-PELMP) complexes up to 30
kD) wete studied In thiz exploratary lnvestigation os-
1y sdindlgraphy as well as blood and urine sampling
for radioactivity determinaiicn in e pormai chacnia
baaan (Papio ursinus) in order to assess their possible
wseluliess as aptimal thesapeutic agents. Tre choice of
Sty instead of SatiV) is debated elsewhere [10] and
therefore great care was taken with fhewe eaperimems
1¢ cnsure that a Sl comyplex is injectad.

2, Materials and methods

2.1. Polyethylenelminumethyl phosphonic acid
(PEL-MP)

PE!-MP was pnepard, fractionated (baserd on motecular size
and niod molar mass) and chiamcterised as dzsonibed  previ-
wuyly (8]

2.2, Preparation of 1*7"$n (1) PEL-MP and the
determination of Its radiochemical purlty

12 [ID-PELMP was prepaced according 1oa sirmilar proce-
dure as deseribad praviously [10)

Tha radiohuciicle Ym0 was produced by fast neutren lome-
lation of 1in meral - enriched in '15n to 82% - nocording to
the neclear peaction Y750 inn) 1Y™MSn. The tmdalion of
.6 g targets ware performed in the High Flux research nbe-
lear reacisr o Panten (The Neiberands) o) o neuttzn Nox af
apeut 10 em s and ek 21 days fellowed by adecay paricd
of 4 chiys and subsegiuent shipping to-Seuily Africn The spec
antiviey achleved on the day of prepamtion |7 dayy alierend
of [madiation) wus 2 91C V™0 mg S0 Vileg the nocessaiy
shielding. the lrrediajed metad was dissolved in 1 ml of corncedt.
trmfed HC!Y soluctan at 60 *C under Ar over a petiod ol 1 hand
wid dlluted with 2l water [ o sepamie vial 100 mg (211

AN CEAT Wi :%q]

TRsai - Pelyedabom bndnomimbs f phep
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wmel 25 expreased for the monomer which has 2 malar mass
of 4732 ghal] of PEL-MP doypically Oie 10-20 kD Trection
was disslved dn L2 mi warer and 6.2 ml 19 mod d ? KaDi

waing @ small magmetic shiror bar 1o this an aliquot pf the
I

ot e S Gl sntutiog |t

¥ i) caneiniig 2.6
e Aller addition the pH 93 gmduntly
adfusted tm pH o= 6 with a1 mol dim™ NaOH selution while
bl g beared tnd sivoed | 10].

Thr mrliorhe mical paesirywaes checknd carmmatogaphicslly.
Five oi of this salyttony was spadied on [TLE-5G {ailicn gelime
pregnated ghiass filte dbieets, Gelman Seiginces Inc; AnnArbor,
M1,4EAr and cellulase (TLC atluminium sheats, celinlose 0.
wine FoMerck, Papmstade, Germay) chiomptogmms apd de-
vieloped i ethanal sott Usmal doy® eitme Apl = 7.0); respec-
tiveld Alter scommang the chremasogrns with a midfatdan sen-

11 G2 primd). Sey avus

sanmots the st shawed (het =90 % 6f the acibdiy me-
L% uithonnd
Spilll o was present, The chrammengmins develsped i 1 mol
dor* oiinte shawed = 8895 of the astivice an ilie salven front,
rudicating less than 1 % coliodd specles remalning @ the arl-
gin. The chromatograms wete ppemed dady ot afier one
week e respegtive peirentages woee the same Thls Indicated
i the ¢amipley is stable and almost to celloids are farmed.

Forr weriliomtin i purpotesthe madiochendodt putite was zisa
chzeked gt pH = 7.0 ancd Jound o be 853 T ang 87 %, frsper
viselis Lot the Tormmlacion a0 pH = 6 was prelerred o0 )L weould
el e podvent cadiliniasi of Sni]l. Ml the sbote solutivgs wers
preparred wirh de-armred woler and kept ander A For the
I TLL -5t chivmatogranes ehalisl proved w be a more elfegtve
developar thin aoetone beoause Snll, s more saluble In ach:
il and moves 1o the from.

In bothy cases o pegative convinl was alay performed. Fres
Sealdl U the form of Sl in HCY was spotred on JTRC-SG
and developed wiily gibanch The resulr was that > 835 %of the
actyily mavedd with the salvent font Snfli-colbauls were
niade by abjusting the solution obove o pH 2. After spaiting
uri celiulese and developracnt o oitrare > 08 % ol activiry was
faund in ohe tower pact«! the Shtumiteygeorm {7, 60 57, Thesa
g e contruds conlitmed that theselpcied chremsafographic
nuiterial gud mobile phase ‘are able to determing calloids as
well 25 free SrATL

SHITD &

Hkied i (he urighe, Bidhcationg: Uit Jess than

2.4, Bindistributlon and pharmacokinetics
of 1Sy -PEI-MP
Cive norma male baboons, sverage weiphi 273 kg were sed
nike sludy dnd mweived Ly VVSR-FELMP of varions mokou
af ses AMesidies saere perlirmed aftor approval by the Eih-
fes Committee of the University of Frewarld, acconding 1o the
guidelines of the MNational Code for Aimal Use in Mesearch,
Educatton, Magmosis and Tesung of Drugs amd Helared Sob-
stances in-South Africa

Thie babigiang were subjected to dlernical experimental pro-
coduies eicept far e mentaned dilferences In melecular
sizes of the injected YVSAPELMP Thee differem slze frac
tmns were studied, vz In the following ranges (1] 3-8 kDa
(mumiber of pperiments 0= 130438 8-18 kKDa {n = 1y, (3] 10-30
kDa (v = 1. This fast fractien was of special inrercst, since it
idendly sutred the chametenstics sought for an optinnd thests
peudic agent as gathered from dara on M™Te-PELMP In prim-
wie mcdals |8:.

Indaetion of ansesrhiesio was perform ed with ketamine hy-
stide (18 Ingfie Lmy Kerlar, Parke Dovis, Cape Taven,
s and daed ey fallinved by @ fieedftrsined camrelled in-

|
i
}
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fimtan of 6 &5 sedinny pentobarkitgl solution (2agaral, Kéron
Laburaaries Piy Lid,, Beprase, SA) 21 30 mbrds The adbmal iy
the suplne position wader e gammn camier wis injected i
witha =4 ml bohss eomaining 111=143 MBg of ' ™an.PEL-MP
f=2.3mg 3nand £ 50 mg PEI-MP formulated nr pH 6 (o preven
premiure oxldatian of Sulll]y and datp acquasitansmanedona
countdonn with g Samens Qrbiter g view ganmn camers
apiipped with 2 cclilmatar. Iow snergy, Righ needlation {Sle-
mens. Efdngen, Germany) In & x 64 wanl maotle perfoiming
A G min dynamic sody (67 | piin fmmes), A0 L0T and 3 h,
and in gome cpaes nTdd hostasic jmages of 120 5 were acguined.

Bloed and unne samples were collected at fixmd
for 3, viz every 3 niln foe (e first b, ien Saudy for Baod
satsples and for the urine every 3 min for the first b sob-
seqquently kawnls The activiey aid velume of each sample, and
cutiditive weine valughes wens moaided.

Regions of mteresy (BOIG wede placed an e images of cre
Ulac Bivod-pool, lver, lung. spleen, kidneys, and fone (rartical
ard 1mbecuian 10 abrain time-actbary conves for hese came
prriments from the dynnmie srudy Similardyy data of count-
mte [y pixel for ihe ROl winich ware decay-corrected, v
obfnlned from the siatic Images These were notimallsed, ac-
cording 1o acquisition proterol. oo estend the dime-activity
rurves-of the dytamie siuddl ta 3 hfearm wiich 1.2 the halfime
vfclearmice, coulld ke calryloied.

Bloead che Uertmiilative urma curves wiere alio ol
taimedd 1t nl casee wa that relmie argan distritngions of e
rotilmed activiey and eventually of tha njecied dase (14} couid
b obtaiodd jor alf PTREn lavded meolecniaz size frcrians
Thiese caull be compared for eptinal distribntiop ehameter
istics for thierapy dccording tothe menitionsd oriteria

rrvala

e

2.4, Blnod plasma modeiling

The ECGCLES (Evaluatien af Constliuent Coneentmtions for
Large Hopullitsrium Stadies) program was used [or speciition
caleulations |11 this paper. The ECCLES darabase wos previgusly
gpdared 10 include all formation Somsusies for Snflh) (10). Ta
simulate aceas af higher or lower aleifienion the free G0l
concemration in blasd plasma model wis meripulized as to
astieve 0.1, 10 and 100 fold Caill) levels.

3. Results

None of the animals showed any adverse elfects fram
the Tubelled fcactions ar any tine during the study and
therealiern

Srintigraphic Images of ndivadial representative an-
imnis after injection of the vatous Y7Sn-PEEMEP frac-
tions sre shown. Fig. 1 presents the thorax Imagas at 1,
2, 3 and 24 b allec injection of the 16-30 kCa fraction.
Livar uptake is visilsle os well as ligh bleod peo) activig
while only tow bone uprake 15 presenteven at 24 b, This
is confirmed fram the mean wme activity corves (T-A-
) [Flg. 2) up to 3 h after injeciion. Fig 3 presents the
mean {n = 3) Blosd clearance curve lor tie same set of
andiats and confirms continuing lagh bleod pogl activ-
iry even fram L h anwards. Hewever, after 24 b most ef
the petivity is cleared as can be seen i the scintigraphic
image; extreme right im Fig T Accumnulntive urinary ex-.
cretion of activity is shown as percentage of {njzcted
dose (i) in Fig. 4.

Apepeiams.-Sorseh SToeg Bes 33 No. 8, 110147 ($2040)
L | 4 r
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T4 Ara

Fig. 1z Selntipraphic Images of the thorax at 1, 2, 3 and 24 b (from left to right) pub. of 1Y7™8n-PELME fractien 18-30 kb

Fig: & presents scindgraphic images thead. torax
i abdominall pelvic ace) ol he ataan Bjected with
the 3-8 kDa fractian of 7950 PEI-MP 30 alier adnvin:
fstmtion, Xote the sodueed liver uptake w«iie the blood
clearace of Y™MEn-PEI-MP Sor this fraction is much
faster (Fig 7). Hoween mast significant Is the high ror-
tcal bane uptake (Fig Bl The accomillotive urdpg curie
inileates cantipuiug esrrevon of the activity [Fig B
Lapele reteotiom af aewwiee in tve Blodder s visitde ofter
I hiFiga: Themsuliz are sunmarized in Tebkle 1 which
renreseis e mean 1, af elearance amil mean e

fixey

& P

—— ey

Aty g Bt

=T T v T 1
& o 23 EVes an L 123) 122 L2~} =) Yy
Twrw [

Fig: ¥ Mian tlme netivity curves (n=3), fraclan 16-30 k04, for
enrdlie blood pool (a), tung (e), Mver (a), sploan [v3, el Kidiey
(#1 righy Kidney {#) shoulder (), arm |%) and backgroul
thotiinn eurve) vs. lime n min.

fnnm pescentige retained body activity berween 2 and
30 i of the 19-30 kGa fremions of Y 7W5a-PEI-MP as
well s individisal correspanding values Tor the other
fraciions. fer compartson, T Te-FLEI-MP fractions
taken fram a presdous siudy 187 are [ncluded together
with cutnnlaiive wisaly secretion as percentage i,
aind 1) of blood clearance fmm blood sanpling. Re-
subs fram bload plasines melelling are prescited in
Talde T amed 3.

4. Discussion

Dur ta limited and coutly availability of ¥*751 snd be-
canse the Bleod plasima maodel indicated that positive
resnfts wene 1o be expected with Y7 5n-FEI-MP (10],
anly a small auimber of anitnal tests were peeded 10
confirm the preelictons As a follow upan previouns
T PELMP studies 1) 16 vas declded o carre-out a
lirmied number af wests on non-luaman primates, viz.
babons, that arm best suited for s explorative smidy
as they answer many of the eritera of parallelism to the
livman, Because the ™™ To-PELMP 10-30 kDa fraction
gave the best bindistribagion and kinetics with small

| 4 -
_____4-.""-#--
-7 o R e
- '\ 7 /
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Tig. 3 Muan hisod clearance curae (i = 3), grormallsed o o fecied Fig. 4t Mean cumulative urlnary excration curve fn = 1) for
Ao, for dlw 10-00 Kia fracitan ve fime i inin. fractton 10-30 KDu as a prreentuge uf Ld. [ajectid dowe),
Aot Tk Theug e 0L Mo i, Bad Ta0 12004 oA
b R b sk oy e ‘ b 7] il o e it S
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irtee-antmal variations per fractan [0, tiree animals
wine elasen for lnvestgation with the T En-PELMP
10-30 k2 fraction, while cnly one aiinal/ fraction was
investlzared with the 3 B and 8- 19 kDa {racgans. Thesa
'f.:l'nj'_-ll_'-.'I;'I'u:h’:lI (_‘I\FE‘!I?I'."!"I',\ g:'l'.l" samg \'I‘\.I'.':l.il ﬁ.".f\".‘ll'.l'l'l.'lr
tien, Ll nararbly presente] siatisiles shores mings.
Tlhte lack of o visiale spleon compartmentin the 3-8 kin
fraction aninal wos due o gasiric blant This fracten
vietiled a fst clearpoce Trom all commpanimenis (1),

TRE ]
;__'.

g

B IS TS
2
2

Fig- 5 hadiviilaal tine activivy eurves, fraction 3-8 kDa, for car-
dixc blood pool ), Wug (e, Hiver [al, left Bldeey {v), right kiduey
(#2 shoulder (4], arm (K), background [%) vs. lime in min.

Tdm

. |

& '

g 1

X 1

a |1

2500\

2\

s

e \

&

v

p i g '

= ‘.“'l —

T SRR e
a o5 < L8 & 1 b 1 hj

T-r..i_n-m

Fige 70 lndlveldnnl olasd cearnce cucve for the 3-8 kDa fruction

q:l-‘l T T ) o BBy b 1T wvsar'wy | (T

283

¢ Reimigraphic imagos of the head, thorax asd pehvic area (from teft e eightl 3 pbe of P755%-PELME fraction 3-8 kDa.

except fror bene, where |t ascuindates, as is known of
a phansphonate (14}, (Tabile 11

In compansen with the " Te-PE-MP (3-10 kDa
fractionl, the significam differences for the 3-8 kDa
fractian reside for the kidaer 1, amd max % uptake}
artel bane {max % uptasel, The eamnSnton of some
rger molerules §nthe 310 K0g vs. the 3-8 kD frac-
e cowndd e a reasan for Jower pecossitility to nermal
o i the Tormercase. An esthimation aof 11 % uprake
for th: nos-visualised spleen in the animal injected
with the 3-8 kDa fraction of “"7an PLIMP was made
aler comparing tise 3-19 kDa " Te-PEL-MP complex.

The 750 - PEI-MP compdes witlvsenal|est molar size
behaves as if the ligand is a monomer phasphanate Ji-
gl g as "Pem-EDTMP I H] howeverwith consider-
ably lower Gane uptake for Y o5n, PEL NP The complex
reiains inact in the blood plasma dong enough for the
TEmen tq reach the target, the Bone tn Table 1 the cor-
tical bone), because it 05 smill chough 10 escape from
thie chicidnicn and small enongh to aveld trapping by
the liver

The Laboon which recelved the B-10 kDa 1Vm8p-
FEISMP fractnn had only ane funcioning kidney,
whieh could kave influenced (hy elcarinee res from

Temd drman

T B Jadildudl comulative urinany excretion curve for fraction

Figi s
31 kDa as a percentiage of Ld (lnfected dose)

ArancimFapwhoDog Hea 53 Mo 0, 340347 [TH)
A RN e Cagen & lmdarf 10ersn
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Table 1: Mean 1,3 In min and mean maximum % upake between 2 and 3 h pt. of M'7™Sn-PEL-MB fractlon 10-30 kDa, and ™™T=.PEI-
MP [ructions ln vartous body compartments of the primate with eorresponding Individual values for fractlons 3-8 and 8-10. Cumulative
urinary excretion s presented as % Ld. (% of injected dose) and 1y, of bload clearance In min

o, Mm% pprake e 4o (min) = y
Fraciion kDa 2 > —t -Urian oy Tlood b -
and s Carcae y 4 A - i i’ W (gl
g el Liver Ridiey Lung. .‘tp-lccn Cartleal bane ‘
- 17 {6 min 13 {19 min) 13 (12 min} 1302 min) 11 {estirne- 22 (>4 55 12
{nel) tingn)
3-1q 22 (22 minj ZA (>4 hl 13 (10 frin) 16 (>4 h} 10 =4 h) S(=4h 25 20
n=1 I
10- 34 24227 ZE 41 izl 11314 1211 5213 10 5
[y =31 (44 & 52 nmrnd T4 11 36 £ & min) (= 520 pisind >4 hl IEE R
e {4
3-in Jizq el iz} I Lot 4.0 3
[n w4l Al LI 2 15 min)] 1752 2 min) {=4hi
1020 15 % e 1324 R el 5825 b
a4 il e 1.5 ‘.11'I'I'I! [22 £ 3 nihad | 420 = 3 twliid | 00 =3 mimd | 60 £ % min) TR I 1]

Mickgraumd compartneent nu incleded b jable

most compartments and explain the low (25 %) excre-
tion in the urine. The dmsde reductiun in bone uptike
from the 8-10 kDa fraction and upwards may Ge be-
cauze the eritical malecular weight above which dif-
fuston becomes restricted n continuous endotheliom
is about 3 kDa [15].

Statistically, the results of the 10-30 kDa V=5qu-PEl-
MP fraction (n = 3 can be regnrded as the most useful.
The small inter-animal deviatans throughow, which
were also observed previously with 10-30 KD ®=Te-
PEI-MP [8], point 10 the consistency of the i vivo be-
havigur of this [racton. In comparison o the 17™Sn-
PEI-MP 3-8 and 8-10 kDa Imetions, the larger 10-30
kDa M7 - PEL-MP exhibits a prolonged retention in all
compartments, together with low bone uptake and a
reduction in urine excreticn, as can be expected fram
its larger hydrodynamic volume and is resultant stower
diffuzlon rhrawgh the endothellin as well as a decnease
in renal excretion rate.

The fact that the "'73n bound to the 10-30 kDa frac-
ton remains in the blood plasma in healthy animals
{see Table 1 and Fig 4) can be explained by two pos-
sihillies, one that the V™Snr-PELME as complex re-
malns bound in blood plasiia but this particular size of

Table 2: Spocies distributlan fin perceniugs) of PET-MP in normal
blood placma st nurmal, elevaied and mduced Ca{l)) levels

the polvmer complex s o big ta escape from intaci
vasculature while a significant portion is trapped by the
liver. Tn this case the complex between the polymer, a
phosphomate and therefore a bone-seeker, and the
Hmsg i) reinalis in the blood poeol and can only es-
cape from circulation to accumulate in the bone, if the
vasculature Is damaged. A low bone-uptake Jallinws as
well as compieted renal excretlon afer 24 h. This is con-
firmed in Fig. Land 2.

The altermvitive [s that the Y"™$n dissacintes from
the complex and attaches to ollier blood plasma ligands
like histidinate or reimaing as ''™5n{0H).. Therelore
the bipdistribution ebserved could not be that of the
7wSn-PEI-MP complex but of some other specics alsg
taken up by the liver and excreted slowdy: In such a pro-
cess some of the "Y7"$n would inevitably have been
trapped in the red bloed cells as it s known that
Sny{PO,); (whilch is always part of the red-blood-cell ki
adiministered Lefore "Te (16 itsel() ts tragped inside
the red biood cells where it reduces the Tel VI It was,
however found in this study that, even after 3 h pl. >
99 % of the aciivity was (n the serum, It therelore see-
med unlikely that the "'75n-FEI-MP complex had dis-
soclated.

Talile 3; Speciea distributian {In percentage) of $nill) In normal
bived plasina lucorporating the tigand PE[-MP at normal, eleva-

T - . e ted and reduced Cadll) levels, regecivuly.
Norsil M e ety — — :
Catl) Sevels Calli) 2 10 {Cafll: 2 104 [ Ladl) % 0.1 = . Natimal el Eaim Calll]
] - Calllilisels| 10 x AT s
Ca.lX Ga i 2] U3 - — = — ——— "
Cal 12 i3 13 [ E ML PELMPYOH) 57 15 04 a1
Mgl 10 57 MLAPEL-MPHOHY, 20 7 0.2 o
GngLOn 3 1 3 Ml an 7 a3l 29 a
ML 25 14 H{OH); 5 23 a3 2
L, 2 10 MCys) 3 i5 21 15
L 1 7 Witz 0.5 z Z 3
SazL10H): 1 (L | [ 1 MIPE-MIY G 5
L = PEL.MR2 M & 8n (1), His = histdinne and Gvs = opstelnate

Mrrex (e 34, N, §, 340 747 [To0a)

Argnetlm.sFapes 3
- @y P i Varlaa  Kigdam gl PhasnE, vt

Foeveat o ol = VIS SckerivylMnsimangenechyl phospreas EmEirees 545
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ared, Ultimate prove of tie preferential lacadon of the
complex in the tumour should follew frome siudies an
nsteosarcoma bearing anitnal medels

5. Conclusion

It 1s easy ta synchesize PEL-MB, purify and fractionate it
inn variously: sized fraztions which can readily be la-
belled with P ™Se o abiain a labeled product of high
radiochemleal purity and b vitg stakiiv, This in vive
study confirmed the demand for reduced uptake of
WS- PEI-MP by normal bare and Kidneys, especially
noted far fmetions = AkDa, Furthenmare the thearedenl
and nowe presen indicatians al in vive stability of Snlll)-
PEI-N ag well ns the patautial 1o esplolt the EPR offeer
due 1o s macromalecular natue, suggest thar 7™ 5n-
FE[-MT can fundamentally be a promising thempeutls
radlopliaracenrical for v testmant of malignag
bune discuses, pending proper dostmerry. The anama)

ies benveen the phianmmeakinens and biadisiribution of
10-30 kDa "'7=5n-PEL-MF and ®=Te-PEL-MP indicats
thint it cannet simply be assumed that the fn vivo be-
haviewr @ polymeric Ngand complesed with different
metal jans vl be idensical and therefar contions that
apprapriate pre-clinical It vive experimental work s a
precerqutalte while 1 vito studies Including blocd
plastmy modelling can assist in reducing the number of
animal tests neaded.
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3.6

Imaging of nAdiRateplars with the PET-Receptarligend
2-14£-285380: Automated Syathesis, In-Yitro and [1-Vive
Fualuation in Alzheimer's Disense

1, Sthmoiahass™% I Memirog', 5. Gublue®, I Bimfeich® £ Jossen! M Sckad?,
U ¥iadoe!
Wiapt, ol Hmadgy, st ol Wotl Modind, Bupant. of Frnomoecspl Chamiy,

hegt of Prphisty, Uneprsity & Boow, Ty

Admz PET dsan impostan taal for the in-vive imiestiiian of the
fumetioni] staliie of (e dulferent recepiors i brain, éspecially
valuable far theearly dinanosi of neurodegesarfive dionda.
Labtelling  nientinie Acenehelin-Rocepiars (oAchR) wilh
T AREIE, o figaond with figh alfinity to nAchR s subtop idb2.
erables the viswaiization of e sAchB i vive, 1t ow work, we
hvestigated the poteatial of ghis PET <trsee r T its slineal wse By
antispating tle synthese of e 2-5F-A83 360 and 1he i vitrm and
m At evaluation for Alecheimers dissase [AD) In hunman.
Methads: The syuthess of 20F-ARSL whh 2-NMe,
ENABOET ) A RIS s peeturtsan wan established 1ty aujonmfic
svutd i nadide far i vina PET investigations. bn-bitro espori-
s with dectmns ol eceipilal cunes, entorhingl eortes and thal
amins of padients with AL &ud healthy eonirels were insubated
with 2-2F- AL 330, faltowed e mcasuiing 1he discribusion ol g
temcer by mears af phosplua invaging. The sectians were siaineed
with LE tor determme the RO im e braan tegione Jullial PETS
wventrgations el patlems with AD and healiby conrrad will be
pretented

Resultss Lip 1o 1) Glig 2-"F-AB3380 could be reproducible
preestiieet] ke e muninsishiz ssmvhesia madule with an wassrrected
viehbar 30 % (8 min frem EQB up Lo fingd pradoct farmulntian,
The sprerille netivipy of the final p*u;h.,_l: wis > 200 G YG ) pme} nd
the padwachmical ponty of 98 % Sar sullicent ler libdnmn use.
Incubmiiion ¢l braln ssepionswith 2 - A%5380 showed 3.2.5 timas
kigher wpenke i the thalmnos than i catlicel regions. In bram
szctions ol the AD group thalanyis and ceipial conexshowed n
redueed tracer uptake of 5pp. 30 % of minding of control brain, In
cur firs) human PET studies this decrease in uptake was observed
likewise, Addinenally. in comgarison 1o healthy conirol Jower
TFEARSIAN cnncentritiens were menvared in pulamen and
cancdle of &1 patienls

Conctusions: The mutomated syniliesis of 2. 4F- ARDIED sllowi safe
preduction ani sulficiont yighkd for dlinical applicmioh. in vitro
hyman binding data with 2-PF-ARSS80 show the Inbeling of
Bumin nachi’s with distinatly reduced binding in thalamus and
vseeipital cartex of - Alrheimen’s disease broin sections, Fid
resitlbs of hunian PET stuslics ideniily 22 F- AR IS0 as a potential
diagiesic foisl in Alzbeiner’s tisease.

3?

R-:'cnme Fltpmﬂll:n of [“[]Flum:r‘ouﬂ Uslag Direer HPLC
Purification

LI .r.';'"l, I1'l'-"-'ijhﬂ Winlss
Sobet [iank! !

Deuriiacd o ol Modicing, Thvongart Cremitaty; *Chingal Phermasokgy
#d Heemnlogy, Lisveraty o Viren, hisiia; Med gy Sl e s

e Miathece Mhadcme. Vieemy, hustris

A Dirlng ihe Jist yeavs, the relevance of ["CiMumazent
(MY in e rlagicnd (nvesvignlions such as epilepsy o Ale.
Peeirier’s diseise i risbig. The taajor prablemvath the prepamtic
of |MCIEME was the separabion of the product from residual
solventsand precurses. Common prepasatings includs preparative
FLC anid subseuens distilluoon or sabd pliose estraction, We

AN Ol Covmgen’, Smmne Aserkenm!, Kull Temy',

1-

Witk e 7003

davelaped p preparative HPLC st up weing an ingectable makile
phase solution eircumn snting e need foe sy furthe s paritemion.
Methads [FCHEMZ s produced from [V Clmerkyl indide apd
Nedesmetiwiliumazenil, the precursor, iy prisence of KE (potas-
slumy flnaricle) inmmobilized on AL as o phase raesler catalys
it acdtonitkile. The produat solution was fitered b A culleeting
sl Tha flter was washed with witer taingronse e vicld and the
camsbined wolutions wire trnsfered antan preparatiy e HPLC ool
W [uiil,’.iun:u'\ ]"I'I-'Iﬁlf' Nucheotil 1T, RPOS, T, 250 % b
winhile phaser DOLAE phasphons neidiethana! 30530 (v )
Amlimind, The tetention 1imes of prosloct wad precomon wepe
[T it e 8- uin, peepactivdly. The cutted fracton was difuned
Witk Bl 21 mig ||'|:4‘_.~;J-\||;-||.: bBuftferad salime solulion angd srerite
fElbrabed,

Reswdtsy Onverall mynihesis 1ime was <30 midiuies {02 minutes (o
e preparation af the {(VCTmetit (ediede; 3 minures for the
comersian i [VCFATE prd <15 il for puradenion aad
formmitniiond, So far vpieal sields were 0B (ner deoa
corteehed ) o the rewds 1a e vadhopharmneeetizal ishariag
petivities: S3-550HG Y The wdivehemical pory was mlivays
fugher thai 99% determinied by analstizal radic-HPLC. The
st b procursste o the infectad celumz was abways <Sup
prEwas 8.8-73 and osmaelaline was 2303 10mosmal Ly
Cnu:lmmn The presenied sinthad of I"CIF\’E using direst
Hl'l k- T‘UIIII\.t 5 m relabi and Fast method for the routine

preépavatiowal thiswidaly amed PET-incor with xcellen purity

Rediogharmaceutical Sciences 111; Infection

3.2

7%y od HRe m.ﬂs-’:.'nhi”lng of Pelyetiylensiminamethy! Phosphanic
Addd (PEI-MP], Followied by Ln Vive Targsiing of Induzed Dstessarcoma
in Hede Mice

| Tomeahll, W Lower, ). Tewmma®, 1 koo 1. Batafhat, | Weganee!, 2

L.lt.-unhm' (. Gomast, | Mis }I-:a‘ F. Sehspiraisst, |, g bt
WA rstisute of Lila Sdnm Uerrersiy ¢ Frahoria, Sath ki,

WALSH, Pretos, Secth ki 131 DJF gty of f*dmk.-;-f Ths Haiadunds,

*lE'-.I, Unmesiey o Coimles, Pootupe, Netage ol Vetemary fhedios

Usimsity o Floeidy, (IS8 Wreisebungnzecten Jisich, [eemaony

. ikt

Adme Wiater-salulle polyvmers are wader developmari) as vehicles
[orsystemicdrug delivery due 1o the effect of enhanced permeatil-
ity and rétention whereby neoplastic llssue selestjvely sccumu-
lnies mogramalecules The 1030 KDn Fraction of 1he palymer
T Te-PEIMP previgusly presented proatising Badisiribution and
rharmacakingtics in prlmetes and dogs and geod wmonr
lesatiorin natiral canine asieosarowma. The putpose of 1his stidy
was therefore to cvalinaze the labelling 0f 1030 11a PELRMP with
"Smand "ie, both nuchideswith prven therapeuhc properiies
wed sybsequently o confirn: soimyjgraphiealis e patential of
Sit-PEMP ws naclective Dhissnpeulic bone imoar seeker i)
BALRC nude mice stk indpred ganime nslenbanzomil.
Vet TS50 vl woas dpedived i 100 HOL ar 60 *C under
N ] diliiatd (o3 3] with wares. PELMP (1030 hDal 100 ma)
was dizsaleed in L2 mbwater amd 0.2 m) 1O M NaO R Analiqual
containing 2.6 mg Sn wins pidded and e ptH adjused to G0 Re
msatal wis n,l,S‘iDn'-Ed in 10% H.0y evaporaled to drvmess (30°C),
% hereafiee an allqunt contuinlie 23 pg Re was added oa FEL-MP
treeze-gried fabeting ki [H.lrr'"‘-'ﬂ i -MP 03 e SnCL2H,0)
gt pH af 10, Aller inculanios st = 93 "C (30 min) the 11 was
st w B BALD C nuds mice wese subzumnecusly injesied
with & M oells, euliured Trom sponlinsous Sanie ostasarsama,
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anch with high lung metastmlic capacity [HPOS) At 4 waeks the
twanintr Bearing miee were injected 73 pCi Wea.PELMP gnd
scintigrapiy was performed. Crgan aod lemeus counting inawell
counter followed

Resuliss Both 70 5n-PELME and " Re-PELMP gave radio-
chemical puritics =5 % swith <1 0% olluide Far oS50 PEMP
e respeciive percantames were conabad] lorane week while those
for 1RGRe-PE-MP sidved the same for 480 Tomeur to back.
ground uptake within the period o 30-21 B mwin pos inj2etion wis
arognd E0-6.00 Narma! bone coold not e visualized but cartilege
had similar upiake as 1he tumour

Cunchsinm These resulis indicate that PEEMD gan be labellad
guggessiully with rodhimsotopes it have proven thermeutic prap-
erttey. The lane by TS PELAMP
bl copliied

Tareediing properiies of

53
A New Mode) far the Pre-Yivo Eveluufion of Bone Seekers?

Stehon logel ¥, Markes Kirtssimante' =, Wollgang Wadeot ', Lestati ey Hisals
ool Febgar? gkt Viemtei?, Vot Viett!, Robaet [zt

[epamans of Woclesr Madirss, Pmmoceati Techs ot Bipemoceufics,
Nragmnip Chessistey Unimisity of Vosring, Ausitle; Hosslinl Fhormey of the: Genesal leasgd
tek ol Vienna; Mestriz; *{udvig oo diinete fo Sedeo Medires. Viaang, Ruvoiis;

Inecoductivn: Aldweweh he D s ive-labelled bane vocers
were aligady introdiced a the earty Ths, mechanizms invalved in
uptake and integrmion oo e Beoe naers S ressm speculb -
five. The present work aited (o establish nopdw pethed loweva
Junte the inNluence of various faclors an ivs upinke 33 weli as e
piatartind s oomodel far Tutuse bone seeling sgems

Methods: To a vial contaioing 0351 8myg dwdroavapatite (HA) or
nmarphous calciom phasphate (ACP) 3ml of Hanks Balsnced
Salt Selution were added. The tuba was sepied nnd twaved na
thermestatic chamberat 370 for 24 boo, Then. 0 3pmal of
pudicactive-)abelled diphasphon ite or 4U-800d By af 18F-lluwcide
salution were ndded. Subsequenily, the ube was pliced in e
water tath for meubation (10 30 62 and 120 wm. 37°C) and
homagenated. An rliguot of 30uL of this suspension wisadded (o
2ml of physiclogical saline. From this diluted suspeniion 3
allguits of 30l were tuken and placed in ubes for amma-count.
I The rest wits Qe ced (Nillex FO &, EI.'-"’plll,'l_an-;lJ-nl:m oisof
SpLowers taken froos the it Finally, the radicactivity of the
& tubes was nuedsured (g gamicssenunter and the pensentnge of
irreversinly bound mdwastivity was endoolifed.

Results: The inlinence of incubalion tme, amogat ol inalis, prep-
aration method, Lvpe sad concentration af ligand and ourrier wis
determined, Kanetic upiake experintents revealed asontinuous -
cruase avdr Hine for " Te-MDPP an various anounts of mairis
(3me FIA B2 %at W0 1o 7 160% au | 20min} as wellas for 5F-
fluorice (Fimg H A 3877 % m A0mn 10 67 8% ot [20min). Alleran
irsenbation period of 120min the studies en HA viclded the follow-
ing order: TTEDTMP (84% )RR EDTMP <™ Ted
Nl Re-ERTMP="Te! g-ELTMPa®™Teii Sul He-ELTMP
™ REERTMT n e RDTM P2  n-ED TP nfln.
LM P Te- P =T il R EDT M P Te-EDTMP -
boiled <" /L5300 Re- ERTMP= 50 EDTN P Tel L]
Re-EDT]P " hatled "< Tivoride < ™ To- MO 7] 6% 5 Reincus
hatian experiments setnonsirated g Fone tracec are aat ad-
hesively baund an tle cosial surfaces bug incomaorated.
Conelusion: The deseibed procedure is noropied and feasibile
rinethenl fo examioe the adsoplion ol radialabelled substanees on
Beie companents. Additionalty. there isexidense 1hat - based an
wur Ddings = 3may be pessible to entatilish 4 pressivo madel 1o
[redlict Wi lnevivo bebavows 0l new bone seeker

bstre, Bad fopin 2004 Al

5.5
Evcluction of the In Vitrs Binding of ['*FjCipiofloxadin to Bactiria
T Bt UL et ) ettt

0 Lengar!, b Teitingat”, b hintg
i h‘r C, Jockhad!, M Mallat!
L-'\-m-rg i of Wi 1l P olagy, Bertica. of { vl Phesmaickinaiy o
S bt lasdichng, Yiemiae finfs2rilty L Joonl Sehec!, Sgtiida

Mlavacin

Alm A comphes of the Nusrotguimalone antibingis dipro
with techsetiwm-59m (afecion®, Draximage I b o presious-
Is Lrzen propased as an inlesiion imaging agent Tor single-photen
emissici lomagraphy (SPET) lnoar [abraluny cipmislloanein has
s lnbelled with the posiron eariter Rporine- 15 The mm of the
PRESE T werk Wiy 10 mvestleate i vird e nechanian ol [1F)
eipraefloancin bisding o hazterinl ¢l
Methods Bactenal spspendons [ s )0 culon f-"ui'u_t Wis pa
l bap plicdpluiie suifes P2 el pH Ta e i Aubabed S LU i
af ATl | MR jetpraflondcin £30-200 ki o) .|"""'I‘ el
Sdin ), Docbera voers Separates frlis e bk ntion med i
b eentnilygation and wavked with e cald "’i‘!"-‘- bl fter
Radiopetivity relentban wine nieisored 6 3 gammia Sdmien
Resuless Hinding of |“Fleptaliosacie ta Excberolde o ATOC
2592 2 nmounted 1003322 iy tesby rerainad [VFlGpreliomcin per
pramil [ Fleiprationnsin ot incubatiog sedim. which 56 4
nhaur 18fold higher bactesal comszntration than 0 the bufler
Bactenal binding of £ letprailoacinobat sapid and smaflected by
vaciation of the incubition e from 3 10 120 ariin, Bacrersl hind-
e appeenred ioobe g ar ond nonsaterible ey aconcentaation
;'i|'|r;1{"{'|\1.. iy ond 0075 4 SLL g g Ineubtion o fl '[‘l S1pH (b
Joaded bactenial ce” petiits with fresh pliaspiine buffer
resulted in a il efilus ! mdioact ey dabaut 90% within 10
min} indicating reversibitis af binding. Addiion of the elifux
puntp inhifitor corpansl svanidessrchlorophenyibidrazons
(CCUR, 100 gAY 1o the insuption baller cnssed & Vi fym]
increase in Bacterinl Bnding tompated 1o e cantrol euperimen:
without CUCP which indisnied dntrace Il birdin g of | “F | ¢ipre-
fioxaszin Binding of [**Flaiprolgsoein wo clinical isolates of £ call
with different i vizaa: susceplibility 10 ciprefoaasin iminimum
ighitriters condeniratians ranged fram <0075 1@ >0 pg'ml)
appearad 10 be simila:
Conclaslons: |“FICiprafat=ia ds mphdly tabea up toram by £
ceeli bacterinl straing ingludicg those thatare resistanl o siprofios
acin, The emploved hindirg assay was not able (o dislinguish
specific binding fe bacterial type 11 topoisomerase enzymes 5o
viof-specific hacteris) Binding. Addifional i vire and v sfroeval
ption models am needed Tur psssssing the welulnes: of (']
cipiofloxecin for the jo efvir imaging of hacterinl infeciong with
pasitren emissian wmograpsy (PET)

5.6

Detection of nfections in Nudlear Meditine Practice Using 99mTe
Fab’ Antigrenulocyte Fragments {leukoscan): Our Experience

b Pocan’, & Tomaglione' £, 2.ubine:
Pepmrgt o Wothitz fhdcig, (i R Fipngune, Hore, dicke
Tezarmes o [respany, Cisto B8 =oig Koms oy

Abnval e study was 1o nsses the diagnesic milily of Fap amiges:
eilagvie frapmenis “¥2mTe (Leukesan) far depeciion of sus:
;\‘:.;]ml urthipaedic and vaisclar Inlectioeng L'r‘l. nynns ol |riphiﬁi.‘
ssintigraphy oy elindoul prastie,

Methods: Frony december T000 1o migus) 2005 - 44 panients (22
male, 22 femnle) suspeci2d of infestions undervent triphasic
scintigraphy. Afler o 7 days amsibiotic therapy interruption. a dose
of Leuboscm $mTe (Bak Guiden) 335 Mg . diluted in 2l
of saline selutimn, vin disposhle inimwenss exnngls wat e

sesnedsn b, 2003
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Imernational Congress of Radiopharmacy & Radiepharmaceutical Chemistry

Radiochemical vield was 83 + 5%, and rudiochemical
purity was >95%.

Ricdistnbution studies In mice showed penetration and
accumulation in the brain (2,5 % 1D/g at 20 min pd. in
brain, O.5%% (D7 at 20 paim pa.in bload)
CONCLUSION: Bindistribation studies in mice showed
that [1231]-(1«(3-iode-2-meihoxypheneihy Dpiperidin-d-
vipd-luomphenylmethanone could be A suitable agem
fur in vivo imaging of the 3HT2A-receptor. Regional dis-
tribution and displucement studies in mbbits are further
needed 1o demonstrale specific binding te SHT2A-recep-
1o in the brain,
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Synthesis of the receptariignmd [141]-3-iodocytisine fur
in-vive imaging of the nAChRs

Ayvse) Qezbolar® |, Lenka Munoe== | Stefun Gubihe® |
Ultrich Wuoellner**® | Hans-fuerpen Biersack® |, Daniela
Guendisch** | Jeern Schmaljohann ****

“Dept. of Nuclear Medicine,* *Dept. of Pharmacemical
Chemisiry.® **Dept, of Newrology,

*o* s Depis. of Nupclear Medicine and Neurology,
Lherrrirry

AN 1 b viva fabelling of the nicotime acetyicholinze
reveptars (AACHRS) conld be g usefill wol for early diag-
nosis an evaluating therapies of neurodegenerative disor-
ders. Relatively few data are aviilable on phyvsiolegieal
functions of nAChRs and ther potential role in nevrolog-
ical dieases. 3-todoeytisin displays a high affinity for
reuronsl nAChRs and subjvpe selectivity for edf2. Thus
tor the madiolabelled amalogue a high parestial can be
expeeted [or its elinical use in the diagnastie of neurcde-
generative disurdars.

METHODS - The n.c.a. jodination was carried ol by lour
siandard metheds for eleciophilic substitution (eho-
raiime-T, dedogen, nitrde acid, thallium(1in fusme-
etare). TFA, acetic acid and phosphite budfer wers used as
solvens. Except for the iadogen and hitrie acid 1he oxida-
iy ageny (in 200p] solvent) vwas added w 8 Sumol (-)-
cytisioe and Jodine-131 in 3000 solvent. The reaction
were stopped and an allquot was analyzed by HPLC
RESULTS : All investigated oxidation agems enabled the
| podination of (-)-cytisive preferring the Mghly agni-
vated pasition 3. The rey were obtained wing icdogen in
pH 1 butfer (78%6). [111]-(<)-5-ledoeytisine was buill as
lubetling side produst with miner amuounis (1, 7% chio-
ramine-T, 5% jedegen’). No side praducts wers cbserved
using hitrie seid or thallium{Ttrifluoraaceiate with rey of
A+ and 60%, respectively. A SepPak-puriheation method
is under investigation.

CONCLLUSION ¢ For the first time jodine-131 lubelling of
{-Yevtisine was succeeded selectively at posiiion 3. Dueto
exclusively bl produst [H4]-(<)-3-iodocytisine we pre-
fer tre demetallation method with thallium. Sufficient
yields anll the radivehemical purity of [“HIIT]](-)3-
jodacytisine allow (1) the labelling of the majority of
NACHHR 351 Ve human brain, {23 a comprison with [V¥F ).

2-F-A85380 and (3) the evaluation of nAChR ligards as a
potential diagnostic 10o] in nevrpdegenerative disorders.
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Comparison of tuptor uptake in different types of
osfeosarcama mice as studied with the patential bone-
secking radiopharmaceuticnl, Su{I[-"17m-PEL-MP

Jan Rijn Zeevaart® | Werrer Lovw* | Judith Wagener® |
Filemena Dotelho** | Celia Gomes** Antern
Abrushosa*® | Luiz Metello®* |, Zvonko Kolar®=* | [refe
Dormahl>**e

* Realiochiemistry, Neeza, Soath Alrica

**Biophysics Department, 1BILY, Faculty of Medicine,
University ol Coimibra, Portugal

v Radischemistry, Inferfaculty Reactor Institute, Delft
University of Technology, the Netherlands
s ALC Institate for  Lifesciences,
Pretarin, South Africa

University of

AIM D ke search for a cure for metastatic bone cancer,
Sn-11 7w with its copversion electrons of discrete enengies
shows liltle bone marrow toxiciny, providing the opportu-
nity 1o increase the admimstered duse. Selective accummu-
lation in lesions waold capitalise on this advantage. The
10:30 kI2a fracrion of the waler-soluble polviner palyeth-
yleneimine, functianalised with methylene phosphonate
growps (PEL-MP) and labelled with Te-%%m, has proved a
promising agent for selective uplake into bone mours
{1]. From speciation calenlations using the ECCLES data-
base it was predicted [2] that Sn(fl) will stay bound 1o the
polviner in blood plazma and therefore should deliver the
therapeutic radionuclide Sa(l1-1"m to the bope with only
a slight reticulpendotbelial uptike. As this was the first
blood plasma wiode) that has been compiled for Sn(ll),
predictions about the behaviour af Sn(iD)-"Tm-PLEI-MP in
bleod plasma wers vorified with primate tesis (1] The
bicuistribution studies on these healthy wnimals confirmed
these predictions.

METHOD: To teat the lumour selectiveness, tests in nude
bale € mice containing canine osteosarcamas were carried
ot HMPOS (fast growing but po1 per se metastising) and
POS (slower growing but metastasing) cells wene implant-
ed gnd the results compared wirh sach other,

RESULTS - Different uptake and washi-oul was recorded
for the differeat wmones, Bath showed tumour uptake
while POS implanted ezlls retaired the activity longer.
CONCLUSION : Sa(ll)-1"m-PEI-MP has potential as a
selective bene metasiasis agent

09

Production of a ¥Ge/Ga Genevator

Bebrovz Shimed Tirani®

*Muclear Research Canmer fur Agriculiure and Medicing,
Awrie Energy Orzzntzation of Iran

AIM @ Gallivm-68 is a radicisotope with o half life of 68
min, As It has a speeifie decay mode, it is 3 positan emit-
ter and hence, it is popularly vied in nelear inedicine. The

Woile Jenerm) of Nuciear Maedlcine, Volupse 3, Number 3, July 3004
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Geschaftshereich
Sicherheit und Strahlenschutz
Laiter: De Rall il

Forschungszentrum Jalich

o der Kyimbalir-Jemelaciafy

Farshungapeatogm 10cn fndH - G - S262T Jatah » fir Ansprechpartner; Dr. FHA. Echnoewelss
FrachtPauetanichiifl: Leg-Tra=duSarate « $2ATR [0iin

Prafessor HA Koelaman ® Sikkint et Mty e

Dean: Fac. of Health Sciencas s Telefon: 02461 61- 8573
North West University » Telefax: 02431 51 411D
Potchefstroom

» E-MaT: fschoeewelss@iz-juelich de

13kn, 23 Aps) 2005

Dear Prof. Koelerman,

Prof. Dormiahl and myse!l have been invelved in collaborative research since 1€95. During this
time | gartizipaled in ressarch projects which she led. | thus became the co-author of a numbear
of publicetions and congress prasentations which followed from the research.

WWe discussed he poasitilty of submitting these research resulls for a2 PhD study, { am of the
opinion thal the research and the results which ware previously pear revlewsd and successiully
published comply with 1he requiremsents for a PhD degree In view of thalr unique international
contributions. | therefere agrae that thexe resulls which followed from my collaboration may be
used for Prol, Dormehl's intended PhD degres

Yours sincerely,

(Dr. F.H.A, Schregwelss) L‘
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Nutlear Tecknalogy — & division of Necex 1
PO Box 582 O +2712305 57486 | @ zenvarafreciecoza n ecsa A
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Cepl. Radiochemistry

Cate € May 2005
Ref. Mo,

Professor Ha Koelaman,
Dean:Fac, of Health Scicnees,
North West University,
Porehefstroom

Dear Prof Kogleman,

Prof Demmehl and [ have been invalved in collaberative masarch since 1999, During this tme ]
participated in joint research projects which ber, The results were reportzd in the form of pubticatious
aad congress presentations which we co-authared.

Ve discussed the possibility 1o submit these research results for a PRD srudy. | am of the opinion that
the research and the results which were previously peer reviewed and successfilly published comply
with the requiremnents for a PhD degree in view of the intemnational standard attained, [ therefore agres
that these resufts which followed from my collaberetion be used for the intended PAD degree of Prof.
Darmehl,

Yours sipeerely,
=
gér‘_____ﬂ_

Jzn Rijn Zecvaart

PhD (Delil)

Hezds Radiochemistry

NECSA _

O Disectors Dt PM Ngwevps (Chgapassn) JF Brosaogg ¢ Hevchaegs A5 Moy L O PR @
Ot P Mpaahe WA Meceming F Gadwn LOS Thebaitna (Chig! Euat it 1’
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Fng. Prof. 1. Doemelil
Cel. 0 012-319 3675
Fax. 0 G12-319 2557

Vemail o dormiehlomedic up ac.sa

Professor TLA Koclermn

Dearr: Facuhy of Heahlth Sciencex
Nerth West Uliiversity

Polelwe Biroom

Dear Prof. Koeleman,

University of Pretoria
Faculty of Medicme

ALC - Institute for Lite Scierces
PO, Bex 2034

Pretoria ()]

Prof Dormeh) and mysell nave been involved in collaborative rescarch sinee 1980 During
this bime | participated in reseacch prijects which she wis feading. T thus became eo-author 10
publications and canpress presentations which followed from this research. [ am of the
opinion that the rescarch and the results which were previously pecr reviewed and
suceessuily published comply with the requirements for = Phly degree in view of the unigue
internationn! contributions. | 1heretove agree thal these resulis which tollowed with my
collahoration be used fir the mtended Phid depree of Prot. Donmehl,

Yours sincerely,
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Fax. (352) 192-6]2¢

ware weimed ufl edwlsncs

4i28r200%
Professor HA Koeleman,

Dean; Faculty of Health Sciences,
North West University,

Paichefstroam
Dear Prof. Koeleman,

[ have known Prof Dammehl since 1996 2nd during my time at the University of Pretaria and Florida, [ have been
involved in collaborative resaarch with her, During this lime [ participated tn research projects which she was the
principal investigatar and Jezder of the reszanch team. [ thus became co-author to numerous publications and
comngress presentanions which followed fram the reszacch:

We discugsed the possibibity of submilting these research resuls for a PhD study, I am of the opinion thal the
research and the cesulis which were previously peer revidwed and successfully published comply with the
reaiirements for a PhD degree in view of the uniqus international contributions. [ therefore agree that these
results which followed with my callaberation be used far the intended PhD degree of Prof. Dormehl. 11 is both
and honor and a privitege 1o know her.

Yours gincerely,

il
7

Dr Rowan Milner BV Se MMed Vet (Med) Dip ECVIM
Assistanl Professor

Dezpr. Small Animal Clinical Sclences

Callege of Veterinary Medicine, University of Florida
PO Box 100126 Gawiesville 32610-0126,

e-mail: milnemi@mail vetmed.ul ety
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