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Abstract

Much of current radiopharmaceutical research is directed towards the development of receptor-

binding tracers which are targeted towards biochemical processes. These may be extra or intracellular

in nature and hold promise for an imaging approach to tissue characterisation in-vivo. Many of these

products are based on proteins which range in size from large monoclonal antibodies to small

neuropeptides and share a radiolabelling chemistry based on the use of bifunctional chelating agents.

Although developed initially for use with indium-111, considerations of cost and isotope availability

have continued to direct the efforts of many researchers towards the use of technetium-99m. While

polypeptide-based radiopharmaceuticals may be useful for imaging peripheral cell-surface receptors,

access to sites of interest within the cell, or in the brain, requires the development of small lipophilic

molecules with retained ability to interact with intracellular targets. The design and synthesis of these

compounds presents a particular challenge to the radiopharmaceutical chemist which is being met

through either a pendant or integrated approach to the use of technetium coordination with particular

emphasis on technetium (v) cores. Progress continues to be made in the application of targeted

radionuclide therapy particularly in the development of radiopharmaceuticals for the treatment of

malignant bone disease. Methods for labelling antibodies with a great variety of cytotoxic

radionuclides have now been refined and their use for radioimmunotherapy in the treatment of

haematological malignancies shows great promise. The major medical areas for application of these

new radiopharmaceuticals will be in oncology, neurology and inflammation but the increasingly

difficult regulatory climate in which drug development and health-care now operate will make it

essential for researchers to direct their products toward specific clinical problems as well as

biological targets.

INTRODUCTION

The 1990's has seen major changes in the management of health care in many western countries.

From being a largely unrestricted resource with open-ended budgets and complete clinical freedom,

health-care provision has become highly controlled with established protocols, tight budgets and

internal markets. Drug development has also become more tightly regulated. Radiopharmaceuticals

now have to comply with the full range of regulations which control conventional drugs and this has

enormously increased their development costs. The number of major commercial

radiopharmaceutical players in the field is also decreasing following mergers and take-overs in the

Industry and this limits the possibilities for commercial exploitation of academic discoveries. There

have also been major upheavals in the institutions undertaking radiopharmaceutical development.
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Many of the national nuclear centres around the world either have been privatised or are under

pressure to make financial profits. Funding for academic research in universities has also been cut

successively in real terms for many years.

There are many reasons for wanting to undertake radiopharmaceutical research and for many years

academic curiosity has been the main driving force for many scientists. However, these recent

changes suggest that, for success in this field, development projects in the future will have to be

much more directed and focused than was needed in the past. In particular, thought needs to be given

to the ultimate clinical application of the product under development and the likelihood of it

overcoming the regulatory and financial hurdles in its way.

To be successful, new radiopharmaceuticals must fulfil a clinical need. Imaging techniques can play

a role either in primary diagnosis and staging of the disease or in monitoring or judging the success

of a course of treatment In the past, many academic radiopharmaceutical research programmes have

not addressed this question. Often the programme is concerned with the labelling and application of a

particular interesting compound with no real thought given to its future possible application. Even

when a particular biological target is being pursued, the question of whether it addresses a real

clinical need is often not considered. A good example is the use of radiolabelled monoclonal

antibodies for tumour imaging. Over the last fifteen years, an enormous amount of work has gone

into development programmes based on these materials and this has resulted in radiopharmaceuticals

which can effectively image cancer with sensitivities and specificities comparable or superior to other

imaging modalities. But, however successful the particular imaging technique developed, unless it

influences the management of a particular group of patients, it will not find routine application in

clinical practice, and so far at least, this seems to be the situation for these new radiopharmaceuticals.

The most direct influence of Nuclear Medicine on patient care can be made using therapeutic

radiopharmaceuticals which will play a more important role in the future. In managed care

programmes, restrictions are increasingly being placed on the introduction of expensive new

therapies into clinical practice. This represents both a challenge and an opportunity for new

radiopharmaceuticals. In such a restrictive environment any new product must provide not only a

record of safety and efficacy but also an improvement over existing established treatments and this

will make it harder for new therapeutic radiopharmaceuticals to find their place in routine clinical

practice. However, an alternative route to acceptance of expensive new modalities is to define a

subset of patients who are most likely to benefit from this particular treatment. A unique strength of

Nuclear Medicine is its ability to combine the use of diagnostic and therapeutic radionuclides for the

same target and it seems likely that matched pairs of diagnostic and therapeutic radiopharmaceuticals

will be used increasingly in the future to fulfil this role.

At a scientific level, in recent years radiopharmaceutical research has taken a new direction. In the

1970's most research was concerned with labelling a wide range of compounds with potential for
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Fig 1. Radiolabelling approaches for proteins and peptides.

uptake in organs of tissues of interest. Some of the agents which arose from this work still form the

basis of useful clinical Nuclear Medicine investigations most notably technetium-99m labelled

methylene diphosphonate (MDP) for bone scanning. In the 1980's emphasis was placed on the

design of new technetium cores, the primary incentive being to develop perfusion tracers for major

organs of interest. This work resulted in the development of HMPAO, MBBI and MAG-3. In the

1990's while some exploration of new technetium cores continues, most research has been directed

towards new applications for established cores. In recognition of the strengths of emerging

competing imaging modalities such as MRI, increasing emphasis has been directed towards

radiopharmaceuticals which can interact with physiological processes such as cell-surface receptors,

enzymes and other metabolic systems.

This review describes, in general terms, some aspects of current radiopharmaceutical research which

have appeared in the recent published literature or have been the subject of conference presentations.

Several of these topics are also the subject of more detailed reviews in this publication. However

some specialised areas of work are deliberately excluded from this chapter, in particular, no attempt

is made to cover developments in the field of Positron Emitting Tomography.
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ONCOLOGY

Radiolabelled proteins and peptides.

This field represents the biggest growth area in radiopharmaceutical research over the last decade. It

stems originally from the development of monoclonal antibodies and an appreciation of their potential

for targeting tumour associated and other restricted antigens in Nuclear Medicine. While the earliest

work in this area took place with radionuclides of iodine, an appreciation of the limitations of iodine-

131 in particular and the possibilities of a range of metallic radionuclides led to the development of a

number of bifunctional chelating agents which were able to act as acceptor sites for radiometals on

the peptide backbone of the antibodies as shown in Fig. 1 A. The first bifunctional chelates were

based upon the well established chelator diethylenetriaminepentaacetic acid and, by conjugation to

lysine amino-acid side chains in the proteins were used to label antibodies with indium-111 with

considerable success. A common characteristic of all these reagents was that for ease of synthesis

one of the carboxylic acid side chains in DTPA was used as the point of attachment to the protein[l].

While stability and crystallographic studies later suggested that this pragmatic approach was perfectly

valid when used for the hepta-coordinate complexation of indium, both theoretical considerations,

and later experimental data suggested that it was inappropriate for labelling with other metals such as

yttrium-90 which prefers octa-coordination for optimum stability. Accordingly, several series of

second-generation bifunctional chelates were designed which could satisfy the coordination

requirements of these radiometals. Some of these were also open-chain chelators based on DTPA

albeit using more complex synthetic pathways which allowed sites of protein conjugation to be

engineered into the backbone of the molecule thus leaving all five carboxylates together with five

nitrogen atoms with the potential to participate in metal complexation as shown in Fig. 2[2]. In an

attempt to provide still greater complex stability a number of closed-cage or macrocyclic chelators

were also developed[3]. These reagents have the advantage that they are less liable to attack by

competing cations which are present in the biological environment, however they have the potential

disadvantage that while complex dissociation is slow, radionuclide association is also slow and

radiolabelling of these tracers can take several hours at ambient temperatures [4].

A logical extension of the use of bifunctional chelates for radiolabelling with the trivalent metals was

their use for technetiurn-99m and a number of chelates were consequently designed for use with this

radionuclide. A complication arose however when the simple labelling procedures developed for

indium-111 were applied to technetium-99m. It became clear that while technetium could certainly

bind to appropriately designed chelators conjugated to proteins, the radionuclide could also bind

adventitiously to other potential coordination sites offered by the peptide structure of the protein

itself[5]. The drawback of this eventuality was the likelihood that the weakly-bound radioisotope

would subsequently dissociate from the antibody in a biological environment An alternative strategy

was therefore developed in which the technetium was first labelled to the chelator prior to

conjugation to the antibody as illustrated in Fig. IB[6]. This pre-labelling approach has the

advantage that it prevents 'non-specific' binding of the radionuclide to the protein. The technetium is
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only complexed in the high affinity site offered by the bifunctional chelating agent. The disadvantage

of this method is its relative complexity. It is more time consuming than the pre-conjugation

approach and the labelling efficiencies achieved are generally less. Nevertheless, this approach

provides the most control over the labelling chemistry of any of the antibody labelling methods and a

new radiopharmaceutical based on this technology recently received marketing approval. The

realisation that technetium will bind, albeit often with low affinity, to sites on the antibody molecule

led to a further exploration of direct labelling. It was discovered that there were in fact both high and

low affinity binding sites present in the molecule with the former being subsequently identified as

thiol-based[7]. Labelling methods were then developed in which the number of these high affinity

binding sites was augmented by reduction of the disulphide bridges present in the molecule as shown

in Fig. 1C[8]. These methods have been proven to be simple, rapid and efficient for labelling

antibodies with technetium-99m and products based on this technology have also found their way

through to market approval.

Although these various labelling strategies were developed originally for monoclonal antibodies, it

was soon recognised that they were also applicable to many other proteins and polypeptides of

potential interest. In recent years, however, the greatest interest has been directed towards their use

for labelling very small peptides. The discovery that the radioiodinated somatostatin analogue 123I-

Tyr3-octreotide could be used for imaging somatostatin receptors on tumours [9]led to the

development initially of a DTPA -conjugated octreotide for imaging with indium- 111 and

subsequently to a whole host of peptide conjugates which have been labelled with a variety of

metallic radionuclides for both imaging and therapy. Owing to the rapid pharmacokinetics of these

small peptides, the short-lived technetium-99m is widely regarded as their radiolabel of choice and

much effort is currently being expended to refine the methods used for antibody labelling in order to

render them suitable for use with these peptides. A major difference is found between the use of

different bifunctional chelates for labelling antibodies and their use for peptides in that, while

different chelates undoubtedly influence the stability and metabolism of labelled antibodies, their

effect upon the overall pattern of biodistribution is relatively small. The overriding influence on

antibody biodistribution is that of the large antibody molecule itself. This is not the case with

peptides. Small changes in the structure of a peptide conjugate can radically change its

biodistribution. This is apparent from a comparison of the distribution of the first two peptide

radiopharmaceuticals used in clinical practice. Iodinated tyr3-octreotide is cleared mainly through the

liver and the hepatobiliary tract while indium labelled DTPA octreotide is cleared almost entirely

through the kidneys. Technetium-labelled somatostatin analogues have so far shown a pattern of

distribution somewhere between the two[10,11]. Since accumulation of activity in the

gastrointestinal tract can impede the detection of tumour deposits in the abdomen, it would be

advantageous to alter this pattern of excretion accordingly and work is currently in hand to identify

the most critical factors responsible for these patterns of biodistribution.
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Radiopharmaceutical research in cancer is not limited to the use of antibodies and peptides. While

these compounds are directed towards sites on the outside of cells, other tracers are being explored

which interact with intracellular targets. Radiolabelled nucleosides and analogues thereof have been

developed which are able to image cell proliferation[12] and also have application in strategies for

monitoring gene therapy[13] and radiolabelled oligonucleotides are under scrutiny for imaging

mRNA transcription[14]. A number of research groups have also made progress in the design of

tracers for imaging cell hypoxia. These agents have potential for predicting the response of tumours

to external beam radiotherapy which is strongly influenced by the oxygen potential of the cell. They

may also be useful in cardiology for distinguishing areas of necrotic from hypoxic cardiac tissue.

Based on the trapping of 2-nitroimidazoles following intracellular reduction, several analogues have

been produced labelled originally with iodine-123 [15] or fluorine-18[ 16] and subsequently with

technetium-99m[17] as shown in Fig. 3. However a serendipitous discovery during a research

programme at Amersham International resulted in a non-nitroimidazole technetium-labelled molecule

which is also trapped by reduction in hypoxic cells [18] and this compound is now in the late stages

of the drug registration process.

Targeted Radiotherapy

Following the successful use of antibodies in tumour imaging, consideration was given to their use

for targeting of therapeutic radionuclides. Numerous therapy studies have since been performed

using either radioiodinated antibodies or antibody-chelate conjugates labelled with beta-emitting
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TABLE I. Selected radionuclides with potential for targeted radiotherapy.

Radionuclide

Astatine-211

Bismuth-212

Bismuth-213

Copper-67

Iodine-125

Iodine-131

Phosphorus-32

Rhenium-186

Rhenium-188

Samarium-153

Strontium-89

Tin-117m

Yttrium-90

Half-life

7.2h

61m

45m

2.6d

60. Id

8d

14.3d

3.7d

0.7d

1.9d

50.5d

13.6d

2.7d

decay mode

EC, a

a,p,y

a,P,Y
P.Y

EC

P.Y

P
P.Y

P.Y

P.Y

P
IT

(3

energy of disintegration

3.2-87 KeV electrons

5.8 MeV alpha

2.7-40keV electrons

6 MeV alpha

727 KeV gamma

141 KeV beta*

185 KeV gamma

0.7-30 KeV electrons

35.5 KeV gamma

181 keV beta*

364 KeV gamma

695 keV beta*

329 keV beta*

137 KeV gamma

764 keV beta*

155 KeV gamma

225 keV beta*

103 KeV gamma

583 keV beta*

0.6-158 KeV electrons

159 KeV gamma

935 keV beta*

*average

radiometals, in particular Yttrium-90[19]. While there have been anecdotal reports of success,

examples of sustained responses of solid tumours to such treatments have been very few. In contrast

however, many haematological malignancies have shown a profound response to

radioimmunotherapy[20,21] due in part to the improved access of the antibody to malignant cells in

these semi-liquid tumours and in part to their greater radiosensitivity. In the field of targeted

radiotherapy, much deliberation has been given to the relative merits and drawbacks of the large

number of potential therapeutic radionuclides some of which are listed in Table I. At a radiobiological

level, the most important factors are generally considered to be particle energy (and consequent path

length) and half-life which influences both the time over which the target will be irradiated and also
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the dose rate. However at an economic and logistical level the most important factors are cost and

availability. In the absence of clear scientific evidence that a shorter or longer path-length or a higher

or lower dose-rate is superior, then the radionuclide which is most widely and reliably available for

the most acceptable cost will be the choice of many researchers and for this reason iodine-131 and

yttrium-90 remain the most widely explored radionuclides for radioimmunotherapy. The treatment of

common carcinomas remains the holy grail in radiopharmaceutical research, but, as indicated above,

the direct use of labelled antibodies has shown only limited efficacy so far. A promising

development, however, is the use of pre-targeted radioimmunotherapy in which small rapidly

diffusible therapeutic radiopharmaceutics are targeted towards antibody conjugates pre-localised in

the tumour. This approach appears to improve both the efficacy and therapeutic index of

radioimmunotherapy and shows real promise for the future[22]. In the treatment of haematological

malignancy, in particular leukaemia, the problem is not one of efficacy but toxicity. Sufficiently high

doses can be delivered to malignant cells to potentially cure a high proportion of patients. However,

the pattern of infiltration of this disease into the bone marrow produces islands of tumours within a

sea of normal haematopoietic stem cells. The long path length of high energy beta-emitters which are

targeted to the tumour cells also irradiate and kill these normal cells resulting in a potentially fatal

leucocytopaenia. For this reason increased interest has been directed towards the use of shorter path-

length radionuclides in particular alpha-emitters. For some years a number of groups have shown

that alpha-emitting radioimmunoconjugates of bismuth[23], lead,[24] and astatine[25] have efficacy

in animal models of cancer. However, recently Phase I clinical studies of bismuth-213 labelled

antibodies have begun in patients with leukaemia [26]stimulating great interest that these highly

cytotoxic radionuclides will find their place in targeted radiotherapy.

The success of radiolabelled peptides in imaging somatostatin receptors has also generated ideas for

targeting cytotoxic radionuclides to these receptors. Initial attempts centred on the use of internal

conversion electrons from therapy with high doses of indium-labelled octreotide, however more

recently clinical studies have been initiated with a number of different yttrium-90 labelled

somatostatin analogues showing promising early signs of efficacy.

Developments in radionuclide therapy have not been confined to proteins and peptides. Among the

most fruitful areas of research in recent years has been the development of radiopharmaceuticals for

the palliative treatment of malignant bone pain. Four front-runners have emerged which have now

received either marketing approval or are in late stage clinical trial; Strontium (89Sr) chloride,

Samarium (^Sm) EDTMP, Rhenium (186Re) EHDP and Tin (H^msn) DTPA[27, 28]. All show a

similar degree of efficacy despite a broad range of physical decay characteristics. The success

achieved in treating bone pain together with anecdotal reports of resolution of metastases following

Strontium therapy has raised interest in the possible wider therapeutic application of these products

for treatment of metastatic bone cancer. Clinical trials to explore this possibility are now in progress

but as doses are increased in an attempt to achieve efficacy, problems are likely to be experienced

with haematological toxicity since high-energy beta particles targeted to the bone will also irradiate
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the normal bone marrow. An advantage here might be demonstrated for the use of Tin-117m which

emits only low energy electrons and may spare the normal bone marrow[29].

INFLAMMATION AND INFECTION

This field has provided a fruitful area for radiopharmaceutical research in recent years. In fact the

arena has become rather crowded with a number of interesting products competing with each other

for acceptance within a limited market. Many of the new products in this area are also based on

polypeptides - antibodies, cytokines and peptides - and use radiopharmaceutical chemistry identical

to that employed in the field of oncology. Lack of space prevents a detailed description of the broad

range of compounds under development and the interested reader is referred to a recent review[30].

NEUROLOGY/PSYCHIATRY

The third major area of endeavour in radiopharmaceutical research has been in the development of

agents for imaging neuroreceptors in the brain. This period of time has also brought major advances

in molecular biology and has resulted in the unequivocal identification of a number of new sub-types

of receptors for the common neurotransmitters. This in turn has stimulated a search by large

pharmaceutical companies for drugs which bind selectively to one or more of these receptor sub-

types. For many years this field has been dominated by PET chemistry. Owing to the existence of

suitable radionuclides of carbon, oxygen and nitrogen, radioactive forms of almost any new drug

with properties identical to the parent compound can be synthesised. This, of course, is not the case

with single-photon emitting radioisotopes. Almost any radiolabelling procedure requires the insertion

Table EL SPECT radiopharmaceuticals for neuroreceptor imaging

Neuroreceptor system Radioligand

Muscarinic 123-1QNB

123-1 Iododexetimide

5HT reuptake transporter 123-I-J3-CIT

5HT2a 123-R-91150

Dopamine reuptake transporter 123-b-CIT, FP-CIT

Technepine

TRODAT-1

Dopamine D2 123-1IBZM

123-1IBF

123-1 epidepride

GABA/benzodiazepine 123-1 Iomazenil

123-1 NNC 13-8241
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of a foreign element into the drug molecule with unavoidable effects upon its physicochemical and

biological properties. In order to keep the size of this foreign atom as small as possible iodine has

always been the radiolabel of choice in this field and a number of radioiodinated tracers which bind

to neuroreceptors have recently been developed. The aim in developing agents which bind to

peripheral receptors such as those expressed on tumour cells is to produce a biologically stable

molecule which binds selectively with high affinity to the receptor while showing an advantageous

pattern of biodistribution and excretion as described above. In neurotransmitter research there is the

additional requirement that the tracer must be able to cross the blood-brain barrier in order to gain

access to the receptor of interest. PET radiopharmaceuticals now exist for all of the most important

neurotransmitter systems - cholinergic, serotonergic, dopaminergic, GABA/benzodiazepine and

opioid. In many cases selectivity for certain receptor subtypes can be demonstrated. Radioiodinated

SPECT ligands have so far become established for only some of these as listed in Table EL A

number of these radioligands show low receptor selectivity. P-CIT, for example, binds to both 5HT

and dopamine receptors. Further research in this area however will continue to refine the selectivity

of these agents and produce further tracers for those neuroreceptors not yet addressed.

Although neuroreceptor imaging agents labelled with iodine-123 can produce high quality images,

the poor availability of this radionuclides places severe restrictions upon their widespread

application. While it is hoped that the existence of new clinically-useful tracers will stimulate more

producers to make iodine-123, it seems likely that universal application of brain receptor imaging

agents will depend upon the development of technetium-99m labelled analogues. Because of the need

to build into the radioligand not only the large technetium atom but also the chelate structure

necessary to complex it, the design of such molecules makes great demands upon the ingenuity of

the radiopharmaceutical chemist As described above, a neuroreceptor-imaging radiopharmaceutical

must not only be able to bind selectively with high affinity to the receptor, it must also be able to

reach its target by passing through the blood-brain barrier and this places severe restrictions on the

nature of the molecule. It must be relatively small, ideally less than 600 Da and it must be lipophilic

with a log P of about 2[31]. The traditional approach, taken in the design of ligands for peripheral

receptors is to attach a suitable technetium coordination site to the receptor-binding molecule,

probably via a small spacer to reduce the effect of steric hindrance on receptor interaction - the so

called pendant approach. However, the net result of such as design would almost certainly be a

molecule too large to pass efficiently through cell membranes. The alternative is to try and build a

technetium coordination site into the receptor-ligand itself in such a way that the technetium and its

core resemble a part of the recognition site for the receptor. This is known as the integrated approach

and is illustrated in Fig. 4.

Examples of the successful application of the pendant approach can be seen in two

radiopharmaceuticals for imaging the dopamine re-uptake system. Both are tropane derivatives

similar in structure to cocaine and the CIT series of compounds as shown in Fig. 5. Technepine[32]

uses an amide/amine/dithiol core conjugated via a three carbon spacer to the molecule via the tropane
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Fig 4. Pendant and integrated approaches to radioligand design.
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Fig 5. Radioligands binding to the dopamine reuptake receptor.

nitrogen while TRODAT-1 [33] uses a diamine dithiol system attached via the 2fJ position of the

tropane ring. Both molecules show good localisation in dopamine reuptake receptors in the living

brain.

Because of the greater demands imposed by the integrated approach to radiopharmaceutical design,

results in this field are not so far advanced, however a number of publications have pointed the way

to progress along this road. Among these is the work of Johannsen and co-workers who have

integrated technetium cores into different portions of the molecule ketanserin while still retaining a

significant degree of receptor-binding affinity and brain uptake[34]. An example is shown in Fig. 6.
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Fig 6. Ketanserin and an integrated rhenium conjugated analogue.
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Fig 7. Deisgn of an integrated rhenium labelled steroid analogue.

Perhaps the most extensive study in technetium core integration has been undertaken not in the field

of neuroreceptor imaging but in that of oncology. Steroid hormones, like the neuroreceptors, have

very restricted requirements for receptor binding. Steroid receptors, although peripheral, are largely

intracellular and any radiotracer must therefore also be able to cross cell membranes. Although

radioligands designed using a pendant approach have shown some success[35], the large multi-ring

structure of the steroid hormone has provided an attractive target for an integrated approach [36] and

a number of model compounds have been synthesised as shown in Fig. 7.
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CONCLUSION

In recent years major progress has been made in the design of new radiopharmaceuticals based on

both small synthetic ligands and larger naturally occurring molecules such as proteins and

polypeptides. All of these new tracers share the characteristic that they interact with the biological

processes underway in their cellular targets and therefore potentially provide unique information

unavailable through any other imaging modalities. Progress has also been made in the design and

clinical application of therapeutic radiopharmaceuticals for use in the treatment of haematological

malignancies and bone pain. These products will form the basis of the next generation of diagnostic

and therapeutic radiopharmaceuticals and indicate a healthy future for Nuclear Medicine in the first

decades of the next millennium.
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