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Abstract

This paper addresses the utilization of three very distinct enzyme systems for imaging in oncology.
The first of these is an enzyme encoded by a viral gene that is not present in non-infected
mammalian cells. This enzyme is a nucleoside kinase that converts selected unnatural nucleosides
to nucleo tides in virus-infected or gene-transfected cells, but not in normal cells. The most
commonly used viral kinase in gene therapy today is Herpes simplex virus type-1 thymidine kinase
(HSV tk). The imaging applications of this gene therapy system are demonstrated using data from
a murine tumour gene therapy model, with 123IVFRU as the diagnostic radiopharmaceutical.

The second enzyme system is endogenous to mammalian cells, but is found in highest
concentrations in tissues of neural crest derivation. The overall biochemical pathway of interest
involves the conversion of tyrosine to either dopamine (neurotransmitter pathway), or to melanin
(pigmentation pathway). In this system tyrosinase is the 'branching1 enzyme, converting dopa to
dopaquinone, thereby averting its conversion to dopamine. With selective agents, the tracer can
be trapped in this 'melanin pathway1, which is particularly active in melanomas. Data on the
development of radioiodinated tyrosinase substrates, based on S-cysteaminyl phenol (SCAP), a
highly specific tyrosinase substrate, are presented to illustrate this concept.

The final example is that of endogenous enzymes that are virtually ubiquitous in biobistribution.
One class of enzymes, the reductases, are particularly active in the liver and their activity is
amplified in tissues that are hypoxic. They are important in radiotherapy, where they can be
utilized to bioreductively activate compounds that can restore the radiosensitivity of hypoxic cells.
The 2-nitroimidazoles are of special interest because they are easily reducible by a number of
reductases, a process that is made selective by the reversibility of reduction in the presence of
cellular oxygen. The reduction intermediates react covalently with tissue nucleophiles and are
metabolically trapped. Data from pre-clinical and clinical hypoxia imaging studies with 123IAZA
are used to demonstrate the imaging application of this process.

INTRODUCTION

Selective accumulation of diagnostic radiopharmaceuticals in a tissue is dependent upon a unique
combination of uptake, trapping and clearance, such that there is a net accumulation of the
substance in the target cells. Much attention has been given to accumulation via immuno-
recognition/binding/internanzation (e.g. monoclonal antibodies and fragments, and peptides) and
high affinity receptor-based (e.g. neuroreceptor ligands; hormone receptor ligands) binding as a
basis for uptake-based imaging. Much less attention has been focused on enzymes, a special class
of protein receptors, that bind with selective substrates for the purpose of molecular
biotransformation rather than for signal transduction. One notable example of enzyme-based
uptake is that of 18FDG, which accumulates by virtue of its interaction with hexokinase and its
subsequent accumulation as a slowly metabolized, non-diffusible phosphate ester[1,2].
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Enzymes are attractive targets for diagnostic imaging because of their ability to convert multiple
copies of the substrate (tracer) per molecule of enzyme. In this way, even though the protein
enzyme may be present in limited concentration, as is the case with receptor proteins (e.g.
hormone and neurotransmitter receptors)[3] or immuno-recognition sites (antigens)[4],
radiolabelled substrate turnover by the enzyme leads to signal intensification as long as the
substrate is available, provided that the metabolic product is prohibited from leaving the cell.

Enzyme-mediated metabolic trapping is one of several mechanisms by which high accumulations
of radiotracers are achieved in target tissues. Three cellular enzymes that convert highly diffiisible
(prodrug) radiopharmaceuticals to either covalently-bonded or poorly diffusible metabolic
intermediates are being harnessed to selectively trap radiopharmaceuticals in tumours:

• viral thymidine kinase for monitoring in gene therapy of cancer,
• tyrosinase for detecting melanomas and tumours of neural crest derivation, and
• reductases for detecting or charaterizing viable but hypoxic tumours.

HERPESVIRUS THYMIDINE KINASES (tk) FOR GENE THERAPY IMAGING

Gene therapy, one of the most exciting spin-offs of basic molecular biology, offers several
approaches to the treatment of cancer, including the introduction of genes that will encode for
molecular targets not normally found in mammalian cells [5]. Although there are several possible
therapeutic mechanisms to be invoked by the gene therapy process, one of the earliest and
perhaps most clinically advanced, is the 'suicide' or 'selective prodrug activation' mechanism [6].
The 'suicide' process chosen by most investigators is that based on the insertion of a viral kinase
into target tissue, which can then bioactivate a prodrug to a cytotoxic drug that kills the cell
(Scheme 1 [7]). A number of clinical trials around the world are based on the introduction of the
Herpes simplex virus (HSV) gene that encodes for viral thymidylate kinase (tk). Once the gene is
expressed in the target (cancer) cells, 'suicide' therapy can be effected simply by administering a
selective, systemically non-toxic antiviral drug such as ganciclovirsthat is highly toxic to the cells
(i.e. the transfected cells) that can bioactivate it [8-10].
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Scheme 1. 'Suicide' or selective prodrug activation gene therapy:
applications in imaging and therapy
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As part of the radiopharmacy program at the University of Alberta, we have a long-standing
project to develop radiodiagnostic and therapeutic antiviral nucleosides, particularly those with
high affinity for Herpes simplex virus-encoded thymidylate kinase (HSV tk). A number of
metabolically stable, potent antivirals such as is-5-(2-iodovinyl)-l-(2-deoxy-2-
fluororibofuranosyl)uracil (TVFRU) have been developed for use as therapeutic agents, and when
radiolabelled, for use as diagnostic agents for imaging based on focal HSV tk expression [11,12].
This work has direct application to monitoring gene transfection and transduction, and to gene
therapy of a number of pathological conditions, including cancer, since confirmation of expression

of the viral gene is vital to the assessment of clinical
success of the gene transfer process, for both timing of
the associated drug therapy and monitoring of potential
toxicity due to expression in non-target tissues.
Radionuclide scintigraphy is probably the only practical
means by which to detect whole-body viral gene
expression.

is-(2-[123I]iodovinyl)-1 -(2-deoxy-2-fluororibofuranosyl)-
uridine ([123I]IVFR.U) has been evaluated as a diagnostic
probe for use in gene therapy models [11,12]. Studies in
vitro m murine (KBALB) and human cell lines (143B)
transfected with HSV (tk) show high uptake in

comparison to control, untransfected cells (Fig. 1) and selective accumulation in vivo in a murine
model.

8

7 -

6 -

5 -

4 -

| 3 -

i 2 -
1 -

0

Time (hours)

Figure 1. Uptake of 125I[IVFRU] by KBALB-LTK ( • ; HSV * expressing)
and KB ALB ( • not-transfected) cells in vitro (adapted from [13]).

Clear delineation of implanted, transfected tumours was possible by scintigraphy. Furthermore,
the effects of treatment with ganciclovir could be monitored scintigraphically with [123I]rVFRU.
Images taken within 4 h of injection of 123I[IVFRU] in animals with gene-transduced tumours
showed clear delineation of the tumour (>2% ID/g) if no ganciclovir had been administered,
whereas a single dose of ganciclovir 24 h prior to administering the radiopharmaceutical
essentially completely blocked (<0.5% ID/g) tracer uptake even though the tumour mass was
essentially unchanged. Studies of the physiological effects of this tumour cytotoxicity are
underway [11-13].
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TYROSINASE

Tyrosinase is the enzyme that diverts dihydroxyphenylalanine (dopa) from the neurotransmitter
pathway that leads to the production of epinephrine, to the melanin biosynthetic pathway [14] as
depicted in Scheme 2 [15].

HO.

tyrosinase

MELANIN

dopaquinone

Scheme 2. A schematic representation of the conversion of tyrosine to epinephrine
(neurotransmitter pathway) and to melanin (pigmentation pathway) [15].

H Exploitation of the melanin pathway has attracted a number of scientists
interested in developing diagnostic and therapeutic agents for treating
melanomas. Utilization of this enzyme, which bioactivates substrates
specifically to enter the melanin pathway, however, has been of great
interest since the development of a family of tyrosinase specific substrates
[16-18]. A number of tyrosine analogues have been synthesized for use as
antimelanoma therapeutics. Of these, several sulphur-containing analogues
have been shown to be particularly good substrates for tyrosinase and to
have strong cytotoxic activity against malignant melanoma cells in vitro.
Radioiodinated derivatives of these therapeutically active aminoalkyl-S-

phenols have been prepared for in vitro and in vivo assessment. 2-(2-Iodovinyl)-4-thio(2-
aminoethyl)phenol (2-IV-4-SCAP) is a second generation analogue that was designed to be more
stable than the active, but biologically labile 2- and 3-iodo-4-thio(2-aminoethyl)phenols from
which it was elaborated [19,20].

In addition to the potential radiodiagnostic properties of these radioiodinated aminoalkyl-
thiophenols, there is also interest in their radiotherapeutic activity.

H2N

2-JV-4-SCAP

REDUCTASES

Radiobiologists have studied the clinical implications of tumour hypoxia on radiotherapy
outcomes for over four decades [21]. The discovery of nitroimidazole radiosensitizers to enhance
the therapeutic effect of low LET radiation [22] has led to the development of radiolabelled
nitroimidazoles for diagnostic imaging [23]. Although early studies with these radiotracers were
focused on the diagnosis of tumour hypoxia as a prognostic agent for tumour radiotherapy, the
importance of tissue oxygenation in stroke, myocardial ischaemia and metabolic disease has
broadened interest in the diagnostic power of these compounds. It has been shown that hypoxic
tissue can be selectively delineated with radiolabelled nitroimidazole-based radiosensitizers, via
the mechanism depicted in scheme 3.

516



R-NO2

R-NHOH

reactive
intermediates

adducts

Scheme 3. A diagrammatic representation of the hypoxia-selective binding of nitro compounds.

Hypoxia-selective trapping of [123I]iodoazomycin arabinoside
([123I]IAZA), a radiosensitizer of hypoxic cells, occurs in
viable hypoxic cells that have functional reductase enzyme
activity [24]. Extensive experimental and clinical studies with
[123I]IAZA have demonstrated selective trapping in vivo in

cancer [25]. The major objective of imaging with [123I]IAZA is
not to detect tumours or other pathologies, but to determine
the presence of viable, hypoxic tissues in the pathological
lesion of interest. Although several new hypoxia-imaging agents are being developed, the
preponderance of clinical oncological data available today has been derived with [123I]IAZA using
planar and SPECT techniques.

HO NO2

IAZA

Plate 1. Planar scintigrams of a human volunteer, 3 h after i.v. injection of 208 MBq of [I23I]IAZA
[26].
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Recently, the pharmacokinetics and tracer kinetics of [123I]IAZA in human volunteers were
determined, thereby providing the opportunity to obtain reliable dosimetry estimates for
[123I]IAZA from blood level data and planar images. In addition, a kinetic model to predict the
relative size of the hypoxic fraction in a given region of interest has been developed from these
data. An [123I]IAZA scintigram of a volunteer 4 h after injection (Plate 1) depicts that the tracer
is rapidly distributed to all tissues except normal brain, and also rapidly cleared by a
combination of renal and hepatobiliary processes [26].

SUMMARY

Three scintigraphic cancer diagnostic modalities that are based on enzymes specific to, or
concentrated in pathological tissues have been described. Each of these three biochemical targets
are exploitable in unique settings, and each can be extrapolated to the development of therapeutic
agents that would utilize similar mechanisms of action. The nucleoside kinases, such as Herpes
simples type-1 thymidine kinase (HSV tk) have a major role in gene therapy of cancer, whereas
tyrosinase is applicable to agents to be used for the diagnosis and treatment of melanomas, and
the reductases can be exploited in pathways where bioreductively-activated radiodiagnostics and
therapeutic agents can play a role.
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