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Chemotherapy is an important strategy for the treatment
of advanced cancer, but it is often associated with severe
side effects. The difficulty of this therapy is the delivery
of high concentrations of cytotoxic drug to the target site
to completely eradicate the tumor. On account of the
physiological similarities between normal cells and tumor
cells, the therapeutic index of chemotherapeutic drugs is
often small, resulting in dose-limiting toxicity or insuffi-
cient drug concentrations at the tumor site. For better
selectivity and efficacy of chemotherapy, local conversion
of a nontoxic prodrug (PD) into an active cytotoxic agent
by enzymes that are selectively expressed at the tumor
site could be an attractive approach [1,2]. For such
specific strategies, knowledge of the expression levels
and the distribution of the PD-converting enzyme is vital.
Therefore, noninvasive imaging techniques, such as PET,
can be attractive tools to evaluate new enzyme–PD
combinations and to optimize treatment strategies [3–5].

Several systems have been developed for enzyme-mediated
PD therapy. The PD-converting enzymes can either be
endogenous proteins that are expressed selectively in high
concentrations at the tumor site or exogenous proteins that
have been selectively delivered to the tumor.

Among the most frequently studied PD strategies is gene-
directed enzyme PD therapy (GDEPT) or ‘suicide’ gene
therapy. In this two-step strategy, a so-called suicide gene
encoding the desired exogenous enzyme is transfected into
the tumor, enabling the conversion of a relatively nontoxic
PD into the cytotoxic drug. Various GDEPT systems have
been developed, using a number of different PDs/enzyme
combinations, such as (i) herpes simplex virus type 1
thymidine kinase (HSVtk)/ganciclovir, (ii) bacterial or yeast
cytosine deaminase/5-fluorocytosine, and (iii) bacterial
nitroreductase/CB1954. So far, adenoviral transfer of the
HSVtk gene followed by ganciclovir administration has
been the most extensively studied both in the laboratory
and in the clinic. Several positron emission tomography
(PET) and single photon emission computed tomography
(SPECT) tracers have been developed and successfully
tested as probes for monitoring the expression of the
transferred HSVtk gene in the tumor, such as 18F-FIAU,
123/124I-FIAU, and 18F-FHBG. Despite the fact that
imaging methods for the monitoring and optimization of
gene delivery of HSVtk and other genes are available now,

widespread clinical application of GDEPT is still beyond
reach, because of the low efficiency of in-vivo gene delivery
into the target cells and the immune response induced by
the nonhuman enzymes [6–9].

Antibody-directed enzyme PD therapy (ADEPT) is a
technique that is related to GDEPT. The ADEPT appro-
ach shows many similarities with radioimmunotherapy.
In ADEPT, a monoclonal antibody–enzyme (mAb–Enz)
conjugate targeted to a tumor-associated antigen is used
to deliver the enzyme to the tumor site where it can
convert the PD to the cytotoxic agent. Compared with
standard chemotherapy, the ADEPT approach can reduce
peripheral toxicity and improve efficacy of the thera-
peutic agent, provided that the mAb–Enz conjugate
selectively accumulates in the tumor. For optimal
ADEPT treatment, in-vivo monitoring of the distribution
of the conjugate would be required before administration
of the PD is started. As in radioimmunotherapy where the
mAb is labeled with a therapeutic and/or diagnostic
radionuclide, the mAb–Enz conjugate can be labeled with
a radioactive isotope for imaging of the distribution of
the conjugate. Alternatively, the PD could be labeled
provided that it is trapped in the tissue after conversion
by the conjugate. The latter approach was used by Brady
et al., who labeled a glutamic acid mustard-derived PD
with 11C for monitoring the ADEPT with PET [10].
Although imaging of mAb for radioimmunotherapy is
commonplace, to our knowledge, no examples of labeled
mAb–Enz conjugates for ADEPT have been published so
far. The ADEPT strategy has several disadvantages, such
as immunogenicity of the antibody-enzyme conjugate.
The mAb–Enz conjugate does not always localize in the
target tissue to the desired extent, mAbs penetrate poorly
into tumors, tumor cells express only a limited number
of antigens, the clearance of unbound mAb–Enz conjugate
is often inadequate, and antigen expression levels vary
between individuals and between tumors. Nuclear
imaging may help to overcome these obstacles by using
a suitable PET tracer to quantify distribution of the PD
or the mAb–Enz conjugate, providing information on the
selectivity between tumors and normal tissues and aiding
the appropriate timing of therapy [11].

Despite the improvements in specific drug-targeting
systems such as ADEPT and GDEPT, these systems are
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still far from introduction into the clinic. A more feasible
approach could be the use of a simpler, but possibly, less
selective one-step PD activation system, called the PD
monotherapy (PMT). PMT involves the activation of a
nontoxic PD by an endogenous enzyme that is exclusively
(or at least preferentially) expressed in high quantities by
the tumor itself, thus avoiding potential immunogenicity
problems. Several classes of endogenous enzymes have been
investigated as PD-converting enzymes such as ‘oxido-
reductases’, ‘transferases’, ‘hydrolases’, and ‘lyases’ [11–13].
As PMT depends on the activity of an endogenous gene, it
is of paramount importance for the assessment of therapy
efficacy and safety to have insight into the expression level
of the enzyme, not only in the tumor, but also in other
tissues. Remarkably, nuclear imaging techniques for mon-
itoring PMT are currently lacking.

For example, b-glucuronidase is a promising PD-convert-
ing enzyme for PMT. It is localized intracellularly in
microsomes and lysosomes and its activity is not
detectable in human blood. Under normal circumstances,
b-glucuronidase is not available for a PD that cannot
enter the cell. However, large amounts of endogenous b-
glucuronidase are present extracellularly in tumors, which
would allow the selective activation of a glucuronide-
based PD to a cytotoxic agent at the tumor site [1,2].
Encouraging results have already been obtained in animal
studies [14–17]. For imaging purposes, glucuronide-based
tracers could be developed with similar structures as the
PD. So far, only a few glucuronide PDs have been
radiolabeled with 125I and 211At to enhance the efficacy
of these PDs by adding radiotoxicity of an appropriate
radionuclide in the same PD[5,18]. When other isotopes
are applied, these labeled compounds might be suitable
tracers for imaging. For MRI, a glucuronide has been
labeled with gadolinium, but in-vivo evaluation of this
probe has not been published yet [19]. This probe could
be radiolabeled with a radioactive isotope for nuclear
imaging. To our knowledge, however, there are still no
glucuronide PET or SPECT tracers available to monitor
tumor-specific activation of PDs by b-glucuronidase or
other endogenous PD-converting enzymes.

Despite the appealing concept of PD therapy and the
encouraging preclinical results, the quest for a clinical
applicable strategy is continuing. Nuclear medicine could
provide valuable information on the expression of
endogenous and exogenous PD-converting enzymes and
thus could assist in the development and optimization of
these new interventions. However, suitable tracers for
monitoring ADEPT and especially PMT are virtually
absent. In the last decade, the development of tracers for
GDEPT has received much attention, but so far these
tracers have not led to any suitable therapy. As successful
PMTand ADEPTseem to be within reach now, this could

be the time for the nuclear medicine society to expand
their focus from GDEPT to these other PD approaches.
Nuclear medicine can provide crucial information regard-
ing PD-converting enzyme expression and PD pharma-
cology, which will lead to a better understanding of the
mechanisms of action and metabolic conversion of the
PD, and therefore, nuclear medicine could provide an
impetus for the development of PD therapy.
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