
The HSVtWGCV Approach
The HSVtk/GCV system is one of the most widely

investigated cancer gene therapy approaches and is also
particularly well suited to the application of PET imaging.

Phosphorylation by viral kinases (e.g., HSVtk) triggers the
therapeutic effect of GCV, an acyclic nucleoside. HSVtk also
phosphorylates related drugs (acyclovir, penciclovir and
others) and is widely used to treat HSV and cytomegalovirus
infections. In this setting, the viral thymidine kinase acti
yates the drug to a monophosphate. Subsequent phosphory
lation of the monophosphate compound by cellular kinases
leads to inhibition of DNA synthesis (7). GCV is a poor

substrate for the mammalian thymidine kinase, as shown by
its low toxicity in humans.

This has been exploited in several recent cancer gene
therapy trials (8). The HSVtk gene is delivered in a
recombinant viral vector and is expressed only in tumor cells
that are infected by the vector. The HSVtk protein in the
tumor cells is able to phosphorylate intravenously adminis
tered GCV. As a result, these cells are selectively killed by
the phosphorylated products of HSVtk (Fig. 1A). This
process is further facilitated by intercellular communica
tions (gap junctions) that allow the phosphorylated GCV to
travel to adjacent tumor cells. This leads to the destruction of
noninfected cells in the immediate vicinity (so-called â€œby
stander effectâ€•)(9).

HSVtk cancer gene therapy was introduced by Moolten
and Wells (10) and Moolten et al. (11) in animal models.
Phase I clinical trials have shown encouraging results in
treating tumors such as gliomas (1, 12) and mesotheliomas
(13). The phosphorylation of CCV by HSVtk (the rate
limiting step in drug activation) bears striking similarity to
that of 18F-fluorodeoxyglucose (FDG), a widely used PET
tracer (Figs. lB and C). Both require phosphorylation for
substrate retention in the target tissue. FDG-6-phosphate
accumulates in cells with increased glucose metabolism,
including cancer cells. Therefore, tumors appear as foci of
increased activity on PET images. Similarly, accumulation
of phosphorylated derivatives of radiolabeled HSVtk sub
strates was predicted to provide images of tissues containing
the HSVtk enzyme (i.e., tissues where gene expression was
achieved).
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ene therapy is one of the most promising new treat
ments for cancer. Clinical trials are under way in numerous
centers for many malignant disorders, including phase 1/11
clinical trials for brain, breast, lung, colon and prostate
cancers (1â€”5).

TRANSFERRING GENES INTO CANCER CELLS

Several approaches to gene therapy are being tested using
a variety of vectors and therapeutic genes. However, all rely
on the same rationale: genetically engineering a target tissue
to produce a new therapeutic protein. This requires the
selective introduction of genes into a target tissue (e.g.,
tumor cells) using a vector. Such vectors include adenovirus,
retrovirus, adeno-associated virus, deoxyribonucleic acid
(DNA)-protein complexes and liposomes (6). The vector has
several roles: It packages the DNA gene of interest. It
delivers the gene across the cell membrane and into the
nucleus, and it drives expression of the gene to produce the
therapeutic protein. Among others, three major approaches
in cancer gene therapy have been extensively investigated
(1â€”5).

1. Enzyme/prodrug systems, such as herpes simplex
virus thymidine kinase/ganciclovir (HSVtk/GCV), that

introduce a drug-activating enzyme.
2. Targeting aberrant molecular tumor cell pathways such

as over-expression of wild-type p53 to arrest cell
growth.

3. Introduction of proteins that stimulate the immune
response to the tumor.
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FIGURE1. Mechanismof uptakeof FDG
and HSVtk substrates. FDG (C) and HSVtk
substrates (as illustrated by GCV [A] and
18F.FHPG [B]) accumulate in target cells as
phosphorylatedderivatives.There are sig
nificant differences between the two sys
tems: enzyme catalyzing phosphorylation
of FDG is endogenous, and its activity is
enhanced in tumor cells, whereas nucleo
sidesanalogsare phosphorylatedonlyafter
delivery of an exogenoustherapeutic gene
that mediates expression of enzyme. In
creased expression of glucose membrane
transporters enhances FDG uptake in tu
mor cells. In contrast, HSVtk substrates
entercellsby passivediffusionwithcontribu
tions from other transport mechanismsthat
varywithcell type. Inaddition,FDG-6-P04is
not a substrate for next enzyme of glucose
metabolic pathway, whereas monophos
phate products of HSVtk undergo further
phosphorylationto di- and triphosphatede
nvatives.
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Rationale for Assessing Gene Transfer
The major focus of cancer gene therapy is gene delivery to

the target tissue, resulting in both protein expression and
distribution within the tumor, in spite of any potential side
effects that may be induced. Therefore, assessing the distri
bution and duration of the gene expression is of primary
importance for evaluating new gene therapy approaches.
Nuclear medicine techniques provide tremendous potential
for improvement over current methods used to assess gene
transfer.

Currently, biopsy specimens are obtained from the gene
treated tissues at specific times to determine gene transfer.
This has several limitations, including sampling error, lack
of information on distribution of gene transfer and signifi
cant risks and discomfort to the patient. The results of biopsy
studies (when feasible) provide only limited data and
typically cannot reliably assess the change in gene expres
sion over time. Determining whether the gene therapy vector
remains localized to the injection site or whether it becomes
widely distributed throughout the tumor may have a great
influence on the future design of vectors and clinical trials.
For example, if reliable distribution data were available, the

route and means of administration could be systematically
varied so as to optimize tumor penetration by the vector.
Finally, target tissue biopsies cannot reveal any information
about unintended gene transfer into tissues that were not
suspected of harboring the vector and, therefore, were not
sampled. This is particularly important when considering the
possibility of germline gene transfer (unintended gene
delivery to testes or ovaries). Currently, the risk of germline
gene transfer can be assessed only by inference from animal
studies. Thus, there is a clear and compelling need for
noninvasive, practical and sensitive methods for assessing
gene transfer. The high sensitivity and specificity of radionu
clide imaging may provide a solution to this problem.

PET TRACERS FOR ASSESSING HSVtk GENE
TRANSFER AND EXPRESSION

Several radiotracers have been developed to image HSVtk
expression in tumors (14â€”19).These are all substrates for
HSVtk and are chemically derived from nucleosides used as
therapeutic agents (Fig. 2).
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Tjuvajev et al. (1 7) have systematically developed 5-iodo
2 â€˜ â€˜-deoxy- 1- @3-D-arabinofuranosyl-5-iodo-uracil
(FIAU) as a tracer to monitor HSVtk gene therapy. They
demonstrated that FIAU was a better substrate for HSVtk
than was GCV. â€˜31I-FIAUwas successfully used to image
mammary and glial tumors that had been engineered to

express HSVtk before inoculation into rats (20). Further
studies with â€˜24I-FIAUproduced high quality PET images of
HSVtk-expressing mammary tumors in rats and demon
strated the high specificity of this agent for HSVtk expres
sion. This was the first demonstration that HSVtk+ tumors
could be successfully imaged with a positron-emitting
radiopharmaceutical (21). Furthermore, a significant relation
ship was found between the level of tracer accumulation (%
injected dose/g of tissue) and the level of expression of
HSVtk. These results demonstrated the validity of the
concept and encouraged the development of other applica
tions using PET to detect and monitor gene expression.

The FIAU approach, however, is not without its limita
tions. The relatively long half-life of 1241allows for delayed
imaging (images can be acquired 36 h after injection) and
thus increases the target-to-background contrast. However,
from a practical point of view, a 1-d protocol that uses more
specific radiotracers has several advantages, including early
results (within hours) and the convenience for the patient of

a single-day protocol. In addition, 1241is available in only a
limited number of sites, which further complicates the
routine use of this approach.

FIGURE 2. Chemicalstructuresof sub
stratesforHSVtk

[8-18F]-fluoroganciclovirand
9-[(3-['8F]-fluoro-1-hydroxy-2-propoxy)methyljguanine

Administration of readily available short-lived radionu
clides such as 18Fresults in low radiation exposure. Also, the
physical properties of 18Fare better suited than those of 124!
for quantitative PET imaging (22). Several radiolabeled
GCV compounds have been developed over the past several
years. GCV has been labeled with 18Feither on the 8 position
of the acycloguanosine ring or on the 3 position of its side
chain (Fig. 2).

[8-'8F]-fluoroganciclovir (â€˜8F-FGCV)was first synthe
sized by Barrio et al. (23). Alauddin et al. (15) and Monclus
et al. (24,25) developed the synthesis of 9-[(3-['8F]-fluoro-l-
hydroxy-2-propoxy)methyl]guanine (â€˜8F-FHPG). Haber
korn et al. (26,27) performed a series of in vitro experiments
to study the transport and metabolism of 3H-GCV in various
tumor cell lines. They showed significantly increased uptake
of 3H-GCV in the HSVtk transduced cells. This uptake was
associated with a time-dependent phosphorylation of the

compound. The uptake in wild-type cells (HSV:kâ€”) was
low, and only the unmetabolized 3H-GCV was present in
these cells. Moreover, 3H-GCV uptake was strongly corre

lated with the percentage of HSVtk-expressing cells. This
observation is of great significance because a small fraction
of HSVtk+ cells can produce GCV phosphates that are
exported to nearby cells.

After the administration of therapeutic doses of GCV,
these nontransduced cells are killed as a result of their
proximity to the transduced cells (bystander effect). In the in
vivo situation, the distribution of the radiolabeled GCV
uptake will therefore reflect tracer activity in the HSVtk+
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cells and the surrounding cells that have secondarily ac
quired the phosphorylated tracer. However, in vivo, the

spatial distribution and kinetics of the bystander effect are
not well characterized; therefore, its contribution to the PET
image is not yet known. Ideally, cancer gene therapists want
to engineer approaches that have a large and rapid bystander
effect (e.g., active drug is rapidly carried far beyond the
tumor cells that express the therapeutic gene). In such a
circumstance, the PET images would reflect the real extent
of the distribution of active drug. If the bystander effect is
small (as is likely the case with current HSVtk systems),
then the PET images will, for all intents and purposes, reflect
only the activity of the gene-expressing cells.

Recently, it has been shown that there is a strong
correlation between labeled GCV uptake and the growth
inhibition in response to pharmacological doses of GCV
(27). These observations suggest that the uptake of radiola
beled GCV can be used not only as a marker of the presence
and distribution of HSVtk in tumors but as a predictor of
response to therapy. Although speculative at this time, such
data obtained early in the course of GCV therapy (typically
10â€”14d) might influence the dose or duration of GCV to be
used to achieve the optimal therapeutic outcome.

In experiments more closely resembling a potential thera
peutic application, Gambhir et al. (28) recently published

images obtained using â€˜8F-FGCVin mice after in vivo gene
transfer. Mice were treated intravenously with a recombi
nant adenovirus carrying HSVtk to effect HSVtk gene
expression in the liver (primary site of adenovirus uptake
after intravenous injection). The liver demonstrated in
creased activity on PET, which is consistent with retention
of â€˜8F-FGCV-phosphates.Biodistribution studies showed
relatively low levels of uptake in other organs, except for the
urinary system, which reflected excretion of unmetabolized
tracer. The same group also demonstrated the feasibility of

using a three-compartment model to characterize the tracer
kinetics in the same animal model (29). To date, there have

been no reports studying tumor-bearing animals with 18F-
FGCV.

ls@43@p(J has been more extensively studied than other

tracers. In vitro studies have shown high and selective
accumulation of the tracer in various tumor cell types (24).
Pharmacokinetic studies in monkeys have demonstrated
acceptable radiation dosimetry for sensitive organs and the
absence of recirculating labeled metabolites (30). In addi
tion, the synthesis process has been simplified and short
ened. Yields of lO%â€”15%are usually obtained in 1 h (31).
We have studied this compound in glioma and mesothelioma
tumor cell cultures with virus-delivered HSVtk (32) and

found results comparable with those of other studies, i.e.,
tk+/tkâ€” activity ratios ranging from 5 to 28 after 3 h of
incubation with 18F-FHPG. When the tracer was injected
into mice 48 h after the intravenous administration of a
recombinant adenovirus carrying the HSVtk gene, only liver

and bladder activity was detected by PET imaging (Head
PENN-PET scanner; UGM, Philadelphia, PA) (32). No

hepatic uptake was seen in mice injected with a control
adenovirus vector (Fig. 3). In rodents, HSVtk-expressing
subcutaneous tumors (mesothelioma or glioma cell lines)

were clearly visualized as early as 90 mm post-tracer
injection. Tumor-to-muscle activity ratios obtained by count
ing the tissues in a gamma well counter averaged 5.5 for
HSVtk-expressing tumors, compared with 0.8 for control
lesions. Expressed as percentage of dose per gram of tissue,
these results were 3.4% and 0.6%, respectively. Thmor
positivity by PET imaging correlated with the immunohisto
chemical staining of the tissues using monoclonal antibodies

directed against HSVtk protein (13).
Recently, labeling methodology for penciclovir (PCV)

9-(4-hydroxy-3-hydroxymethylbutyl)guanine with 18F was
reported (Fig. 2) (33). Compared with GCV, PCV has a
higher phosphorylation rate by viral thymidine kinase,
greater intracellular stability of its phosphorylated form and
more effective inhibition of the DNA polymerase (34,35).
The higher rate of phosphorylation of PCV is important for
PET imaging. Preliminary in vitro studies comparing PCV
and GCV in colon adenocarcinoma and glioma cell lines
have shown higher accumulation of PCV labeled either with
3Hon the 8 positionof the ring(36)or with â€˜8Fon the 3
position of the side chain (33).

Other nucleosides such as 5-fluoro-l-(2'-deoxy-2'-fluoro
f3-D-ribofuranosyl)uracil (FFUdR) can be labeled with â€˜8F

(37). In vitro experiments have shown higher uptake of
FFUdR than GCV in HSVtk-transduced hepatoma cells, but
this was also true in control cells, because FFUdR is also
phosphorylated by the mammalian thymidine kinase (19).
This is likely to increase the background activity during in
vivo imaging; however, a side-by-side comparison of the
tracers remains to be done.

FDG PET imaging has also been tested as a means for

@â€” Liter
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FIGURE3. CoronalPETimagesobtained2 hafterintravenous
injection of 18F-FHPGinto two mice. Forty-eight hours before
imaging,mouseA was injected intravenouslywith control vector,
whereas mouse B received recombinant adenovirus carrying
HSVtk. In HSVtk-treatedanimal, tracer specificallyconcentrates
in liver,which is primary site of adenovirusuptake after intrave
nous injection.Only uptakeseen in controlanimal is in bladder.
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monitoring the effects of gene therapy. Haberkom et al. (38)
found an uncoupling of FDG transport and phosphorylation
in rat hepatomas during gene therapy with HSVtk and GCV.
After 2 d of treatment, FDG transport was enhanced, yet
phosphorylation remained unaffected. After 4 d, transport
normalized, although phosphorylation increased. Initial in
creased transport was interpreted as a reaction to cellular
stress, whereas the therapeutic effects leading to cell death
explain the later decline. The increased phosphorylation rate
was observed in vivo but not in previous in vitro experi
ments conducted by the same researchers (39). These
observations may have a significant influence on FDG PET
imaging in patients who are treated with such protocols, with
respect to the timing of the studies.

ASSESSMENT OF TUMOR HYPOXIA

Tumor hypoxia is an important factor that limits response

to radiation in animal models as well as in human cancers
(40). Radiation therapy is not the only treatment modality
influenced by tumor hypoxia. Hypoxic tumor cells, because
of their relative isolation from blood supply or free-radical
based mechanism of toxicity, are also resistant to some
cytotoxic drugs (41). In addition, studies have demonstrated
the importance of hypoxia in patients who are treated
surgically. For example, pretreatment hypoxia was associ
ated with a higher rate of locoregional recurrence of
carcinoma of the cervix (42). Poor outcome from distant
metastases has also been demonstrated in hypoxic soft-tissue
sarcomas treated by multimodality therapy (43). Tissue

hypoxia exists in a substantial proportion of tumors, al
though it varies with tumor type, among patients and within
lesions in a single patient (44â€”46).Recurrent tumors may
also have a different oxygenation state than the primary
lesion (47).

Current Limitations
In patients, tumor hypoxia is currently measured using the

Eppendorf oxygen microelectrode, which can directly mea
sure oxygen tension in tissues. Eppendorf studies have
shown a high degree of heterogeneity in human tumors of
otherwise similar characteristics. This heterogeneity has
been found in all tumor types examined (48,49). The
sensitivity and specificity of this method are suboptimal,
because interobserver variability is high and the results are

operator-dependent (50). Although it can be performed
intraoperatively, the technique is usually limited to superfi
cially accessible tumors. Multiple assays are necessary to
determine the degree of oxygenation of the entire tumor.
Nonetheless, the method is still prone to sampling errors.
Finally, because necrotic parts of the tumor are read as
hypoxic, Eppendorf studies have a tendency to overestimate
the hypoxic fraction of the viable tumor. Recently, immuno
histochemical staining for pimonidazole (a 2-nitroimid
azole) binding on tumor tissue was introduced as a measure

of hypoxia (51). Tissue samples are obtained by multiple
punch biopsies 24 h after intravenous administration of

pimonidazole. By combining immunohistochemical assays
for endogenous proliferation markers with immunostaining
for pimonidazole, tumor hypoxia can be compared with
other physiological parameters of tumor growth.

Imidazole Derivatives and PET
Imidazole derivatives are bio-reductively activated drugs

with well-known radiosensitizing, cytotoxic and metabolic
properties (52,53). The reductive metabolism of these com
pounds leads to their activation and subsequent formation of
covalent bonds with cellular molecules under hypoxic
conditions. This process is gradually inhibited as oxygen
concentration increases (54). Several â€˜8F-labeled com
pounds (â€˜8F-fluoromisonidazole [FMISO], â€˜8F-fluoroerythro
nitroimidazole [FETNIM], â€˜8F-fluoroetanidazole) have been
synthesized, to take advantage of both the biochemical
properties of imidazole derivatives and the high resolution
of PET (55â€”57).Among these tracers, â€˜8F-FMISOhas been
most extensively studied (Fig. 4). 18F-FMISO PET imaging
was successfully used to evaluate the presence of tumor
hypoxia before treatment (55,56,58) or during fractionated
irradiation (59). Although quantitative values can be ob
tamed through compartmental analysis (60), simple methods
can be used for practical application of this method.
Measurement of the fractional hypoxic volume (proportion
of pixels in the tumor volume with a tissue-to-blood activity

1.4 at 120 mm postinjection) (56) or the tumor-to-muscle
retention ratio (61) appears to be useful for detecting tumor
hypoxia. Despite these encouraging preliminary results,
suboptimal imaging properties (low target-to-background
ratio, slow uptake in the tumor) have limited the use of
18F.f@@4J5Oin routine clinical practice. Other imidazole
derivatives have been developed. In tumor-bearing rats,
â€˜8Ff@Thfl@@4displayed higher tumor-to-blood activity ratios
than FMISO (57), but no subsequent studies have confirmed
this early observation. Recently, the synthesis of 18F-
fluoroetanidazole was reported (62), but no data are avail
able about the in vivo properties of this compound.

FIGURE4. Chemicalstructuresofcompoundsinvestigatedfor
theirhypoxia-detectingproperties.
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The 2-nitroimidazole, EF5, has been studied extensively
using immunohistochemical technique for the detection of
the reduced adducts in tissues. Correlation of EF5 binding to
several independent endpoints, including radiation response
and tumor red blood cell flux, has been made (63,64). A.V.
Kachur et al. have developed the â€˜8F-labeledPET imaging
agent of a sister drug to EF5 called [F-l8]-N-(3-monofluoro
propyl)-2-(2-nitroimidazol-l[H]-yl)-acetamide (â€˜8F-EF1)
(Fig. 4) (unpublished data, 1999). Both EF1 and EF5 are
similar in structure to etanidazole, which is the least toxic
2-nitroimidazole studied in humans. Both are much more

stable in vivo than is misonidazole. About 70% of the
injected dose is excreted in the urine in unaltered forms,
compared with less than 10% for misonidazole (65). In
addition, its hypoxia-dependent metabolism is much more
predictable than that of misonidazole and other compounds.

We have performed PET imaging with â€˜8F-EF1in tumor
bearing rats (unpublished data). Biodistribution studies
showed that the tracer was excreted primarily by the urinary
tract. Hypoxic tumors (Q7 hepatomas) showed tumor-to

muscle activity ratios of 2.7 and 2.4 at 150 mm postinjec
tion. For normoxic tumors (9LF gliomas), these values were
0.8 and 0.5, respectively. These results correlated well with
the oxygenation status of the tumors, which was measured
with an independent method. Immunohistochemical detec
tion of intracellular EF3 using a monoclonal antibody for
assessment of tumor hypoxia in tissue samples is well
validated (66,67) and was performed in all the animals.

Radiolabeling of the multifluorinated EF5 would certainly
improve the imaging characteristics of the compound. Its
greater lipophilicity would allow for an easier penetration
through the cell membranes and the blood-brain barrier. This
property, combined with the high hypoxia selectivity of the
compound and its predominant urinary excretion, would
provide a high target-to-background ratio relatively soon
after injection of the tracer. EF5 is currently being tested as a
diagnostic agent for hypoxia in human tumors; thus far, no
adverse events have been observed (Evans SM, personal
communication).

Copper-Labeled Thiosemicarbazone Complexes and PET
A radically different approach has been followed by other

groups who have used copper (either 6@Cuor MCu)@1abeled

compounds (Fig. 4). 6@Cu-pyruvaldehyde-bis(N4-methylthio
semicarbazone) (PTSM), a bis(thiosemicarbazone) (BTS)
derivative, is a well-known perfusion tracer. Incidentally,
retention in rat brain after transient ischemia has been
reported (68). 62Cu-diacetyl-bis(N4-methylthiosemicarba
zone) (ATSM), another Cu-BTS complex, was not signifi
cantly taken up by normoxic rat heart, whereas in hypoxic
conditions, the uptake was markedly increased (69). Prelimi
nary results in PET studies were reported with 6@Cu-ATSM
in lung cancer patients, showing high tumor-to-background
contrast compared with minimal uptake in the lungs of
normal subjects (70). The oxygen concentration of these
tumors was not independently assessed, but studies by the

same group suggest that retention in tumor cells primarily

depends on a cytosolic/microsomal bioreduction, in particu
lar nicotinamide adenine dinucleotide hydroxide (NADH)
cytochrome P450 reductase and NADH-cytochrome b5
reductase (71).

These enzymes are also responsible for the hypoxic
activation of bioreductive drugs. Dearling et al. (72) have
tested various 64Cu-labeled BTS complexes and found high
hypoxia selectivity in several of such compounds. Recently,
Lewis et al. (73) compared the uptake of MCu-ATSM,
MCu-PTSM and 18F-FMISO in tumor cells under various
oxygen concentrations. Both MCu-ATSM and â€˜8F-FMISO
showed oxygen concentration-dependent uptake. However,
64Cu-ATSM uptake was significantly higher than that of
â€˜8F43@4I5O64Cu-PTSM uptake did not vary with the
oxygen concentration. Biodistribution studies showed that
the uptake in the tumor peaked as early as 10 mm postinjec
tion. There was also significant uptake in the lungs, and the
tracer was excreted through the liver and kidneys. Autoradio
graphic studies showed heterogeneous uptake of TMCu
ATSM in the tumors, in contrast with the homogeneous
distribution of@Cu-PTSM (reflecting the blood flow). These
results suggest that MCu@ATSM is selectively and rapidly
taken up by hypoxic tumors.

Several issues remain to be addressed: in particular, the
biodistribution and pharmacokinetics of such compounds.

Liver uptake is followed by bowel excretion, which could
generate abdominal activity on the images. In addition,
washout from most of the organs appears to be slow, and
there is limited information about the muscle uptake.
Therefore, it is not yet known whether the in vivo target-to
background ratio will allow appropriate imaging. However,
this approach, although still in its infancy, is attractive, and
these tracers warrant further investigation.

CONCLUSION

Although the first attempts to assess tumor hypoxia with
nuclear medicine techniques were performed in the 1980s,
recent advances have shown continued promise. In particu
lar, development of 2-nitroimidazole tracers with excellent
imaging properties and initial studies with copper-labeled
compounds are encouraging. A noninvasive and routinely
applicable imaging method could provide valuable informa
tion regarding the role of tumor hypoxia in the natural
history of cancers and their response to therapy. Similarly,
by developing radiotracers that are specific to the engineered
gene product, nuclear medicine has the potential to play a
significant role in the evaluation of experimental gene
therapy strategies. In particular, it may bridge the gap
between experimental animal models and human applica
tions by providing valuable information regarding the distri
bution and duration of gene expression.
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