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We are developing procedures to repeatedly and noninvasively
image the expression of transplanted reporter genes in living ani-
mals and in patients, using PET. We have investigated the use of the
Herpes Simplex Virus type 1 thymidine kinase gene (HSV1-tk) as a
reporter gene and [8-'“C]-ganciclovir as a reporter probe. HSV1-tk,
when expressed, leads to phosphorylation of [8-'“C]-ganciclovir. As
aresult, specific accumulation of phosphorylated [8-'“C]-ganciclovir
should occur almost exclusively in tissues expressing the HSV1-tk
gene. Methods: An adenoviral vector was constructed carrying the
HSV1-tk gene along with a control vector. C6 rat glioma cells were
infected with either viral vector and uptake of [8-2H]-ganciclovir was
determined. In addition, 12 mice were injected with varying levels of
either viral vector. Adenovirus administration in mice leads primarily
to liver infection. Forty-eight hours later the mice were injected with
[8-'“CJ-ganciclovir, and 1 hr later the mice were sacrificed and
biodistribution studies performed. Digital whole-body autoradiogra-
phy also was performed on separate animals. HSV1-tk expression
was assayed, using both normalized HSV1-tk mRNA levels and
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relative HSV1-TK enzyme levels, in both the cell culture and murine
studies. Results: Cell culture, murine tissue biodistribution and
murine in vivo digital whole-body autoradiography all demonstrate
the feasibility of HSV1-tk as a reporter gene and [8-'“C]-ganciclovir
as an imaging reporter probe. A good correlation (¥ = 0.86)
between the [8-'“C]-ganciclovir percent injected dose per gram
tissue from HSV1-tk positive tissues and HSV1-TK enzyme levels in
vivo was found. An initial study in mice with [8-'F]-fluoroganciclovir
and microPET imaging supports further investigation of [8-'8F]-
fluoroganciclovir as a PET reporter probe for imaging HSV1-tk gene
expression. Conclusion: These results demonstrate the feasibility of
using [8-'“C]-ganciclovir as a reporter probe for the HSV1-tk re-
porter gene, using an in vivo adenoviral mediated gene delivery
system in a murine model. The results form the foundation for
further investigation of [8-'®F]-fluoroganciclovir for noninvasive and
repeated imaging of gene expression with PET.

Key Words: reporter gene; imaging; PET; thymidine kinase; gene
expression

J Nucl Med 1998; 39:2003-2011

2003



Current methods to image the expression of reporter genes in
experimental animals and humans require the use of tissue,
obtained either from biopsy or after death. Alternatives for
noninvasively and repeatedly imaging gene expression in ani-
mals are currently limited. Animals transparent to visible light
(e.g., nematodes) can be imaged using the green fluorescent
protein (/) as a reporter, and some small animals (e.g., mice)
can be imaged using the luciferase reporter gene (2). Both of
these methods rely on a simple video camera for imaging.
However, these techniques are not generalizable to humans, and
do not give access to all tissues throughout the body. Develop-
ment of procedures to repeatedly and noninvasively monitor
reporter gene expression in mammals would permit new exper-
imental approaches to study transgenic animals, adoptive cell
therapy, tracking of infections (e.g., viral), and human gene
therapy. Use of reporter genes encoding proteins able either to
metabolize positron-labeled “PET reporter substrates” to
trapped products or to bind positron-labeled “PET reporter
ligands” should provide novel assays to image reporter gene
expression in living animals.

The herpes simplex virus Type 1 thymidine kinase gene
(HSV1-tk) is an attractive candidate for use in noninvasive
reporter gene imaging by PET, since several substrates, includ-
ing but not limited to acyclovir (acycloguanosine) (ACV),
ganciclovir (GCV), S-iododeoxyuridine, 2’-fluoro-2’ deoxy-1-
5-iodo-1-B-D-arabinofuranosyl-5-iodo-uracil (FIAU), can be
phosphorylated by HSV1-TK (3-5). Note that HSVI-tk refers
to the gene and HSV1-TK refers to the enzyme. Tjuvajev et al.
(6) demonstrated the utility of HSV1-tk as a “marker gene” and
[2-'4C]-FIAU as “marker substrate” for autoradiographic imag-
ing of tissue sections from transplanted brain tumors expressing
HSV1-tk. More recently, the same authors used ['*'I]-FIAU to
image HSV1-tk expressed in tumors in vivo, by SPECT (7),
and have presented preliminary findings in abstract form with
['**)-FIAU and PET in athymic rats (8). We have been
developing a similar approach to image HSV1-tk reporter gene
expression, using acycloguanosine derivatives (i.e., ACV,
GCV) (9). Haberkorn et al. (/0) also have recently described
the use of [8->H]-ganciclovir in HSV1-tk positive cell lines to
detect HSV1-tk gene expression in cultured cells, but have not
reported any results in vivo. The cytosine deaminase gene and
cytosine also have been studied as a reporter gene/reporter
probe system. However, this system has not worked well due to
a lack of sufficient accumulation of [*H]—5-fluorocytosine in
cytosine deaminase expressing cells (/7). We also have inves-
tigated an alternate reporter gene/reporter probe system, using
the dopamine D2-receptor gene as a reporter gene and 3-([2'-
'8F]-fluoroethyl)spiperone as a reporter probe for PET imaging
in vivo, with good preliminary results in tumors expressing the
D2 receptors that have been implanted in nude mice (/2).

ACYV and GCV have been extensively studied as pharmaceu-
ticals for treating herpes viral infections (/3,14). After transport
into“cells through nucleobase and/or nucleoside transporters
(15,16), ACV and GCV are phosphorylated to the monophos-
phate form by HSVI-TK. After further phosphorylation by
cellular kinases, ACV/GCV-triphosphates are incorporated into
DNA, where these acyclic guanosine analogs block viral DNA
chain elongation. Two factors make acycloguanosine deriva-
tives attractive as drugs as well as biological probes: First, ACV
and GCV undergo only minimal metabolism in vivo (/3,14).
Second, ACV and GCV are minimally phosphorylated by
endogenous mammalian cytoplasmic and mitochondrial thymi-
dine kinases (/7,18). In contrast to thymidine, or closely related
deoxyribosides of 5-iodouridine derivatives (e.g., FIAU), acy-

cloguanosine analogues show very high specificity for the viral
enzyme (19,20).

Because of the extensive knowledge of murine genetics and
the ability to manipulate the murine genome by both transgenic
and homologous recombination procedures, the mouse has
become the animal of choice in most contemporary in vivo
studies of gene expression, development and function of the
immune system, tumor cell growth and suppression, and pre-
clinical gene therapy models. We anticipate that the ability to
repeatedly and noninvasively monitor gene expression in vivo
will be of value in all these areas.

For PET studies, replacement of the 8-hydrogen in acy-
cloguanosine by fluorine would be expected to cause only
minimal steric perturbations in HSV1-TK binding, since fluo-
rine has a van der Waals radius (1.35 A) similar to that of
hydrogen (1.20 A) (19). Moreover, the increased stability of the
C-F bond relative to the C-H bond might also result in increased
chemical and in vivo metabolic stability. We have investigated
this strategy (20-22) with [8-'8F]-fluoroganciclovir ([8-'®F]-
FGCV) and [8-'8F]-fluoroacyclovir ([8-'F]-FACV). Monclus
et al. (23) and Allaudin et al. (24) recently have reported the
labeling of ganciclovir in the side-chain with '°F, which
resulted in an enantiomeric mixture of products. Bading et al.
(25) have used an identically labeled ganciclovir in primates
and preliminary reported in abstract form (one animal) the
biodistribution of the probe.

In this study we investigate [side-chain-2->H]-acyclovir and
[8->H]-ganciclovir as probes to monitor HSV1-tk gene expres-
sion in cell culture. We then use a murine model and a viral
gene delivery system to image HSV1-tk reporter gene expres-
sion in vivo. When mice are injected intravenously with
recombinant adenoviruses, reporter gene expression is over-
whelmingly directed to the liver (26). We explore the biodis-
tribution of [8-'*C]-ganciclovir in vivo, in a murine model, to
investigate the utility of this compound as a reporter probe. We
directly correlate the level of accumulation of [8-'*C]-GCV in
HSV1-tk transduced tissues with reporter gene expression, as
measured by normalized HSVI1-tk mRNA levels and by
HSVI-TK enzyme levels, using an adenoviral delivery mech-
anism to direct HSV1-tk primarily to the mouse liver. We also
use digital whole-body autoradiography (DWBA) imaging, to
demonstrate the ability of [8-'“C]-GCV to image HSV1-tk
expression in vivo. Finally, we preliminarily exglore the feasi-
bility of imaging gene expression with [8-'3F]-FGCV and
microPET imaging (27) while using the same murine model.

MATERIALS AND METHODS

Radiolabeled Compounds

[8-'*C]-acyclovir ([8-'*C]-ACV) (56 mCi/mimol; mol wt =
225.2), [8-'*C]-ganciclovir ([8-'*C])-GCV) (specific activity 55
mCi/mmol; mol wt = 255.2), [2-'4C]-thymidine ([2-'*C]-THD)
(specific activity 56 mCi/mmol; mol wt = 242.2) were obtained
from Moravek Biochemicals, Inc. (Brea, CA). Reported purity
was 99.9%, 99.8%, 99.7% for [8-'*C]-ACV, [8-'*C]-GCV,
[2-'*C]-THD, respectively. [side-chain-2->H]-acyclovir ([side-
chain—2-*H]-ACV) (18.3 Ci/mmol; mol wt = 225.2), and
[8-*H]-ganciclovir ([8-*H]-GCV) (13.1 Ci/mmol; mol wt =
255.2) also were obtained from Moravek Biochemicals, Inc.
with a reported purity greater than 98%. Radiochemical purities
were determined before use for all radiochemicals purchased
using high-performance liquid chromatography (HPLC), and
were found to be greater than 97%.
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Radioactivity Counting

All *H counting was performed using a Beckman LS-9000
liquid scintillation counter with Biosafe II (Research Products
International, Costa Mesa, CA) scintillation fluid. For 'C tissue
counting, small samples of the tissue (0.009-0.0005 g) were
dissolved with hyamine and heated at 50°C for ~12 hr before
counting with cytoscint (ICN, Inc., Costa Mesa, CA) scintilla-
tion fluid. Corrections for background activity and efficiency
(96.1% for '*C and 51.4% for *H) based on calibrated standards
(Beckman, Inc.) also were performed to obtain disintegrations
per minute (dpm). Tritium counts also were corrected for
quenching effects. Corrections for the efficiency of tissue
sample counting were performed by sending random tissue
samples (PTRL, Inc., Richmond, CA) for counting by a
combustion method (28).

Preparation of an Adenovirus Vector Expressing HSV1-tk

A 1.9-kb EcoR I to Sac Il fragment containing the herpes
HSVI1-tk gene open reading frame, as provided by William
Clark (UCLA, Los Angeles, CA), was cloned into pBS II SK+
(Stratagene, Inc., La Jolla, CA), to construct pPBS-HSV1-tk. The
Sst II site of pBS-HSV -tk was converted to an Xba I site by
ligation to the two oligonucleotides 5'-CCTCTAGAGG-
TACGGC-3’ and 5'-CGTACCTCTAGAGGGC-3’, generating
pBS-HSV1-tkX. The EcoR I to Xba I fragment, containing
HSVI1-tk, was inserted between the cytomegalovirus (CMV)
immediate-early promoter and the SV40 splice and polyA site
of pACCMVpLpASR (29). AJCMV-HSVI1-tk recombinant
virus was constructed by co-transfection of 293 cells with
pACCMVpLpASR-HSVI-tk and d1309 viral DNA (30) that
had been cut with Xba I and Cla 1. AACMV-HSVI-tk was
plaque purified on 293 cells three times and grown into a high
titer stock of 1 X 10'° plaque forming units (pfu)/ml, as assayed
by plaque formation on 293 cells. The control virus, Ad5-dl434,
is an E1 deletion mutant with viral sequences between 2.6 and
8.7 map units deleted (3/).

Cell Lines and Culture Conditions

C6 rat glioma cells obtained from the American Type Culture
Collection were grown as monolayers in t75 flasks in DME
supplemented with 5% FBS, 1% penicillin-streptomycin, and
1% L-glutamine. Twenty-four hours after plating, either 1 X
10° pfu/ml of AACMV-HSV 1-tk virus (to produce C6 tk+cells)
or 1 X 10° pful/ml of control virus (to produce C6 tk—cells)
were added to separate flasks. Exposure to the adenovirus was
over a 27-hr period, followed by replating and growth over an
additional 22 hr in 12-well plates (for tracer uptake studies), or
100-mm dishes (for determination of relative HSV1-tk enzyme
levels and mRNA levels).

Cell Culture Uptake Studies

C6tk+ and C6tk- cells were incubated with [8-*H]-GCV at
concentrations of 0.82 uCi/ml (1.44 X 10~° mg/ml) in culture
medium. The wells were incubated at 37°C for 15, 30, 60, 120
and 240 min. At the end of each incubation period, the
radioactive medium was removed and radioactivity was deter-
mined. The wells were washed with cold phosphate-buffered
saline, the cells were harvested using a cell scraper, and the
cell-associated radioactivity also was determined. Triplicate
samples were performed at each time point. The same wells also
were used for determining total protein content for each
infected population (32). Data are expressed as the net accu-
mulation of probe in [dpm cells/(dpm of medium at start of
exposure)/ug protein] * s.e. Uptake studies also were per-
formed while using [side-chain—2->H]-ACV.

IMAGING GENE EXPRESSION WITH GANcCICLOVIR « Gambhir et al.

HSV1-TK Enzyme Assay

This assay was used to determine the relative levels of
HSVI1-TK enzyme activity in both cultured cells and mouse
tissue extracts. The assay is based on incubating cell or tissue
extracts with [8->H]-GCV, and then [8-*H]-GCV is separated
from phosphorylated [8->H]-GCV, as previously described
(33). For the cell culture studies, ~2 X 10°% cells were
trypsinized and dissolved in 40 wl PBS. For the murine studies,
~0.1-0.4 g organ was dissolved in 3.0 ml PBS. All samples
were frozen at —80°C for ~24 hr before being assayed. Sample
protein determinations also were made (32). Both liver and
muscle samples were assayed. All results were converted to
dpm/pug protein/min. Linearity of the assay with respect to
enzyme concentration and reaction time also was checked. The
reproducibility of this assay was within = 15% s.d. based on
repeated assaying.

Northern Blot Analysis

For cell culture studies, total RNA was extracted from cell
lysates. For mouse studies, the liver was rapidly dissected,
weighed and homogenized in a guanidium thiocyanate solution
containing B-mercaptoethanol. The total RNA then was ex-
tracted using phenol as described previously (34). Total RNA
was subjected to electrophoresis under denaturing conditions on
a 1.2% agarose-formaldehyde %el (10 ug RNA/lane). Hybrid-
ization was performed with [*?P] (random primed) labeled
HSV1-tk probe (derived from HSV-TK cDNA) overnight at
42°C. Hybridizations done with a GAPDH specific [*2P)
labeled DNA probe, were used to normalize the samples for
total mRNA content. The relative photo-stimulated lumines-
cence (PSL)/mm? values for the HSV1-tk and GAPDH bands
were measured (using a 5000 Phosphorimager (Fuji Photo Film
Co., Ltd.,, Tokyo, Japan) and digital plates) to obtain the
normalized HSV1-tk mRNA levels by calculating the ratio of
relative intensities of HSV1-tk to that of GAPDH [ (PSL/mm?
HSVI-tk Band 1 + PSL/mm? HSV1-tk Band 2) + PSL/mm?
GAPDH].

Murine Biodistribution Studies

Animal care and euthanasia were performed using criteria
approved by the UCLA Animal Research Committee. Adult
10-12-wk-old Swiss webster mice (25-35 g) were injected
through the tail vein with 1 X 10° pfu of either AdCMV-
HSVI1-tk virus or El-deleted AdS-d1434 control virus. Three
mice were used for each category. Forty-eight (1) hours later
the animals received a tail vein injection of [8-'*C]-GCV (2.5
pCi in 0.1-0.2 ml) followed by a saline flush of 0.1 ml. The
probe was allowed to distribute for 60 * 4 min before
sacrificing the mouse. Radioactivity determinations were nor-
malized by the weight of the tissue and amount of radioactivity
injected, to obtain percent injected dose per gram of tissue
(%ID/g). To determine the effects of varying levels of active
HSV1-TK enzyme on [8-'*“C]-GCV uptake, increasing amounts
of AACMV-HSV1-tk (0.50 X 10° and 0.75 X 10%) were
injected into a total of 6 mice (3 mice for each pfu level) and the
experiments for biodistribution repeated. Small samples of liver
(0.1-0.4 g each) also were used for determining normalized
HSV1-tk mRNA levels and enzyme activity levels in 8 of the 12
mice studied. Muscle samples served as control tissue for each
mouse. In 4 additional mice injected with control virus, the
biodistribution studies were performed by sacrificing the animal
at 5, 20, 40 and 120 min after injection of [8-'*C]-GCV.
Autoradiography

The viral administration and ganciclovir exposure procedure
described in the biodistribution studies above was repeated,
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FIGURE 1. (A) Northem blot of RNA extracted from C6 cells infected with control virus (C6tk-) and AJCMV-HSV1-tk virus (C6tk+) in lanes 1 and 2,
respectively. Top two bands obtained in lane 2 are from presence of HSV1-tk transcripts (upper panel) and bottom band in both lanes are from GAPDH (lower
panel). (B) Relative HSV1-TK enzyme activity (log scale) from C6 cells infected with control virus (C6tk-) and AACMV-HSV1-tk virus (C6tk+). Mean =+ s.e. from
triplicate determinations of relative HSV1-TK activity are shown. There is a significant difference (p < 0.001) between C6tk- and C6tk+ relative HSV1-TK
activities. (C) [8-*H]-GCV net accumulation (fog scale) in C6tk- and C6tk+ cell lines as function of time (15, 30, 60, 120, 240 min). Shown are mean + s.e. from
triplicate sampiles. There is a significant difference (p < 0.001) between C6tk- and C6tk+ cells for all time points.

using 2 mice injected with control adenovirus and 4 mice
injected with AACMV-HSV -tk virus (2 with 1.0 X 10° pfu,
and 2 with 0.5 X 10° pfu). However, after sacrificing, each
animal was frozen in liquid nitrogen in preparation for DWBA
using a 45-uM slice thickness (35). The exposure time was
24-72 hr. All digital plates were scanned on a Fuji Bas 5000
digital autoradiographic system at 100-uM resolution. The
photo-stimulated luminescence (PSL)/mm? in the liver was
obtained using software (Mac Bas version 2.4, Fuji Photo Film
Co., Ltd.) and converted to uCi/g plastic using the standard
calibration curve obtained from the reference standards (36).
Multiple regions of interest (ROI) were drawn on the images of
the liver by directly superimposing the digitized photographs of
the anatomical section. These values were then converted to
uCi/g tissue, using a calibration curve obtained for 45-uM-
thick slices, direct organ counting, and '*C standards. All
exposures were performed over a linear range of response for
the digital plates, and verified by the linearity of the calibration
curve. These values were converted to percent injected dose
(%ID)/g tissue, using the known total injected dose for each
mouse.

microPET Imaging

To preliminarily test the feasibility of imaging with [8-'®F]-
FGCV and microPET, we performed studies with a murine
model using the adenoviral vector delivery system. The [8-'®F]-
FGCV was synthesized (specific activity of ~3—-5 Ci/mmol) as
previously described (22). Three mice were injected through
the tail vein with 1.0 X 10° pfu of the control virus, and 3 mice
with 1.0 X 10° pfu of AACMV-HSV1-tk virus. Forty-eight
hours later each mouse was injected through the tail vein with
150 uCi of [8-'8F]-FGCV. After 1 hr of probe distribution, the
mice were anesthetized with Avertin (Aldrich, Milwaukee, WI),
and imaged using a microPET scanner with a 2> mm® volumet-
ric resolution (27). The long axis of the mouse was parallel to
the long axis of the scanner, and 8 bed positions with 8 min per
bed were used. No transmission scan was performed, and the
images were reconstructed while using a Shepp-Logan filter
with a 0.5 cutoff frequency. Mouse urine was collected at 60
min to assess the stability of [8-'®F]-FGCV using HPLC.
Statistical Analysi

All analyses were performed using a Student’s t-test for
independent samples to compare the results from two experi-
mental groups.

RESULTS

Cell Culture Studies

We first performed a Northern blot analysis on RNA isolated
from both C6tk+ and Cé6tk- cells. Shown in Figure 1A are the
results of the Northern probed for both HSV1-tk and GAPDH
mRNA. A GAPDH band is seen for both the C6tk+ and C6tk-
cells. Two HSV1-tk bands (presumably representing alternately
terminated transcripts) are seen for RNA extracted from the
Cé6tk+ cells and no HSVI1-tk band is present for the RNA
extracted from the C6tk- cells. The ratio of HSV1-tk:GAPDH is
5.1:1 for Cé6tk+ and ~0 for C6tk- cells.

We next determined the relative levels of HSV1-TK enzyme
in both the Cé6tk+ and C6tk- cells (Fig. 1B). There was a
significant difference in the relative levels of HSV1-TK enzyme
between the cells (p < 0.001). The northern blot and HSV1-TK
enzyme assay results establish the successful delivery and
expression of the HSV1-tk gene by the AACMV-HSV -tk virus
into C6 cells, as well as the lack of HSV1-tk expression when
using the control virus.

We next examined the ability of the C6tk+ and C6tk- cells to
accumulate radioactive reporter probe. Figure 1C shows the net
accumulation of [8->H]-GCV tracer as a function of time. Note
the higher levels of accumulation of [8->H]-GCV in the C6tk+
cell line as compared with the HSV1-tk negative (C6tk-) cell
line at 15, 30, 60, 120 and 240 min (p < 0.001). These results
demonstrate that the net accumulation of radioactivity in the
Cé6tk+ cells is attributable directly to the delivery and expres-
sion of the HSV1-tk gene.

The [8->H]-ACV showed significant accumulation in the
Cétk+ cell line as compared to the control C6tk- cell line
(1.9:1) only at relatively higher concentrations (1.2 X 10~*
mg/ml = 10 uCi/ml) and at longer incubation times of 18 hr.
This would make radiolabeled forms of ACV less likely to be
useful for imaging with PET (because of the relatively short
half-life of positron-emitting isotopes). We therefore only
pursued radiolabeled ganciclovir as a probe to develop a
quantitative assay for imaging expression of the HSVI-tk
reporter gene in vivo.

Murine Biodistribution Studies
We then determined whether [8-'*C]-GCV accumulation can
be used to monitor HSV1-tk expression in vivo. Mice were

injected intravenously with either a control adenovirus or an
adenovirus carrying the HSV1-tk reporter gene. When adeno-
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virus is injected into mice, the reporter gene expression is
restricted almost completely to the liver (26). Two days after
viral administration the mice received an intravenous injection
of [8-'*C]-GCV and were sacrificed 1 hr later. Figure 2 shows
a bar graph of the [8-'*C]-GCV % ID/g tissue in different
tissues for both control virus and the AACMV-HSV1-tk virus
(administered at various concentrations). Each bar represents
the mean * s.e. from 3 mice. Other organs not shown
(pancreas, heart, thymus, testes, stomach) all had less than 0.5%
ID/g tissue. No statistically significant difference in the net
accumulated activity in the liver versus muscle is observed
when using the control virus (p < 0.01). In contrast, there is a
statistically significant difference (p < 0.001) in retention of
[8-"*C]-GCV in the liver, when using the AdACMV-HSV1-tk
virus, as compared with the control virus for all levels of
AdCMV-HSV1-tk virus tested. Even for viral titers as low as
0.50 X 10° pfu, a statistically significant difference in the net
accumulation of activity in the liver was observed when results
from AACMV-HSV1-tk virus are compared with control virus.
There also are statistically significant differences (p < 0.001) in
the net accumulation of radioactivity in the liver between each
viral titer (except for between 0.75 X 10° pfu and 1.0 X 10° pfu
titers). The spleen also shows some [8-'*C]-GCV trapping that
increases with increasing viral titers. The kidneys show highly
variable amounts of [8-'*C]-GCV activity between mice, prob-
ably due to various factors (e.g., hydration status) which affect
the ability of the kidneys to clear the [8-'“C]-GCV.
Biodistribution studies were performed in 4 mice injected
with control virus at 5, 20, 90 and 120 min after injection of
[8-'*C]-GCV. These studies revealed that there is some hepa-
tobiliary excretion of [8-'*C]-GCV, with some activity in the
gallbladder measured within 20 min. The [8-'*C]-GCV activity
in the gallbladder could not be dissected separately from
radioactivity in the associated liver lobe without rupturing the
gallbladder. This radioactivity cleared from the gallbladder into

the gastrointestinal tract by 20 min after injection, with negli-
gible activity remaining beyond 90 min (data not shown).

In 8 of the 12 mice studied for biodistribution, liver and
muscle samples were obtained for HSV1-tk mRNA and relative
HSV1-TK enzyme determinations. Figure 3A shows a Northern
blot using RNA extracted from the livers of 4 of the 8 mice.
Shown are the results for a mouse injected with the control virus
and 3 mice injected with AACMV-HSV1-tk virus at increasing
titers. Two HSV1-tk bands are observed for all mice injected
with AACMV-HSVI-tk virus, and no HSVI-tk bands are
present for the mouse injected with control virus. As expected,
a GAPDH band (used to normalized for RNA loading) is
present for all 4 mice. The position of the bands in the lower
panel is slightly variable because bands move at different rates
due to local fluctuations (usually due to heating) in the gel. The
correlation between the normalized HSV1-tk mRNA and the
relative HSV1-TK enzyme levels from livers of the 8 mice is
0.89 (data not plotted). Shown in Figure 3B and 3C are the
[8-'*C)-GCV %ID/g liver when using the AdCMV-HSV1-tk
virus as a function of normalized HSV1-tk mRNA expression
and relative HSV1-TK enzyme levels respectively for 8 mice.
As the normalized HSV1-tk mRNA levels (and relative
HSV1-TK enzyme levels) increase (indicating increasing levels
of the HSV1-tk gene expression), there are increasing levels of
[8-'*C]-GCV accumulation in the liver, with plateauing at
higher levels of expression. The correlation coefficient for these
in vivo data are 0.74 and 0.86 for HSV1-tk mRNA levels and
HSVI-TK enzyme activity levels respectively (assuming a
linear model). The relative levels of HSV1-TK enzyme in
muscle samples are low (range: 0.2-1.0 dpm/ug protein/min)
for mice injected with various levels of AACMV-HSV1-tk.
Furthermore, muscle samples from mice injected with Ad-
CMV-HSVI-tk do not show significantly more HSV1-TK
activity than muscle samples from mice injected with control
virus (p < 0.05) (data not shown). These biodistribution data
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FIGURE 3. (A) Northem biot of liver samples from four mice injected with 1.0 X 10° pfu (lane 1) of control virus, or 0.5 X 10° pfu (lane 2), 0.75 X 10° pfu (lane
3), or 1.0 X 10° pfu (lane 4) of AdCMV-HSV1-tk virus. Top two bands in lanes 24 are from presence of HSV1-tk transcripts (upper panel) and bottom band

in lanes 14 are from GAPDH (lower panel). (B) [8-'CJ-GCV %ID/g liver versus normalized HSV1-tk mRNA e

xpression in vivo. Each of eight points represent

data from different mouse injected with either control virus or AdCMV-HSV1-tk virus at three different titers. (C) [8-'“C]-GCV %ID/g liver versus relative
HSV1-TK enzyme activity in vivo. Each of eight points represents data from different mouse injected either with control virus or AdCMV-HSV1-tk virus at three

different titers as described in panel B.

supported pursuing the use of [8-'*C]-GCV for imaging, and
therefore digital whole-body autoradiography (DWBA) was
performed next.

Digital whole-body autoradiography also was used to assess
the utility of [8-'*C]-GCV as a reporter probe to image
HSV1-tk reporter gene expression in vivo. Mice were injected
with 0.5 X 10° pfu or 1.0 X 10° pfu of AACMV-HSV 1-tk virus
or 1.0 X 10° pfu of control virus. Two days later the animals
received [8-'*C}-GCV intravenously through a tail vein injec-
tion. One hour after [8-'“C}-GCV administration the animals
were sacrificed for DWBA. Figure 4 shows the anatomical
photographs and the 45-uM DWBA for the various animals,
studied from both an anterior and a more posterior coronal
section. Note the lack of signal within the liver in the mouse
injected with control virus; and the relatively high levels of
signal within the liver as compared to other organs in the
HSV1-tk positive mice. There also is a relatively low signal
obtained from most organs in both autoradiograms. Only
intestinal activity and renal activity produce a relatively high
level of nonspecific (not due to cells expressing HSV1-tk)
signal due to the clearance of the [8-'*C]-GCV through these
routes. Liver activity appears to be relatively homogenous
within a given coronal section, but varies as much as 10%—-25%
across various coronal sections. Note also the lack of activity
within the brain, due to the apparent inability of GCV to
penetrate the blood-brain barrier and be significantly retained
(37). The [8-'*C]-GCV mean % ID/g liver as measured from
the DWBA from the control mouse, the mouse injected with
0.5 X 10° pfu virus, and the mouse injected with 1.0 X 10° pfu
of AACMV-HSV1-tk virus were 0.5, 3.5 and 15.4, respectively.
The average ratio of %ID/g liver to %ID/g muscle was ~0.9
(control), ~3.4 (0.5 X 10° pfu AACMV-HSVI1-tk virus), and
~16.0 (1.0 X 10° pfu ACMV-HSVI-tk virus) in these
autoradiograms (depending on the exact location of the regions
of interest). These data demonstrate both a high imaging
sensitivity and specificity for imaging the expression of the
HSV 1-tk reporter gene, using [8-'“C]-GCV as a reporter probe.
The data also demonstrate a good target-to-background ratio.
Three additional murine DWBA studies produced similar im-
aging results (data not shown).

microPET Imaging

To preliminarily test the feasibility of imaging HSVI1-tk
reporter gene expression with [8-'8F)-FGCV and microPET, we
next performed studies with a murine model using the adeno-
viral vector delivery system. Shown in Figure S is a coronal
section from the microPET scan of one mouse injected with
control virus and one mouse injected with AACMV-HSV1-tk
virus. Clear localization of radioactivity to the liver is seen in
the mouse injected with AACMV-HSV1-tk virus as compared
to the mouse injected with control virus. Bladder and intestinal
activity is also seen in both images. After sacrificing the animal,
the %ID/g liver (left lobe) * s.e. was determined by well
counting (corrected for efficiency) to be 0.32% * 0.24 and
1.8% * 0.9 in the 3 mice injected with control virus and 3
injected with AACMV-HSV 1-tk virus, respectively (p < 0.01).
Furthermore, [8-'F]-FGCV is stable in mouse serum with >
98% excreted unchanged in the urine in 60 min.

DISCUSSION

The C6 cell culture data support the hypothesis that the net
accumulation of [8-*H]-GCV in cells is directly attributable to
successful adenoviral delivery of the HSV1-tk gene. Also, for
C6 cells not expressing the HSV1-tk gene (those exposed to
control virus), there is significantly less net accumulation of
[8-3 H]-GCV. Furthermore, the cell culture data demonstrate the
relatively low sensitivity of [side-chain—2->H]-ACV, because
of a lack of sufficient accumulation of this tracer in reasonably
short times. The cell culture results support the investigation of
[8-'*C]-GCV (which produces better DWBA results as com-
pared to those with [8-*H]-GCV) for biodistribution and
DWBA studies.

Biodistribution results by direct tissue analysis show that
hepatic [8-'“C}-GCV can accumulate in sufficient amounts in
relatively short time periods to image the expression of suc-
cessful HSV1-tk reporter gene transduction in vivo. High
correlations in vivo between HSV1-tk mRNA levels, relative
HSV1-TK enzyme activity levels, and the [8-'*C]-GCV %ID/g
tissue (good sensitivi?') were shown. We observe a possible
plateauing of the [8-'“C]-GCV %ID/g liver as the normalized
HSV1-tk mRNA levels and the relative HSV1-TK enzyme
levels increase. Additional data will be needed to further study
this plateauing effect and to determine if it is significant, or if
in fact a strictly linear relationship exists. If a plateauing effect
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FIGURE 4. (A, B, C) DWBA from three
mice. (A1, B1, C1) anterior and (A2, B2,
C2) posterior coronal cross-sections. Im-
ages A1, A2 are for mouse injected with
1.0 X 10° pfu of control virus. Images B1,
B2 and C1, C2 are for mice injected with
0.5 x 10° and 1.0 X 10° pfu of AdCMV-
HSV1-tk virus, respectively. In each case
mouse anatomical coronal cross-section
photograph (left-side) and corresponding
DWBA (right-side) are shown. Each
mouse was injected with virus ~48 hr
before injection of [8-'“C}-GCV. Each
mouse was sacrificed ~60 min after in-
jection of [8-'“C]-GCV. Horizontal scale
bar = 10 mm. DWBA pixels represent the
% ID/g tissue as shown in each intensity
scale to right of DWBA. Note that each
scale is nonlinear and different for each
DWBA to enhance outline of mouse rela-
tive to various signals seen within given
coronal cross-section. L = liver; K =
kidney; | = intestine; M = muscle; B =
brain; BL = bladder.

holds in studies with more animals, then the %ID/g liver may
underestimate the total level of gene expression for higher
levels of expression. A high level of specificity is observed,
with relatively low %ID/g from nontransduced tissues, when
animals are injected with [8-'“C]-GCV. Elimination of the
tracer primarily by the kidneys and minimally by the hepato-
biliary system was also shown. Based on these results, DWBA
was used to evaluate [8-'“C]-GCV as an imaging probe.

The DWBA results further support the sensitivity and spec-
ificity results obtained from the biodistribution studies. A good
contrast between the radioactivity signal from liver and back-
ground is obtained. Moreover, this contrast decreases when
lower viral titers of AJCMV-HSVI-tk were administered.
These results therefore suggest that the HSV1-tk reporter gene
and a suitable positron-labeled ganciclovir reporter probe sys-
tem should be useful for noninvasively and quantitatively
imaging reporter gene expression with PET, and warrant the
investigation of a PET based approach. These data are the first
to show the feasibility of a ganciclovir based approach for

IMAGING GENE EXPRESSION WITH GANCICLOVIR « Gambhir et al.

imaging HSV1-tk reporter gene expression in vivo. Although
ganciclovir has been previously studied in cell culture (6,10), it
is important to validate its utility in vivo before the study of
labeled ganciclovir for use with PET imaging.

In vivo murine studies were performed with an adenoviral
delivery mechanism, as opposed to performing studies in tumor
cell lines. The viral approach permits easy modification of
HSV1-tk expression by changing adenoviral dose, and a quick
experiment turnover time since tumors need not be grown. This
model also allows for a relatively homogeneous level of
HSVI1-tk expression, an experimental parameter that is not
easily possible with a tumor model. The adenoviral model used
in this study is useful because gene delivery is restricted
primarily to the liver. Low levels of HSV1-tk delivery and
expression to non-liver tissues do occur, but do not effect the
results of this study significantly. The control tissue (muscle)
studied showed only relatively low levels of HSV1-TK, and
other tissues are also expected to be low as has been reported
previously in other adenoviral models (26). Studies to compare
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FIGURE 5. [8-'°F]-FGCV coronal microPET images
with control virus (left) and AACMV-HSV1-tk virus (right). Each viral vector

from mouse injected

was injected 48 hr before injection of [8-'3F]-FGCV. MicroPET images were
obtained 1 hr after injection of [8-'®F]-FGCV using eight bed positions and 8
minvbed. Each image is nommalized to common global maximum with
thresholding and represents ~1-mm depth and in-plane resolution of ~3
mm. Color scale is as indicated, with white representing maximum counts.
L = liver; | = intestine; BL = bladder.

results of reporter probe net accumulation from tumor cells expressing
HSV1-tk, grown in cell culture and in vivo in a nude mouse model
are currently under way, and will be reported elsewhere.

Several probes including acyclovir, ganciclovir, FIAU and
derivatives of FIAU have been discussed as potential positron-
labeled substrates for imaging HSV1-tk gene expression by
PET (3-5). The factors to be considered in evaluating these
alternative substrates as PET reporter probes to image HSV1-tk
reporter gene expression include: (a) the half-life of the radio-
nuclide relative to the pharmacokinetics of the probe; (b) the
percents of decay that lead to positron emission for a given
radionuclide; (c) the ease of production and availability of the
radionuclide and probe; (d) the in vivo stability of the labeled
substrate; (e) the relative affinity of the tracer for HSV1-TK and
mammalian thymidine kinases; and (f) the pharmacokinetics
and route(s) of clearance of the tracer.

Tjuvajev et al. (6) explored the utility of ganciclovir and
FIAU in cell culture studies. Our study shows for the first time
the utility of labeled ganciclovir as a probe for imaging gene
expression in vivo. Although FIAU has a greater affinity for
HSVI1-tk than does ganciclovir, FIAU also has a significant
affinity for mammalian thymidine kinases leading to a greater
background signal (6,7). Therefore, one may have to wait
longer for washout of background activity (6, 7) before imaging.
However, if there is sufficiently high HSV1-tk expression in
target tissue, then the amount of time needed for washout of
FIAU may be able to be reduced. Further direct comparisons

between various labeled forms of FIAU and ganciclovir in vivo
are currently under way in our laboratory.

The true sensitivity and specificity for any probe in vivo
depends in part on the route(s) of elimination of the probe. In
the case of [8-'*“C]-GCV, the primary route of elimination is
through the kidneys. However, it was observed that [8-'4C]-
GCV also is eliminated by the hepatobiliary system. There is a
purine salvage pathway associated with the hepatobiliary sys-
tem (38), which is consistent with the observed hepatobiliary
excretion of tracer. Therefore, for HSV1-tk reporter gene
expression relatively near the kidneys, urinary bladder, gall-
bladder and/or gastrointestinal tract, appropriate timing of
imaging will help improve the overall sensitivity and specificity
of the assay. The lower limit of detectability of HSV1-TK levels
while using labeled ganciclovir has not been characterized in
the present work, although injection of 0.50 X 10° pfu of
AdCMV-HSV1-tk leads to detectable trapped [8-'“C]-GCV.
The percent of hepatocytes infected using 0.50 X 10° pfu and
1.0 X 10° pfu is 2% * 2% and 9% = 2%, respectively
(unpublished data determined by using a B-galactosidase ex-
pressing virus). The lowest level of detectability in vivo is a
complex issue, which will depend on the exact activity in
regions surrounding transduced tissue as well as the competing
level of intracellular thymidine. The current study has not
attempted to separate the transport from phosphorylation of
tracer. It is possible that different tissues may express different
levels of transporters for ganciclovir, which would complicate
interpretation of the results. Future kinetic studies should be
helpful in determining if transport is rate limiting in any way,
and may help to kinetically distinguish ganciclovir transport
from HSV1-tk dependent phosporylation.

We have only preliminarily studied [8-'®F]-FGCV as a
reporter probe for HSV1-tk imaging in vivo, to demonstrate that
this tracer is worth pursuing in greater detail. Cell culture
studies, arterial input function characterization, peripheral me-
tabolism of this probe, correlations with PET signal and relative
HSV1-tk gene expression, optimal timing to allow background
intestinal activity to clear, and the relative quantitation of gene
expression by [8-'8F]-FGCV (through a tracer kinetic model)
are currently under way and will be reported elsewhere. These
investigations, along with enzyme kinetic data will help to
further define the potential role of [8-'8F]-FGCV and PET for
imaging HSV1-tk reporter gene expression.

The most immediate practical application of PET-imaged
reporter gene expression will be for human gene therapy (39).
In one gene therapy approach, cultured cells are transfected
with a therapeutic gene and then transferred to the patient. In
this adoptive-cell gene therapy paradigm, it is difficult to
determine if the transplanted cells reach their target site, how
long the transplanted cells remain viable, and whether or not
expression of the therapeutic gene is subsequently compro-
mised. In a second gene therapy approach, DNA packaging and
delivery systems (e.g., viruses, liposomes) containing therapeu-
tic genes are introduced directly into the patient; the packaging
system is intended to target the therapeutic gene to the appro-
priate cells. After administration of the reporter gene, the
physician has no means of monitoring localization or expres-
sion of the therapeutic gene. Appropriate PET reporter genes,
administered in conjunction with the therapeutic gene(s), will
permit physicians to use PET reporter probes and tomographic
analysis to repeatedly monitor the localization, proliferation,
and function both of cells used in adoptive-cell gene therapy
and of DNA delivery systems administered directly to patients.
In addition to use for human gene therapy, the HSV1-tk/[8-
'8F]-FGCV system should be usable in various animal studies
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for studying the expression and regulation of various genes.
Using PET reporter probes in transgenic animals, in which the
regulatory region of the gene of interest drives a transcript
encoding a PET reporter gene, it will be possible to repeatedly
monitor, in the same animal, time-dependent developmental,
environmental and experimental influences on gene expression.

CONCLUSION

This study demonstrates the feasibility of using [8-'*C]-
ganciclovir as a reporter probe for the HSV1-tk reporter gene,
using an in vivo adenoviral-mediated gene delivery system in a
murine model. Successful imaging of reporter gene expression
in murine liver was demonstrated using digital whole-body
autoradiography and the liver signal was related directly to the
level of gene expression. High spec1ﬁc1ty and sensitivity were
demonstrated. Prellmmary results using [8-! F]-FGCV support
a PET-based assay for imaging reporter gene expression.
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