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The ability to monitor tumor responses during prodrug activation
gene therapy and other anticancer gene therapies is critical
for their translation into clinical practice. Previously, we dem-
onstrated the feasibility of noninvasive in vivo imaging with
131I-5-iodo-29-fluoro-1-b-D-arabinofuranosyluracil (131I-FIAU) for
monitoring herpes simplex virus type 1 thymidine kinase (HSV1-tk)
cancer gene expression in an experimental animal model.
Here we tested the efficacy of SPECT with 123I-FIAU and PET
with 5-18F-fluoro-29-deoxyuridine (18F-FUdR), 2-18F-fluoroethyl-L-
tyrosine (18F-FET), and 18F-FDG for monitoring tumor responses
during prodrug activation gene therapy with HSV1-tk and ganci-
clovir (GCV). Methods: In the flanks of FVB/N female mice, 4 tu-
mors per animal were established by subcutaneous injection
of 1·105 cells of NG4TL4 sarcoma cells, HSV1-tk–transduced
NG4TL4-STK cells, or a mixture of these cells in different propor-
tions to model different efficacies of transfection and HSV1-tk
gene expression levels in tumors. Ten days later, the animals
were treated with GCV (10 mg/kg/d intraperitoneally) for 7 d.
g-Imaging with 123I-FIAU and PET with 18F-FUdR, 18F-FET, and
18F-FDG were performed before and after initiation of therapy
with GCV in the same animal. Results: Before GCV treatment,
no significant difference in weight and size was found in tumors
that expressed different HSV1-tk levels, suggesting similar in
vivo proliferation rates for NG4TL4 and NG4TL4-STK sarcomas.
The accumulation of 123I-FIAU at 24 h after injection was directly
proportional to the percentage of NG4TL4-STK cells in the tu-
mors. The 123I-FIAU accumulation at 4 and 7 d of GCV therapy
decreased significantly compared with pretreatment levels and
was proportional to the percentage of HSV1-tk–positive tumor
cells. Tumor uptake of 18F-FUdR in all HSV1-tk–expressing tu-
mors also decreased significantly compared with pretreatment

levels and was proportional to the percentage of HSV1-tk–
positive tumor cells. The accumulation of 18F-FETdecreasedmini-
mally (about 1.5-fold) and 18F-FDG decreased only 2-fold after
7 d of GCV therapy, and the degree of reduction was proportional
to the percentage of HSV1-tk–positive tumor cells. Conclusion:
We have shown that g-camera imaging with 123I-FIAU was the
most reliable method for prediction of tumor response to GCV
therapy, which was proportional to the magnitude of HSV1-tk ex-
pression in tumor tissue. 123I-FIAU imaging can be used to verify
the efficacy of elimination ofHSV1-tk–expressing cells by therapy
with GCV. PET with 18F-FUdR reliably visualizes proliferating tu-
mor tissue and is most suitable for the assessment of responses
in tumors undergoing HSV1-tk plus GCV prodrug activation
gene therapy. PET with 18F-FDG or 18F-FET can be used as addi-
tional ‘‘surrogate’’ biomarkers of the treatment response, although
these radiotracers are less sensitive than 18F-FUdR for monitoring
tumor responses to prodrug activation gene therapy withHSV1-tk
and GCV in this sarcoma model.
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Conventional modalities for treatment of cancer, such
as surgery, chemotherapy, and radiotherapy, fail to achieve
cures in a significant number of cancer patients. Prodrug
activation or ‘‘suicide’’ gene therapy of cancer has been
intensively investigated over the past 2 decades (1). In-
troduction of the herpes simplex virus type 1 thymidine
kinase (HSV1-tk) gene into tumor cells makes these cells
sensitive to antiviral drugs, such as ganciclovir (GCV) (2).
HSV1-tk phosphorylates GCV to monophosphate, which is
subsequently phosphorylated by host kinases, and eventually
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leads to death not only of the transfected tumor cells but
also of neighboring nontransfected cells (3). The potential
of HSV1-tk suicide gene therapy has been demonstrated in
animal studies, in which complete eradication of the tumor
was observed (2,4). Despite of these promising preclinical
results, the first clinical trials for brain tumors with HSV1-
tk/GCV gene therapy showed discouraging therapeutic re-
sponses (5).
PET and SPECT techniques are routinely used for detec-

tion and monitoring therapy of cancer. The ability to detect
the location, magnitude, and duration of gene expression
quantitatively and noninvasively represents big progress in
the objective evaluation of gene therapy. The expression of
a transfected gene can be imaged in vivo by using an
appropriate combination of ‘‘reporter gene’’ and ‘‘reporter
substrate’’. Various substrates of the HSV1-tk enzyme have
now been radiolabeled with positron-emitting isotopes, in-
cluding 124I-5-iodo-29-fluoro-1-b-D-arabinofuranosyluracil
(124I-FIAU) (6,7), 18F-9-[4-fluoro-3-(hydroxymethyl)butyl]-
guanine (18F-FHBG) (8), 18F-29-fluoro-1-b-D-arabinofura-
nosyl-5-ethyl-uracil (18F-FEAU) (9,10), and other 29-fluoro
5-substituted pyrimidine nucleoside analogs (11).
High efficiency of gene transfer is important for achiev-

ing adequate responses to gene therapy in clinical trials.
Previously, we have used 131I- and 124I-FIAU for imaging
with SPECT and PET, respectively, and demonstrated the
feasibility of these radiotracers for noninvasive monitoring
of cancer gene therapy in experimental animal models of
HSV1-tk–expressing tumors (6,12–14). Successful imaging
of HSV1-tk expression in a human gene therapy trial was
reported for the first time using 124I-FIAU PET (15) and
more recently using 18F-FHBG (16).
However, the feasibility of noninvasive imaging-based

assessment of the overall tumor response to prodrug acti-
vation gene therapy has not been studied in detail. Only a
limited number of reports have described changes in tumor
glucose metabolism, amino acid metabolism, and prolifer-
ative activity during HSV1-tk plus GCV prodrug activation
gene therapy in preclinical (17–19) and clinical studies
(16,20).
PET with several molecular imaging agents could be

applicable for monitoring tumor responses to prodrug
activation gene therapy of cancer. 18F-FDG has proven
useful as a PET agent in oncology (21,22). 18F-FDG is
metabolically trapped in tissues after phosphorylation by
hexokinase instead of a natural substrate during glycolysis.
However, high 18F-FDG uptake in other pathophysiologic
conditions such as inflammation and infection (23,24) re-
sults in an inadequately low specificity of 18F-FDG imaging
for tumor detection and therapy monitoring. Nevertheless,
18F-FDG has been widely applied for monitoring anticancer
therapies in the clinic (25,26).
Amino acids are essential for protein synthesis and growth

of tumor cells, in which both the amino transport and the
protein synthesis rate are upregulated. Several radiolabeled
amino acid analogs, including 2-18F-fluoroethyl-L-tyrosine

(18F-FET), have been developed for diagnostic PET of
brain tumors and for differentiation of recurrence from ra-
diation necrosis (27,28). 18F-FET was recently compared
with 18F-FDG for detection of non–central nervous system
malignancies (29).

Nucleosides are essential for cell proliferation and their
radiolabeled analogs can be used to discriminate between
normal tissues and rapidly proliferating malignancies. The
5-18F-fluoro-29-deoxyuridine (18F-FUdR) is phosphorylated
by the host uridine kinase to FUdR monophosphate, which
acts as an irreversible inhibitor of thymidylate synthase and
is entrapped within the target cell (30,31). Therefore, in the
current study, in addition to 123I-FIAU for SPECT imaging
of HSV1-tk expression, we used PET imaging with 18F-FDG,
18F-FET, and 18F-FUdR to assess changes in tumor glucose
and amino acid metabolism and proliferation, respectively, as
surrogate biomarkers of HSV1-tk plus GCV suicide gene
therapy of a sarcoma model in mice.

MATERIALS AND METHODS

Chemicals
5-Iodo-29-deoxyurdine (IUdR) and FIAU were purchased from

Sigma. 3,4-Dihydropyran (DHP) was purchased from Acros.
Acetic anhydride, hexabutylditin (Bu3Sn)2, potassium carbonate,
ethylene glycol, p-toluenesulfonyl chloride, anhydrous acetoni-
trile, and other chemicals were purchased from Merck and Co.,
Inc. All solvents were dried before use by distillation from sodium
or calcium hydride. GCV was purchased from Roche, Inc. Min-
imum essential medium (MEM), fetal bovine serum (FBS), and
geneticin (G418) were purchased from Life Technologies, Inc.

Synthesis of 18F-FUdR
Preparation of 39,59-Di-O-Acetyl-5-Iodo-29-Deoxyuridine (IUdR-

(OAc)2). IUdR-(OAc)2 was synthesized by acetylation of 5-iodo-
29-deoxyuridine (1 g, 2.29 mmol) with acetic anhydride (2 mL) in
pyridine (10 mL) at ambient temperature for 30 min. The solvent
was removed by vacuum. Diethyl ether was added for precipita-
tion. The white precipitate was collected, redistributed in water,
and then extracted with chloroform. The solvent was removed by
rotary evaporator and recrystallized in diethyl ether and chloro-
form to obtain IUdR-(OAc)2 as white solid crystals (1.13 g, 1.88
mmol, 82% yield).

Preparation of 39,59-Di-O-Acetyl-5-Tributylstannyl-29-Deoxyuridine
(Bu3SnUdR-(OAc)2). IUdR-(OAc)2 (0.5 g, 1.14 mmol) was dis-
solved in anhydrous 1,4-dioxane (20 mL). Bis(triphenylphosphine)
palladium(II) chloride ((PPh3)2PdCl2) (20 mg) and (Bu3Sn)2 (1.74
g, 3 mmol) were added. The mixture was heated at 120�C for 5 h
under a stream of nitrogen. After cooling, the solvent was removed
by rotary evaporation. The mixture was separated by column chro-
matography (ethyl acetate/chloroform5 20:80, silica gel adsorbent)
to give the 18F-FUdR precursor Bu3SnUdR-(OAc)2 as a pale yellow
oil (0.4 g, 0.62 mmol, 58% yield).

18F-Fluorination. 18F-FUdR was prepared using automated
radiofluorodestannylation of Bu3SnUdR-(OAc)2. The radiofluori-
nating agent 18F-F2 was produced via 10Ne(d,a)18F nuclear reac-
tion. About 5.55 Bq (;150 mCi) 18F-F2 were produced with an
8.5-MeV deuteron irradiation (60 mA�h current integration) of Ne
mixed with 200 mmol of carrier F2. 18F-F2 produced from the
cyclotron was bubbled (200 mL/min) into a precooled solution of
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Bu3SnUdR-(OAc)2 (50 mg, 83.2 mmol) in Freon-11 (18 mL,
Merck) at ambient temperature over a period of 14 min. The solvent
was evaporated at 50�C with a gentle stream of nitrogen. The
residue was dissolved in methylene chloride (15 mL) and then
transferred to a silica gel column (1.0-cm inner diameter, 2.0 g) and
a sodium thiosulfate column (0.6-cm inner diameter, 0.3 g). The
columns were eluted with 15 mL of ether. The eluate was evaporated
under a gentle stream of nitrogen at 80�C. The residue was then
hydrolyzed with 1 mL of 0.5N NaOH at 90�C for 5 min. After
cooling to room temperature, the reaction mixture was neutralized
with 1 mL of 0.5N HCl, filtered with a 0.22-mmmembrane disk, and
subjected to semipreparative radio–high-performance liquid chro-
matographic (HPLC) separation (Econosil C-18; 10 mm, 10· 250
mm column; eluent, 3% ethanol in water; flow rate, 1 mL/min;
radiodetector, Flow Count FC-004; Bioscan) to afford the 18F-FUdR
product (retention time5 9.5 to;10 min). The specific activity was
determined with the radio-HPLC calibration curve. Thin-layer
chromatography (TLC) was performed on a silica gel aluminum
sheet using ethyl acetate/ethanol 5 90:10 (v/v) as the developing
agent. The Rf of 18F-FUdR was 0.52. Both the HPLC and the TLC
analysis of 18F-FUdR were consistent with that of authentic FUdR
standard purchased from Merck. The 1H NMR spectrum of 18F-
FUdR—determined at 24 h after preparation, allowing 18F to
decay—was also in agreement with the FUdR standard.

The radiochemical purity of 18F-FUdR was .98% with
1.66· 106 MBq/mmol of specific activity. The radiochemical yield
(end of bombardment) was about 30%–50% based on the radio-
activity of 18F-F2 and the overall yield was about 52%. Both the
radiolabeling yield and the radiochemical yield in 18F-FUdR prep-
aration by radiofluorodestannylation from the organotin precursors
were significantly improved over those produced by direct radio-
fluorination of deoxyuridine (30–34).

Synthesis of 18F-FET
18F-FETwas synthesized as described (27–29) with minor modi-

fications. Briefly, 18F-fluoride in tetra-n-butyl ammonium (TBA)
bicarbonate (TBA 18F-fluoride) and N-BOC-(O-(2-tosyloxyethyl)-
L-Tyr-Obz (5 mg, 9.35 mmol) were mixed with 0.8 mL of anhy-
drous acetonitrile in the reaction vial. The mixture was heated
at 90�C for 10 min. Thereafter, the solution was evaporated to
dryness under reduced pressure. After cooling to room tempera-
ture, the residue was dissolved in 1.5 mL of methylene chloride.
The solution was loaded into a chromatography column (silica gel,
1.0 g) and eluted with 2.5 mL of diethyl ether. The eluate was
evaporated to dryness under a gentle stream of helium at 50�C.
The residue was dissolved in 0.3 mL ethanol and hydrolyzed with
0.3 mL of 1N HCl at 100�C for 10 min. The reaction mixture was
neutralized with 0.3 mL of 1N NaOH and 1.4 mL distilled water.
The solution was filtered through a 0.22-mm membrane to give the
isotonic L-18F-FET product. The radiochemical purity of L-18F-
FETwas determined using radio-TLC. Radio-TLC was performed
on an aluminum sheet coated with silica gel powder using 10 mmol/L
ammonium acetate/acetonitrile 5 30:70 (v/v) as the developing
agent. The radiochemical yield was about 55% and the radio-
chemical purity was .98%.

Synthesis of 123I-FIAU
123I-FIAU was synthesized from 5-tributylstannyl-29-fluoro-1-

b-D-arabino-furanosyluracil (FTAU), as described (12–14). The
radiochemical purity of 123I-FIAU was determined using radio-
TLC. Radio-TLC was performed on the aluminum sheet coated

with silica gel powder (Silica gel 60, 70-230 mesh; Merck) by
using ethyl acetate/ethanol 5 90:10 (v/v) as the mobile phase. The
final product, lyophilized 123I-FIAU, was redissolved in ethanol
and the radiochemical purity was determined using radio-TLC,
which showed the Rf of 123I-FIAU to be 0.82–0.83, which was the
same as that obtained from an authentic FIAU standard. The
labeling yield was .95% and the radiochemical purity was .98%.

Synthesis of 18F-FDG
18F-FDG was prepared according to Lemaire et al. (35) using

an automated 18F-FDG synthesis system (Coincidence Technolo-
gies) at the National PET/Cyclotron Center in Taipei.

Cell Cultures
NG4TL4 sarcoma cells were cultured in MEM supplemented

with 10% FBS in a humidified atmosphere with 5% CO2 at 37�C.
HSV1-tk–positive NG4TL4 cells (NG4TL4-STK) were generated
by transfection of NG4TL4 cells with a conditioned medium from
the PA317-tk retroviral vector producer cells, which produce
replication-incompetent retroviruses carrying HSV1-tk and NeoR
genes. A stably transduced population of NG4TL4-STK cells was
obtained by selection in medium supplemented with G418 (1 mg/mL).

In Vitro Accumulation of 123I-FIAU, 18F-FUdR, 18F-FET,
and 18F-FDG

One million NG4TL4 cells or NG4TL4-STK cells were seeded
into 6-well culture plates containing 2 mL of MEM supplemented
with 10% FBS. After 24 h of growth, 100-mL aliquots of 123I-
FIAU, 18F-FUdR, or 18F-FDG (3.7 MBq/mL) were added to the
cell culture medium. After 4 h of tracer incubation, the culture
medium was removed and the monolayers were washed 3 times
with 2 mL of cold PBS. The cells were harvested from the culture
plates by treatment with 0.1 mL of 0.5% trypsin for 5 min. The
cells were resuspended in 2 mL of culture medium to neutralize
the trypsin. A 50-mL sample was taken to assess cell viability with
trypan blue and count the number of viable cells under a micro-
scope. The radioactivity concentration in the cell suspensions was
measured in a g-counter (Cobra II; Packard Instruments) and nor-
malized to the number of viable cells in the cell suspensions. The
accumulation of radiotracers was expressed as the percentage
of the tracer dose added to the medium that had accumulated in
1 million cells (% dose/106 cells).

In Vitro 123I-FIAU Accumulation of Cells with Various
Percentages of HSV1-tk–Expressing Cells

One million NG4TL4 cells, NG4TL4-STK cells, or mixtures of
NG4TL4 cells and different percentages of NG4TL4-STK cells
were seeded in 6-well culture plates. After 24 h at 37�C, 100-mL
aliquots of 123I-FIAU (3.7 MBq/mL) were added to the medium in
each well. The radioactivity concentration in the cell suspensions
was measured as described.

Tumor Xenografts in Mice
The experimental protocol was approved by the Institutional

Animal Care and Use Committee of the National Yang-Ming
University (Taipei, Taiwan). Multiple subcutaneous xenografts of
different tumors were produced in FVB/N female mice under
anesthesia (ketamine [87 mg/kg] and xylazine [13 mg/kg], intra-
peritoneally). Each tumor xenograft was produced by subcutane-
ous injection of a mixture of NG4TL4 cells with different
percentages of NG4TL4STK-positive cells (total, 1 · 106 cells
in 0.2 mL of Hanks’ balanced salt solution). The location of
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tumors was as follows: (a) left shoulder, 100% NG4TL4-STK 1

0% NG4TL4; (b) left thigh, 50% NG4TL4-STK 1 50% NG4TL4;
(c) right thigh, 25% NG4TL4-STK 1 75% NG4TL4; and (d) right
shoulder, 0% NG4TL4-STK 1 100% NG4TL4. Studies were
conducted when the tumors were 0.8–1.0 cm in diameter. Sixty-
eight animals were used in these studies: 60 mice were used for
tumor burden determination and, of these, 36 were used for
biodistribution studies (3 mice per tracer per time point). Eight
mice were used in microPET/scintigraphic imaging (2 mice per
tracer). GCV was administered in the therapeutic group as daily
10 mg/kg intraperitoneal injections. After an imaging study, the
tumors were excised and then weighted. The average weights of
the tumors established from the NG4TL4 cells mixed with 0%,
25%, 50%, or 100% NG4TL4-STK cells were 0.21 6 0.10, 0.29 6

0.22, 0.16 6 0.06, and 0.24 6 0.13 g, respectively (n 5 5).

microPET/Planar g-Imaging Studies
Imaging studies were performed 1 d before and at 4 d and 7 d of

GCV therapy. The mice were anesthetized with 0.1% isofluorane
in oxygen. Planar g-imaging was performed using a dual-head
g-camera (ECAM; Siemens) equipped with a pinhole collimator.
A static emission scan was acquired for 20 min at 24 h after intra-
venous administration of 7.4 6 0.1 MBq of 123I-FIAU.

PET was performed on a microPET R4 scanner (Concorde
Microsystems, Inc.). The scanner has a computer-controlled bed
and 10.8-cm transaxial and 8-cm axial field of view. It has no
septa and operates exclusively in 3-dimensional list mode. All raw
data were first sorted into 3-dimensional sinograms, followed by
Fourier rebinning and ordered-subsets expectation maximization
image reconstruction. Fully 3-dimensional list-mode data were
collected using an energy window of 350–750 keV and a time
window of 6 ns. Image pixel size was 0.85 mm transaxially with a
1.21-mm slice thickness. Static imaging was performed with
3 groups of mice (2 mice per group) for 20 min at 4, 1, or 1 h
after intravenous injection of 3.7 6 0.2 MBq of 18F-FUdR, 18F-
FET, or 18F-FDG, respectively. The tumor-bearing mice were
positioned in the microPET camera with their long axis parallel to
the transaxial plane of the tomography and placed near the center
of the field of view of the microPET, where the highest image
resolution and sensitivity are available.

To estimate radioactivity concentration, regions of interest were
drawn over the target tumors and tissues (i.e., muscle) and the
values were corrected by subtracting background levels of radio-
activity, which was measured in the remote areas away from the
animal body. Tumor radioactivity concentration was normalized
by that in the muscle and expressed as the tumor-to-muscle
accumulation ratio.

Tissue Sampling and Radioactivity Measurements
The mice were sacrificed by cervical dislocation at 24, 4, 1 h

before, or 1 h after 123I-FIAU, 18F-FUdR, 18F-FET, or 18F-FDG
injection, respectively. Tumors and 10 other tissues (blood, heart,
lung, liver, stomach, small intestine, large intestine, spleen, kid-
ney, and muscle) were dissected, washed, and weighted. The
radioactivity concentration in these tissue samples was measured
by g-spectrometry (Cobra II), normalized to sample weight, and
expressed as the percentage of injected dose per gram of tissue
(%ID/g) and the tumor-to-blood accumulation ratio.

Statistical Analysis
The statistical significance of comparisons of tumor weight and

tumor tracer uptake between groups of mice was based on 2-sided,

2-sample Student t tests. Values of P , 0.05 were considered
statistically significant. Results are reported as mean6 SD. Linear
and nonlinear regression was used to analyze the relationship
between the number of HSV1-tk–positive cells and the level of
123I-FIAU accumulation in tumors as well as the relationship
between the number of HSV1-tk–positive cells and the magnitude
of decrease in accumulation of each imaging agent induced by
therapy with GCV.

RESULTS

In Vitro 123I-FIAU, 18F-FUdR, 18F-FET, and 18F-FDG
Accumulation

The 123I-FIAU accumulation in NG4TL4-STK cells in-
creased linearly with time (Fig. 1A), whereas almost no
accumulation of 123I-FIAU was observed in NG4TL4 cells.
The 18F-FUdR accumulation in both NG4TL4 and
NG4TL4-STK cells reached a maximum at 30 min and
then declined slowly with time; the level of accumulation
of 18F-FUdR in NG4TL4-STK cells was higher than that in
the wild-type NG4TL4 cells (Fig. 1B). The 18F-FDG
accumulation in both NG4TL4 and NG4TL4-STK cells
increased linearly with time, and the NG4TL4 cells showed
higher uptake levels (Fig. 1C). The accumulation of L-18F-
FET in vitro at 4 h of incubation was slightly higher in
NG4TL4-STK cells than that in NG4TL4 cells (Fig. 1D).

In Vitro 123I-FIAU Accumulation of Cells with Various
Percentages of HSV1-tk–Expressing Cells

To determine whether the level of 123I-FIAU accumula-
tion correlated with the level of HSV1-tk gene expression
in the transduced cell population, radiotracer accumulation

FIGURE 1. Accumulation of 123I-FIAU (A), 18F-FUdR (B), and
18F-FDG (C) in NG4TL4 cells (r) and NG4TL4-STK cells (n) up
to 4 h of incubation. (D) Accumulation of 18F-FET at 4 h of
incubation. Uptake was expressed as %ID/106 cells. Values in
B and D are shown as mean 6 SD.
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assays were performed, in which the HSV-TK–positive and
wild-type tumor cells were mixed at varying ratios. After a
4-h incubation period, up to 5.44% 6 0.18% of 123I-FIAU
had accumulated per million NG4TL4-STK cells, whereas
only negligible low uptake was found in NG4TL4 control
cells (0.42% 6 0.03% dose per 106 cells). A linear corre-
lation was observed between the 123I-FIAU accumulation
and the percentage of NG4TL4-STK cells mixed with the
population of wild-type cells (r2 5 0.98; Fig. 2A).

Effect of GCV Therapy on Tumor Size

One day before GCV treatment, the weights of tumors
with different percentages of NG4TL4-STK and wild-type
NG4TL4 cells were similar (Table 1). After GCV treatment,
the weights of tumors containing different percentages of
NG4TL4-STK cells showed no significant changes compared
with the corresponding pretreatment weights. In contrast, the
weights of NG4TL4 tumors (0% NG4TL4-STK cells) in-
creased significantly despite GCV treatment (P , 0.001).

microPET/Planar g-Imaging with 123I-FIAU, 18F-FUdR,
18F-FDG, and 18F-FET

High levels of 123I-FIAU radioactivity accumulation and
high tumor-to-blood ratios in NG4TL4-STK tumors revealed
a high level of HSV1-tk expression. In contrast, in wild-type
tumors, the level of 123I-FIAU radioactivity accumulation
did not differ from the body background level (Fig. 3A).
After 4 and 7 d of GCV treatment, g-camera imaging re-
vealed significantly reduced levels of 123I-FIAU accumu-
lation within all NG4TL4-STK cell–containing tumors.
This indicated that most of tumor cells expressing the
HSV1-tk gene were killed by GCV after 4 d of treatment.
In parallel, microPET with 18F-FUdR revealed signifi-

cant inhibition of nucleotide use and proliferative activity
in all NG4TL4-STK cell–containing tumors (Fig. 3B). In
contrast, no significant differences in 18F-FDG accumula-
tion were observed throughout GCV therapy within all
tumors (Fig. 3C). Marked inhibition of 18F-FET accumula-
tion was observed in tumors composed of 100% NG4TL4-
STK cells after 7 d of GCV therapy (Fig. 3D), whereas
tumors with lower percentages of NG4TL4-STK cells

demonstrated only small changes or no changes in 18F-FET
accumulation during the course of GCV therapy.

Quantitation of 123I-FIAU, 18F-FUdR, 18F-FET, and
18F-FDG in Tumors Measured by Tissue Sampling

123I-FIAU accumulation in tumors before GCV therapy
exhibited a strong logarithmic–linear relationship with the
percentage of NG4TL4-STK cells in tumors (r2 5 0.96;
Fig. 2B). After 4 and 7 d of GCV treatment, all HSV1-tk–
expressing tumors exhibited a significant decrease in 123I-
FIAU accumulation (P , 0.005) compared with that of
nontreated controls (Figs. 4A and 4E). These findings demon-
strate that most of tumor cells expressing the HSV1-tk gene
were eliminated by therapy with GCV. In contrast, no
differences in 123I-FIAU accumulation (which was very low)
were observed between GCV-treated and control groups
of animals bearing tumors that developed only from the
wild-type NG4TL4 cells (Figs. 4A and 4E).

18F-FUdR accumulation in all HSV1-tk–expressing tu-
mors was very similar before GCV therapy, decreased sig-
nificantly at day 4 of GCV therapy (P , 0.005), and had
a tendency to decrease slightly further at day 7 of GCV
therapy (P , 0.005) compared with pretreatment levels
(Figs. 4B and 4F). The overall magnitude of decrease in
18F-FUdR accumulation was independent of the percentage
of HSV1-tk–expressing cells, at least down to 25% of
HSV1-tk–expressing cells in tumors. Analysis of the tumor-
to-blood ratios demonstrated a more significant decrease in
18F-FUdR accumulation in tumors with a higher percentage
of HSV1-tk–expressing cells (Fig. 4F).

In NG4TL4 tumors, no statistically significant differ-
ences in 18F-FUdR accumulation were observed between
GCV-treated and nontreated groups.

18F-FDG accumulation in all tumors before therapy was
statistically similar but demonstrated a trend to decrease
during the course of GCV therapy in HSV1-tk–expressing
tumors (Figs. 4C and 4G). A statistically significant de-
crease in 18F-FDG accumulation was observed only at day
7 of GCV therapy compared with pretreatment levels (P ,

0.05). The magnitude of decrease in 18F-FDG accumulation
was independent of the percentage of HSV1-tk–expressing

FIGURE 2. Level of HSV1-tk gene ex-
pression in cell cultures and in tumors
with different percentage of NG4TL4-
STK cells. (A) Cellular 123I-FIAU accumu-
lation vs. fraction of NG4TL4-STK cells
(r25 0.98). (B) Relationship between in vivo
tumor 123I-FIAU uptake (tumor-to-muscle
ratio) vs. percentage of HSV1-tk–express-
ing cells in tumor.
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cells, at least down to 25% of HSV1-tk–expressing cells in
tumors (Fig. 4C). However, tumor-to-blood ratios of 18F-
FDG accumulation decreased more in tumors with higher
percentages of HSV1-tk–expressing cells (Fig. 4G). In
NG4TL4 tumors, no statistically significant differences in
18F-FDG accumulation were observed between GCV-treated
and nontreated groups.

18F-FET accumulation in all tumors before therapy was
statistically similar (Figs. 4D and 4H). Although a moder-
ate decrease in 18F-FET accumulation levels was observed
in all tumors after 4 d of GCV therapy, there were no
differences in tumor-to-blood ratios of 18F-FET accumula-
tion (Figs. 4D and 4H). Only after 7 d of GCV therapy was
a trend toward lower tumor-to-blood ratios of 18F-FET ac-
cumulation observed in tumors with a higher percentage of
HSV1-tk–expressing cells (Fig. 4H).

Relationships Between Initial 123I-FIAU Accumulation
and Changes in 18F-FUdR, 18F-FDG, and 18F-FET
Accumulation During GCV Therapy

As described earlier, the 123I-FIAU accumulation in
tumors (expressed as the tumor-to-muscle accumulation
ratio) was strongly related to the percentage of HSV1-tk–
expressing cells in tumors and may be used as a noninva-
sive measure of the level of HSV1-tk expression in tumors.
Next, we analyzed the relationships between the level of
123I-FIAU accumulation in tumors and the magnitude of
decrease (fold decrease) in the accumulation of 18F-FUdR,
18F-FDG, and 18F-FET in tumors in response to GCV therapy.
The strongest relationship was observed between the

pretreatment levels of 123I-FIAU accumulation and the fold
decrease in 123I-FIAU accumulation after 4 d and, espe-
cially, after 7 d of GCV therapy (Fig. 5A). Also, a strong
relationship was observed between the fold decrease in 18F-
FUdR accumulation at 4 and 7 d of GCV treatment and the
pretreatment levels of 123I-FIAU accumulation (Fig. 5B).
In contrast, no relationship was observed at 4 d of GCV
therapy between the fold decrease in 18F-FDG and 18F-FET

accumulation and the pretreatment levels of 123I-FIAU
accumulation in tumors (Figs. 5C and 5D). After 7 d of
GCV therapy, a strong relationship was observed between
the fold decrease in 18F-FDG and 18F-FET accumulation
and the pretreatment levels of 123I-FIAU accumulation (Figs.
5C and 5D). However, the magnitudes of changes (fold
decrease) in accumulation of both 18F-FDG and 18F-FET as
a function of pretreatment levels of 123I-FIAU accumulation
were very small (1.1- to 2.1-fold) compared with that for
18F-FUdR accumulation (2- to 10-fold).

DISCUSSION

For more than a decade, gene therapy with the HSV1-tk
suicide gene in combination with the prodrug GCV was
explored as a treatment modality for cancer (1–5). After
GCV is phosphorylated by the HSV1-TK to GCV mono-
phosphate, it is phosphorylated further to GCV di- and
triphosphate by endogenous cellular kinases and incorpo-
rated into proliferating tumor cell DNA, which causes DNA
chain termination and induces tumor cell apoptosis. The
major obstacle for wide clinical application of this ap-
proach remains the insufficient amounts of the suicide gene
delivered into the target tumor tissue. To eliminate this
obstacle, more than a decade ago, in 1995, Tjuvajev et al.
(36) developed an approach for noninvasive imaging of
the location, magnitude, and persistence of HSV1-tk gene
expression in tumors. Nevertheless, the clinical translation
of this technology has been slow, and only a few clinical
gene therapy trials have used PET for monitoring the
HSV1-tk expression levels in tumors (15,16). To our knowl-
edge, the first-ever clinical study was reported by Jacobs
et al. (15) in 2001, in which PET with 124I-FIAU at 72 h
after injection of the tracer revealed specific accumulation
and retention sites in tumor tissue in 1 patient with a
glioblastoma lesion that had been transfected with HSV1-tk
using a liposomal vector. However, no specific accumula-
tion and retention of the tracer in the lesions of 4 other
treated patients was observed, and issues related to the
blood–brain barrier have been raised in this study. In 2005,
Panuelas et al. (16) reported that transgene expression
monitoring by 18F-FHBG PET performed just 2 d after
injection of a gene delivery vector (and before starting the
GCV treatment) could be used to predict the response to the
gene therapy procedure in cancer patients. This study dem-
onstrated stabilization of disease, when evaluated 30 d
after the gene therapy procedure, only in those patients in
whom the 18F-FHBG accumulation was observed in the
treated nodules. In contrast, those patients with 18F-FHBG
PET–negative tumor nodes exhibited a progression of the
disease.

In the current study we modeled different levels and dis-
tributions of HSV1-tk expression within tumors by mixing
HSV1-tk–expressing sarcoma cells with wild-type sarcoma
cells (0%, 25%, 50%, and 100%) when establishing tumor
xenografts in mice. Using this model we demonstrated that

TABLE 1
Tumor Burden of FVB/N Female Mice Before and During

GCV Consecutive Treatment

NG4TL4-STK (%)

Tumor burden (g)

Day 0 Day 4* Day 7*

100y 0.24 6 0.13z 0.19 6 0.09§k 0.10 6 0.06§k

50y 0.16 6 0.06z 0.23 6 0.14§k 0.19 6 0.07§k

25y 0.29 6 0.22z 0.21 6 0.07§k 0.31 6 0.22§k

0 0.21 6 0.10 1.08 6 0.25¶ 1.81 6 0.54¶

*Compared with day 0 by t test.
yCompared with 0% tk tumor by t test.
zP 5 not significant when compared with 0% tk tumor.
§P , 0.001 when compared with 0% tk tumor.
kP 5 not significant when compared with day 0.
¶P , 0.001 when compared with day 0.

Data are expressed as mean 6 SD.
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the level of 123I-FIAU accumulation expressed as the
tumor-to-muscle ratio in tumors is strongly related to the
percentage of HSV1-tk–expressing cells (Fig. 2B). This
observation is supported by a previously published study,
which showed that 124I-FIAU PET was able to distinguish
different levels of HSV1-tk expression in tumor xenografts
grown in rats from single-cell–derived clones of tumor cells
expressing different levels of HSV1-tk gene (6). We also
demonstrated that the level of 123I-FIAU accumulation is
strongly predictive of tumor responses to GCV therapy
(Table 1; Figs. 3A, 4A, and 5A) and that the magnitude of
decrease in 123I-FIAU accumulation during GCV therapy is
strongly related to the percentage of HSV1-tk–expressing
cells in tumors. These observations are in agreement with a
previous report, which showed that the KBALB-STK
tumors expressing HSV1-tk could be readily detected with
g-camera imaging using another HSV1-tk–specific pyrim-
idine nucleoside analog, (E)-5-(2-131I-iodovinyl)-29-fluoro-
29-deoxyuridine (131I-IVFRU), and that a single dose of
GCV (100 mg/kg intraperitoneally) significantly decreased
tumor uptake of 131I-IVFRU (37). Subsequent single daily
doses of GCV over 3 consecutive days had a negligible

effect on 131I-IVFRU uptake, which remained low. Our
observations are also supported by a recently reported
clinical study, which demonstrated that only those tumors
accumulating 18F-FHBG regressed after GCV treatment
(19). This study also showed that 18F-FHBG (%ID) declines
during GCV therapy and that 18F-FHBG PET can be used to
monitor the effectiveness of GCV treatment.

Another impediment to clinical translation of prodrug
activation gene therapy protocols is the lack of information
relating to the feasibility of monitoring the early responses
to such therapies with clinically applicable molecular im-
aging agents, such as 18F-FDG. Changes in tumor glucose
metabolism, protein synthesis, and cell proliferation in-
duced in the gene-transduced cells and surrounding non-
transduced cells may be indicative of early responses to
therapy and should be explored in a rigorous manner.

For this purpose, in the current study we assessed the
efficacy of 3 radiotracers—18F-FUdR, 18F-FDG, and 18F-
FET—that are used for imaging of tumor proliferation
(nucleic acid synthesis), glucose metabolism (viability), and
amino acid transport (protein synthesis), respectively, for
their potential in monitoring tumor responses of HSV1-tk

FIGURE 3. Representative microPET/
planar g-images of tumor-bearing FVB/N
mice after injection of 123I-FIAU (A),
18F-FUdR (B), 18F-FDG (C), and 18F-FET
(D). Imaging time for 123I-FIAU, 18F-
FUdR, 18F-FDG, and 18F-FET was 24, 4,
1, and 1 h, respectively.

MONITORING CANCER GENE THERAPY • Wang et al. 1167



suicide gene therapy. To evaluate responses to GCV therapy
as a function of HSV1-tk gene expression levels, we used a
multitumor model, in which 4 tumors with different per-
centages of HSV1-tk–expressing sarcoma cells (0%, 25%,
50%, and 100%) were grown in the same animal to facil-
itate comparisons between tumors and different radio-
tracers before and during the course of GCV therapy. Using
dynamic PET and analysis of radiotracer accumulation in
tissue samples obtained from tumors and nontumor tissues,
we show that PET with 18F-FUdR is applicable for mon-
itoring changes in tumor proliferation during HSV1-tk and
GCV prodrug activation gene therapy, because of a strong
relationship that was observed between the fold decrease
in 18F-FUdR accumulation at 4 and 7 d of GCV treatment
and pretreatment levels of 123I-FIAU accumulation (Fig. 5B),
which reflects the level of HSV1-tk gene expression in
tumors. Our findings using repetitive 18F-FUdR PET are in
agreement with a previous report that showed that 4 d of
GCV therapy (100 mg/kg) inhibited proliferative activity and
3H-thymidine incorporation into DNA of HSV1-tk–express-
ing GCV-treated subcutaneous Morris hepatomas down to
10.5% of the nontreated controls (17). In contrast, in our
sarcoma subcutaneous tumor model, no relationship was

observed at 4 d of GCV therapy between the magnitude of
decrease (fold decrease) in 18F-FDG accumulation and
pretreatment levels of 123I-FIAU accumulation in tumors.
Only at 7 d of GCV therapy was a strong relationship
observed between the magnitude of decrease in 18F-FDG
accumulation and pretreatment levels of 123I-FIAU accumu-
lation. However, the magnitudes of decrease in accumulation
of 18F-FDG as a function of pretreatment levels of 123I-FIAU
accumulation were very small (1.5- to 2.1-fold) compared
with that for 18F-FUdR accumulation (2- to 10-fold). One
explanation for the lack of changes in 18F-FDG accumula-
tion even in tumors consisting of 100% HSV1-tk–expressing
cells is that in this sarcoma model the 18F-FDG accumulation
can be due to the inflammatory-related cells, such as mac-
rophages, as previously reported for other tumors (8). Our
current results are also in agreement with several other
previously reported studies. For example, in intracerebral
RG2TK-positive gliomas in rats it was shown that 3 d of
GCV (50 mg/kg intraperitoneally twice a day) had only a
small, albeit statistically significant, effect on glucose use
(18). In another study, dynamic PET measurements of 18F-
FDG uptake were performed on animals bearing subcuta-
neous HSV1-tk–expressing and wild-type Morris hepatomas

FIGURE 4. Radioactivity in tumors and
blood (%ID/g) and tumor-to-blood ratios
in tumor xenografts with different per-
centages of HSV1-tk–expressing cells
after intravenous injection in mice with
123I-FIAU (A and E), 18F-FUdR (B and F),
18F-FDG (C and G), and 18F-FET (D and
H) before GCV therapy and after 4 and
7 d of treatment. For each group of tumors,
uptake values on day 4 and day 7 were
compared with that on day 0. *P ,

0.0002; yP , 0.005; zP , 0.05; and §P 5

not significant.
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at 2 and 4 d after the onset of therapy with GCV (100 mg/kg)
(17). An uncoupling of 18F-FDG transport and phosphoryla-
tion was found with enhanced k1 and k2 values and a normal
k3 value after 2 d of GCV treatment. The increase in 18F-FDG
transport normalized after 4 d compared with pretreatment
levels, whereas the phosphorylation rate, k3, increased.

In yet another study, the effect of acyclovir (ACV) on the
metabolism of rat 9L gliosarcoma cells expressing the
herpes simplex virus thymidine kinase gene was studied
using 18F-FDG and L-[methyl-11C]methionine. Though the
average weight of the tumors treated with ACV was signif-
icantly lower than that of the saline-injected control group,

FIGURE 5. Relationships between pretreatment levels of 123I-FIAU accumulation before therapy in tumors with different percent-
ages of HSV1-tk–expressing cells and corresponding decreases in accumulation of 123I-FIAU (A), 18F-FUdR (B), 18F-FDG (C), and
18F-FET (D) after 4 and 7 d of therapy with GCV uptake before treatment. Each point represents the average ratio of day 0/day 4
or day 0/day 7 (fold decrease) in radiotracer accumulation in tumors with different percentages of HSV1-tk–expressing cells.
Dotted and dashed lines and equations demonstrate results of regression analyses.
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18F-FDG and 11C-methionine uptake per weight of tumor
tissue did not differ between the 2 groups (21).
A possible underlying mechanism for these observations

and our findings is that a redistribution of the glucose trans-
port protein from intracellular pools to the plasma mem-
brane may be considered and is observed in cell culture
studies as a general reaction to cellular stress (38).
In general, GCV is thought to increase glucose transport

and utilization (38) and decrease amino acid transport (39).
In previous in vitro studies, Haberkorn et al. found a
decrease in aminoisobutyric acid and methionine uptake
in vitro in LXSNtk8 cells after GCV treatment and con-
cluded that neutral amino acid transport and protein syn-
thesis in the tumor cells were impaired after gene therapy
with the HSVtk/GCV suicide system (39).
Our current studies demonstrated that, after 4 d of GCV

therapy, the 18F-FET tumor-to-blood and tumor-to-muscle
ratios did not decrease substantially compared with pre-
treatment levels in tumors with different percentages of
HSV1-tk–expressing cells. Only after 7 d of GCV therapy
was a strong relationship observed between the fold de-
crease in 18F-FET accumulation and pretreatment levels of
123I-FIAU accumulation. However, the magnitudes of
change (fold decrease) in accumulation of 18F-FET as a
function of pretreatment levels of 123I-FIAU accumulation
were very small (1.1- to 1.3-fold) compared with that
for 18F-FUdR accumulation (2- to 10-fold). The observed
decrease in 18F-FET accumulation was less substantial in
the our studies. For example, GCV treatment reduced the
partial differential K1 and the % dose/g of 14C-aminocyclo-
pentane carboxylic acid (14C-ACPC) in RG2TK-positive
xenografts to approximately 30% of that in nontreated
animals (18). These differences may be due to the levels
of L-amino acid transporter expression and proliferative
activity in different tumor models, which determines the
additional sensitivity to GCV.
Therefore, in a future clinical scenario, the adequacy of

distribution and magnitude of HSV1-tk gene expression
before initiation of GCV therapy should be assessed ini-
tially with 124I-FIAU PET/CT or another suitable HSV1-tk–
specific tracer (18F-FEAU, 18F-FHBG, and so forth), and
the baseline nucleoside metabolism and proliferative ac-
tivity can be assessed with 18F-FUdR (or 18F-FLT); then,
therapy with GCV could be initiated and its efficacy could
be assessed early by repetitive PET/CT with 18F-FUdR (or
18F-FLT).
The implementation of noninvasive imaging technologies

for the assessment of HSV1-tk gene expression in future clin-
ical gene therapy protocols should allow avoidance of
suboptimal prodrug activation treatments—gene therapy
may be optimized with respect to vector dose or GCV dose
and time after vector administration—to ensure the maxi-
mum transgene expression and the maximum therapeutic
effect. Furthermore, when using prodrugs such as GCV, tu-
mor responses (metabolic, proliferative, and so forth) could
be serially monitored, with the dosing or the duration of

treatment modified as necessary, to achieve the maximum
therapeutic effect. Alternatively, patients could be switched
to other treatment regimens at a very early stage.

CONCLUSION

We have evaluated the efficacy of multimodality imaging
with 4 different radiotracers—123I-FIAU, 18F-FUdR, 18F-
FDG, and 18F-FET—for the prediction and monitoring of
early responses in tumors to prodrug activation gene ther-
apy with HSV1-tk and GCV. g-Camera imaging with 123I-
FIAU is a reliable method for detection of the location and
magnitude of HSV1-tk expression in gene-targeted tumors
and for prediction of the sensitivity of transfected tumor
tissue to therapy with GCV. Repetitive PET of nucleoside
utilization and tumor proliferative activity with 18F-FUdR
or other suitable radiotracers can provide additional in-
formation about the localization of tumor responses to
GCV therapy. PETwith 18F-FDG or 18F-FET can be used as
additional ‘‘surrogate’’ biomarkers of the treatment response,
although these radiotracers are less sensitive than 18F-FUdR
for monitoring tumor responses to prodrug activation gene
therapy of sarcomas with HSV1-tk and GCV.
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