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Noninvasive imaging in lung metastatic tumor models is used
infrequently because of technical limitations in detecting me-
tastases. We have previously used 29-fluoro-29-deoxy-5-iodo-
1-b-D-arabinofuranosyluracil labeled with 131I (131I-FIAU) and
demonstrated the applicability of noninvasive imaging for monitor-
ing cancer gene therapy in an experimental animalmodel of herpes
simplex virus type 1 thymidine kinase (HSV1-tk)–expressing tumor
xenografts.Wehavenowusedthesameanimalmodel toeffectively
and noninvasivelymonitor the location, magnitude, and duration of
therapeutic gene expression over time for the lung metastases
model. Methods: To improve the detectability of lung metastases,
an experimental blood-borne lung metastases model in mice was
established using intravenously administered HSV1-tk–expressing
NG4TL4fibrosarcomacells (NG4TL4-TK) andsimulated the clinical
application of HSV1-tk plus ganciclovir (GCV) prodrug activation
gene therapy. The efficacy of noninvasively monitoring the sites of
development of lung metastatic lesions and their GCV-induced
regression were assessed by SPECT with 131I-FIAU. Results: The
results of this study showed that the lung metastases model of
NG4TL4-TK cells could be successfully detected as early as 24 h
after intravenous injection of tumor cells radiolabeled with 131I-
FIAU and also subsequently detected by extended monitoring
with the intravenous injectionof 131I-FIAUonday10. Inmice treated
withGCV, g-camera imaging demonstrateda significant growth in-
hibition ofNG4TL4-TK cells of primary tumors and lungmetastases
on day 7 after initiating treatment. Conclusion: We conclude that
this in vivo imaging approach will be useful for future studies of
the lung metastases model and for the assessment of novel anti-
cancer and antimetastatic therapies.
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Metastasis to the lung is a lethal attribute of sarcomas
and several other cancers. Many attempts to eradicate
cancer through conventional therapy (irradiation or chemo-
therapy) are ineffective because of treatment resistance
(1–3). Currently, new promising therapies for cancer me-
tastases have fallen behind expectations, primarily because
of few available animal models and technical limitations
in noninvasively detecting metastases (4). Gene therapy has
been suggested as an alternative approach to battling metas-
tases. Differing from traditional therapies, gene therapy has
the potential to be more tumor specific in targeting and to
selectively eradicate tumor cells with therapeutic gene ex-
pression (5). However, obstacles in cancer gene therapy are
limited by the poor capacity of gene delivery, the inability
to homogeneously transfect every tumor cell, and the lack
of tumor-specific gene expression (2,5). To further explore
the potential of gene therapy of lung metastases, a proper
animal model needs to be developed to effectively and
noninvasively monitor the location, magnitude, and dura-
tion of therapeutic gene expression over time.

Several attempts to optimize the methods for monitor-
ing lung metastases include bioluminescence imaging of
luciferase-expressing HT-1080 cancer cells (4), fluorescence
imaging of green fluorescent protein (GFP)–expressing
HT-1080 fibrosarcoma cells (1), and imaging of Na1/I2

symporter (NIS)–expressing pulmonary tumor with PET (6).
However, applying nuclear imaging of herpes simplex virus
type I thymidine kinase (HSV1-tk) gene–expressing tumor
cells in a lung metastases model has not been explored. In
HSV1-tk–expressing cells, the nucleoside analog 29-fluoro-
29-deoxy-5-iodo-1-b-D-arabinofuranosyluracil labeled with
131I (131I-FIAU) is phosphorylated by the HSV1-TK en-
zyme. The 131I-FIAU–monophosphate cannot cross the
cellular membrane and is metabolically entrapped (7).
The accumulated intracellular radioactivity allows for in
vivo detection of HSV1-tk–expressing tissues by g-camera
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imaging or SPECT (8). We have previously used 131I-FIAU
and showed the applicability of noninvasive imaging for
monitoring cancer gene therapy in an experimental animal
model of HSV1-tk–expressing tumor xenografts (9,10).
The HSV1-tk–expressing tumor cells become sensitive to
ganciclovir (GCV), which is also phosphorylated by the
HSV1-TK enzyme to monophosphate- and then by cellular
kinase to diphosphate- and triphosphate-GCV. Its incorpo-
ration into DNA in proliferating tumor cells can terminate
the DNA chain, ultimately triggering apoptotic death
(11,12). Because HSV1-tk gene cannot be efficiently de-
livered and expressed homogeneously in a heterogeneous
tumor tissue, this approach relies on the so-called
‘‘bystander effect,’’ which is mediated by an exchange of
GCV-triphosphate and proapoptotic signals between the
HSV1-tk–expressing and neighboring nonexpressing cells
(10,13–16 ). Distantly located cells that are devoid of
HSV1-tk are not affected (17 ). Therefore, the HSV1-tk
gene can be used as both a therapeutic gene and a reporter
gene for noninvasive imaging of the location, magnitude,
and duration of gene expression.
The intent of the present studies was to establish an

experimental blood-borne lung metastases model in mice
receiving intravenous HSV1-tk–expressing NG4TL4 fibro-
sarcoma cells (NG4TL4-TK). This model has the potential
of future clinical application of HSV1-tk plus GCV prodrug
activation gene therapy while monitoring the sites of devel-
opment of lung metastatic lesions and their GCV-induced
regression by noninvasive SPECT with 131I-FIAU.

MATERIALS AND METHODS

Preparation of Labeled 29-Fluoro-29-Deoxy-1-b-D-
Arabinofuranosyl-5-Iodouracil

131I-Labeled NaI, without carrier, was purchased from NEN
Life Services Products. No-carrier-added 131I-FIAU was prepared
as described (9).

Cellular Uptake of 131I-FIAU
Two murine cell lines (NG4TL4 [HSV1-tk2] and NG4TL4-TK

[HSV1-tk1]), lung-colonizing metastatic sarcoma cells, were
cultured in minimum essential medium supplemented with 10%
fetal bovine serum, 100 units/mL penicillin, 10 mg/mL strepto-
mycin, and 2 mmol/L L-glutamine in a humidified atmosphere
with 5% CO2 at 37�C as described (9). We transduced the
NG4TL4-TK cell line from the parental NG4TL4 fibrosarcoma
cell (18) by transfecting with packaged virions of a bicistronic
retroviral vector containing HSV1-tk gene.

For the cellular uptake assay, NG4TL4-TK cells were tryp-
sinized and grown overnight in 24-well culture plate (105 cells/
0.5 mL per well). The culture medium was changed before the
experiment. The HSV1-tk–expressing NG4TL4-TK cells were
incubated with 131I-FIAU at 131I activity concentrations of 18.5,
37, 185, 370, and 740 kBq/mL in a total volume of 0.5 mL at 37�C
for 2, 4, 8, and 16 h; the parental NG4TL4 cells were likewise
incubated at an 131I activity concentration of 37 kBq/mL. Cells
were then centrifuged and washed twice. The isolated cells, the
pooled medium, and the washes were then counted separately by

g-counting in a model 1470 Wizard g-counter (Wallac). Triplicate
measurements of radiotracer uptake were performed for each time
point. The activity concentration in cells was expressed as the
accumulation ratio—that is, counts per minute per gram (cpm/g)
of cells divided by the cpm/g (or mL) of medium.

Survival Assay
Clonogenic survival assays were performed for cell killing

induced by 131I-FIAU. The NG4TL4-TK cells were seeded into
24-well culture plates with medium containing 131I-FIAU at
various concentrations (0, 18.5, 37, 185, 370, 740, and 1,480
kBq/mL culture medium) for 2, 4, 8, and 16 h. Cells from each
condition were then plated onto 10-cm plates (300 cells/plate) in
triplicates. After 10 d of growth in vitro, the surviving colonies
were fixed and stained with crystal violet.

Biodistribution of 131I-FIAU–Labeled NG4TL4-TK Cells
The animal experiment protocol was approved by the Institu-

tional Animal Care and Use Committee of Taipei Medical Uni-
versity. Syngeneic female FVB/N inbred strain mice (n 5 3) were
injected through the tail vein with 1 · 106 NG4TL4-TK cells
labeled with 131I-FIAU, which were incubated with medium
containing 18.5 kBq/mL 131I-FIAU for 8 h before injection. The
culture condition was derived from the results of cell uptake and
the survival assay. Mice were killed 4 d later. Different organs and
tissues were sampled, washed, weighed, and assessed for radio-
activity concentration along with injection dose standards using a
model 1470 Wizard g-counter (Wallac).

Lung Morphometry and Histology
Mice were killed after the injection of 1 · 105 NG4TL4-TK

cells on 7, 14, and 21 d (n 5 3). To assess the metastatic burden in
lungs, whole lungs were measured for their volume by the water
displacement method and expressed by the ratio of the lung
volume to the body weight; the weight of whole lungs was also
measured and expressed by the ratio of the lung weight to the
body weight. Thereafter, lungs were fixed in 4% paraformalde-
hyde and embedded in paraffin. Sections (10 mm) were cut and
stained with hematoxylin and eosin (H&E.). Fourteen days after
cell injection, the heart, liver, stomach, small intestine, and colon
were also sampled, sectioned, and stained with H&E.

Planar Imaging and Autoradiography
Planar imaging was performed as described (9). Briefly, 1 · 106

NG4TL4-TK cells labeled with 131I-FIAU, by 8-h incubation with
medium containing 18.5 kBq/mL 131I-FIAU, were injected into
the FVB/N female mice through the tail vein (n 5 6) to evaluate
the migration of lung-colonizing metastatic sarcoma cells in the
lung. Static images were obtained from anesthetized animals at 2,
4, and 24 h and on day 3, 4, and 9 with a digital g-camera (Elscint
SP-6), equipped with a high-energy pinhole collimator, a 364-keV
6 10% 131I photopeak energy window, and a 256 · 256 · 16 bit
image matrix (19,20). On day 10, 3.7 MBq of 131I-FIAU were
injected into the tail vein 24 h before planar imaging to examine
the possibility of long-term monitoring of NG4TL4-TK cell–
induced lung metastatic tumor. Autoradiography was performed
immediately afterward. The image acquisition was performed at
100 kilocounts per frame on day 1. Subsequent images were
acquired by a preset-time acquisition mode.
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Total RNA Extraction and Reverse Transcription
Polymerase Chain Reaction (RT-PCR)

Mice were killed on day 15 and lungs were removed. First,
lungs were digested with 20 mL of an enzymatic mixture
containing 40 mg collagenase (Sigma-Aldrich), 40 mg hyaluron-
idase (Sigma-Aldrich), and 250 mg trypsin (Invitrogen) at 37�C
for 1 h. RNA was extracted using TRIzol Reagent (Invitrogen).
The RNA was then reverse transcribed and amplified by using
Superscript III System for RT-PCR (Invitrogen). Briefly, extracted
RNA was mixed with double distilled H2O, 10· PCR buffer,
25 mmol/L MgCl2, 2.5 mmol/L deoxyribonucleoside triphosphate,
Taq polymerase, and primers (TK1: 59-TGC AGC GAC CCG
CTT AAC AGC GT-39 and TK2: 59-CAT AGA TCT GGA TCC
TTC CGG TAT TGT CT-39). Initial denaturation at 95�C for 5 min
was followed by 35 thermal cycles: (a) denaturation at 94�C for
1 min; (b) annealing at 55�C for 1 min; (c) extension at 72�C for
1 min. After the 35 cycles, final extension occurred at 72�C
for 5 min. In addition, reduced glyceraldehyde-phosphate dehy-
drogenase (GAPDH) messenger RNA was used as the standard.
Primers used for GAPDH were G1 (59-GCT CTC CAG AAC ATC
ATC CCT GCC-39) and G2 (59-CGT TGT CAT ACC AGG AAA
TGA GCT T-39).

GCV Therapy
The 5 · 105 NG4TL4-TK cells were in vitro labeled with 131I-

FIAU by 8-h incubation with medium containing 18.5 kBq/mL
131I-FIAU. Planar imaging of FVB/N female mice (n 5 6) was
performed 24 h after injection of the 131I-FIAU–labeled NG4TL4-
TK cells via tail vein (day 1). Fourteen days later, 3.7 MBq of 131I-
FIAU were injected in the tail vein 24 h before planar imaging to
confirm the development of the lung metastases model. On day 15,
the animals were treated with GCV (10 mg/kg daily) or with
0.09% NaCl (as a control) by intraperitoneal injection for 7
consecutive days. On day 21 (GCV-7 d), 3.7 MBq of 131I-FIAU
were injected in the tail vein 24 h before planar imaging. To
diminish thyroid uptake of the liberated 131I resulting from GCV
therapy, mice were pretreated with 0.5 mL 0.9% NaI solution by
intraperitoneum 15 min before 131I-FIAU injection. Mice were
killed on day 21 after planar imaging.

RESULTS

Survival Assay of NG4TL4-TK Cells After Cellular
Uptake of 131I-FIAU

These studies were conducted to evaluate the biologic
effects (potential radiotoxicity), resulting from the accu-
mulation and retention of 131I-FIAU in NG4TL4-TK cells.
The 131I-FIAU was rapidly and selectively accumulated by
the NG4TL4-TK cells; however, the magnitude of accu-
mulation was inversely related to the increased activity
concentration (Fig. 1A). The NG4TL4 (HSV1-tk negative)
cells showed no significant uptake of 131I-FIAU. The
maximal uptake of 131I-FIAU in NG4TL4-TK cells was
in culture with 18.5 kBq/mL 131I-FIAU for 8 h. As shown in
Figure 1B, these results were supported by clonogenic
survival data, where the most optimal conditions for
radiolabeling of NG4TL4-TK cells was 18.5 kBq/mL
131I-FIAU for 8 h, and the colony-forming efficiency was
60% (n 5 3).

Tail Vein-Injected NG4TL4-TK Cells Efficiently Form
Lung Metastases Model

To investigate whether the NG4TL4-TK cells migrate
to the lungs and form the metastases model in the lungs,
105 cells were injected into mice through the tail vein. Mice
were sacrificed and lungs were extracted 0, 7, 14, and 21 d
after injection. Morphologic (Fig. 2A) and histologic (Fig.
2B) analyses of the lung tissue showed that the NG4TL4-
TK cells migrate efficiently into the lungs and time
dependently form metastatic lesions after injection. Tumor
cells dominate the majority of the lung tissue and were
observed 21 d after injection (Fig. 2B) in metastatic lesions
central necrosis. As shown in Figure 2C, the histologic
analysis also demonstrated that NG4TL4-TK cells prefer-
entially metastasized to the lung but not to the colon, small
intestine, stomach, liver, and heart.

FIGURE 1. In vitro analyses of 131I-FIAU-labeled NG4TL4-TK
cells. (A) Cellular uptake of 131I-FIAU is time dependent in
HSV1-tk–transduced NG4TL4 cells (HSV1-tk1) but not in
parental NG4TL4 cells (HSV1-tk2). Uptake activity is expressed
as an accumulation ratio: cpm/g cells divided by cpm/g (or mL)
of medium. (B) Time-dependent survival ratio of NG4TL4-TK
labeled with 131I-FIAU in vitro. Survival ratio was determined by
using colony formation to compare the number of surviving
colonies of NG4TL4-TK incubated with or without 131I-FIAU for
various times.
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Lungs extracted from day 7, 14, and 21 showed an
increase in both mass and volume (Fig. 2D), with the
weight and volume of lung increasing dramatically after
day 14. The increases of lung weight and volume were
closely correlated with the increased lung tumor metastases
on 7, 14, and 21 d after injection (Fig. 2A).

Serial In Vivo Imaging of 131I-FIAU–Labeled NG4TL4-TK
Cells for Monitoring Lung Metastases Model

After tail vein injection of 131I-FIAU–labeled NG4TL4-
TK cells into mice, planar imaging obtained 2 and 4 h after
injection showed radiolabeled cell–derived radioactivity in
the blood pool (Fig. 3A). Twenty-four hours later, strong
activity was clearly visible in the area of the lungs, but no
substantial activity was found in any other area of the body.
This initially detected activity in the lungs gradually
decayed on day 3 and 4. By day 9, residual blood-borne
and lung activities had cleared.

To examine the possibility of long-term monitoring of
NG4TL4-TK cell–derived lung metastatic tumor lesions,
3.7 MBq of 131I-FIAU were readministered on day 10.
Planar imaging clearly demonstrated the presence of
NG4TL4-TK cells in lung metastatic tumor lesions but
not in the control group (Fig. 3A, 10 d). Thereafter, the
mice were killed and autoradiography was performed in
whole-body section, showing lungs containing NG4TL4-
TK cell–induced metastatic tumor lesions. Nonspecific
uptake in the thyroid and the bladder was also observed
on planar imaging and on autoradiography. The expression
of HSV1-tk gene in lungs with NG4TL4-TK cell–derived
metastatic tumor lesions was confirmed by RT-PCR anal-
ysis (Fig. 3B).

Table 1 shows the quantitative tissue distribution of 131I-
FIAU–labeled NG4TL4-TK cells in FVB/N mice, indicating
the preferential localization of macroscopic NG4TL4-TK
cell–derived metastatic tumor lesions in lungs as compared
with other tissues (P , 0.01).

Tumor Regression and Planar g-Imaging Studies

These studies were conducted to examine the effective-
ness of the prodrug activation therapy in NG4TL4-TK cell–
induced lung metastatic tumor lesions. First, the mice were
injected with 131I-FIAU–labeled NG4TL4-TK cells and
imaged with the g-camera to verify the metastatic lesion
burden in the lungs. Planar imaging showed that the
NG4TL4-TK cells migrated to the lungs within 1 d (Fig.
4A, 1 d). After 14 d, readministeration of 131I-FIAU via the
tail vein confirmed the NG4TL4-TK cells’ metastatic de-
velopment in lungs (Fig. 4A, 14 d [GCV-0 d]). Because the
readministration of 131I-FIAU in Figure 3A on day 10
showed strong uptake of 131I in the thyroid, mice were
treated with 0.9% NaI by intraperitoneal injection 15 min
before 131I-FIAU injection to eliminate the thyroid back-
ground. After having received GCV for 7 d, the metastatic
burden was significantly diminished (Fig. 4A, 21 d [GCV-7
d]), as manifested by lower 131I-FAIU–derived signal inten-
sity, than in the untreated mice (Fig. 4A, 21 d [Control]).

FIGURE 2. NG4TL4-TK cells migrate specifically and effi-
ciently to lungs and form metastatic lesions. (A) Control group
lungs were extracted from mice that did not receive NG4TL4-
TK cells, and metastatic group lungs were extracted 7, 14, and
21 d after mice received NG4TL4-TK cells. (B) Histologic
analysis of lung tissue with H&E staining: control group,
NG4TL4-TK injection for 7, 14, and 21 d. (C) Sections of colon,
small intestine, stomach, heart, and liver stained with H&E to
confirm that NG4TL4-TK cells preferentially metastasized to
lung. (D) Analyses of weight and volume of extracted lungs from
mice for 7, 14, and 21 d after injection with NG4TL4-TK cells.
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This finding was supported by morphologic analysis, which
showed that in the GCV treatment group (Fig. 4B, 1GCV)
lungs had better perfusion while having fewer growing
metastatic lesions. Lungs from the control group treated
with only 0.09% NaCl (Fig. 4B, 2GCV) had more growing
metastatic lesions and poor lung perfusion.

DISCUSSION

Creating the animal model for studies of the lung
metastatic process would help greatly in evaluation of
many treatments, including various gene therapies. In our
previous studies (9,10), we have used 131I-FIAU and dem-
onstrated the application of noninvasive g-camera imaging
to monitor cancer gene therapy in an experimental animal
model of HSV1-tk–expressing tumor cells. Using serial
g-camera imaging with 131I-FIAU in this study, we have in
vivo monitored noninvasively the development and GCV-
induced regression of the HSV1-tk–expressing fibrosar-
coma lung metastases model in mice. Current gene delivery
systems cannot accomplish the effective and uniform
transfection of a therapeutic gene into a heterogeneous
tumor tissue (17). Hence, to adequately model and under-
stand the in vivo heterogeneity, a polyclonal population of

retrovirally transduced NG4TL4-TK cells was used. As
shown in Figure 4, the efficacy of GCV-induced therapy on
the lung metastases model of HSV1-tk–expressing fibro-
sarcomas in our study is in agreement with the results of
Nagamachi et al. (21) and Shibata et al. (22). Both teams of
investigators showed that liposome-mediated transfer and
in vivo electroporation of HSV1-tk to lung metastases
followed by GCV treatment were effective in controlling
the growth of multiple metastatic lesions. Recently, Garcia-
Castro et al. (23) established the paradigm of using tumor
cells as cellular vehicles to deliver gene therapies to meta-
static tumor growth.

In our study, we found that the use of a serial planar
g-camera could detect cellular migration to the lungs 24 h
after injection and that extended monitoring with the
intravenous reinjection of 131I-FIAU also detected lung
metastases on day 10 (Fig. 3). On the basis of these
findings, we suggest that the application of SPECT may
be applicable for imaging the heterogeneity of transgene
expression in targeted tumor metastases (20). The use of
serial in vivo g-camera imaging with 131I-FIAU of the lung
metastases model in HSV1-tk–expressing tumors has 2
advantages: (a) 131I has a half-life of 8 d. This characteristic
will allow in vitro labeling of tumor cells for highly specific

FIGURE 3. Serial in vivo imaging of
migration and targeting of 131I-FIAU–
labeled NG4TL4-TK cells, lung-coloniz-
ing metastatic sarcoma cells, in FVB/N
mice. (A) Representative serial planar
g-camera imaging of syngeneic FVB/N
inbred strain mice (n 5 6) at 2, 4, and
24 h and on 3, 4, and 9 d after tail vein
injection of 1 · 106 NG4TL4-TK cells
labeled with 131I-FIAU. On day 10, 131I-
FIAU was readministered through the tail
vein for long-term monitoring of NG4TL4-
TK cell–induced lung metastatic tumor
lesions. Imaging of lung was not evident
in control group on day 10. (B) Autoradio-
gram of 131I in 10-mm-thick whole-body
section. Dark areas on autoradiogram
correspond to areas of high g-detection
from radiolabeled tumor via SPECT. (C)
RT-PCR detection of HSV1-tk expression
in cells extracted from NG4TL4-TK cell–
derived metastatic lung tumor lesions.
GAPDH was used as standard. Th 5

thyroid; L 5 lung; Bl 5 bladder; bp 5

base pairs.
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imaging of cellular trafficking with lower background
from the radiotracer biodistribution and clearance; and (b)
FIAU can be radiolabeled with several radioisotopes of
iodine suitable for g-camera (123I, 125I, 131I) or PET (124I),
allowing the use of different radionuclide imaging modal-
ities. For example, Koehne et al. (20) showed that HSV1-tk

transfected T-lymphocytes can be efficiently radiolabeled
with 131I-FIAU ex vivo (in vitro) to monitor cellular migra-
tion in vivo after intravenous administration in mice and,
furthermore, that the use of repetitive PET with intrave-
nously administered 124I-FIAU could trace the fate of intra-
venously administered nonlabeled HSV1-tk transfected
T-lymphocytes.

PET may be the preferable imaging system for monitor-
ing gene expression because of its superior sensitivity and
properties for quantification of regional tracer accumulation
(24). To monitor the fate of lung metastatic tumor contin-
uously, the 131I-FIAU was readministrated via the tail vein
into the mice bearing lung tumor, and the imaging showed
a strong uptake of 131I in the thyroid glands (Fig. 3A, 10 d).
For planar imaging, we found in this study that showing
thyroid uptake could help confirm the position of the lung
metastatic tumor. To obtain clearer imaging in the lung
metastatic tumor lesion site during GCV-induced regres-
sion, we used 0.9% NaI to eliminate the background of
thyroid uptake (Fig. 4A, 14 and 21 d). The imaging in
Figure 4 showed higher abdominal background than that in
Figure 3 (10 d). The background can be a normal pattern of
intestinal metabolic degradation (9,25) and this can be
proven by the distribution of the radiotracer in normal mice
(26). These results in our study are supported by the
biodistribution of the mice (Fig. 4), showing that besides
the HSV1-tk–expressing lung tumor, the small intestine
had a much higher accumulation than other tissues (lung,
75.1%; small intestine, 15.3%; stomach, 4.5%; large intes-
tine, 2.6%; and liver, 1.3%). The GCV-treated mice (Fig.
4A, 21 d [GCV-7 d]) also showed much higher abdominal

TABLE 1
Tissue Distribution of 131I-FIAU–Labeled NG4TL4-TK Cells

in FVB/N Mice Bearing Lung-Colonizing Metastatic
NG4TL4-TK Sarcoma

Tissue distribution n Activity (%ID/g)*

Blood 3 0.036 6 0.023

Brain 3 0.029 6 0.018
Thyroid 3 0.685 6 0.338

Lung 3 87.1 6 24.9

Heart 3 0.025 6 0.011
Stomach 3 0.967 6 0.558

Liver 3 0.536 6 0.312

Spleen 3 0.069 6 0.038

Large intestine 3 0.841 6 0.361
Small intestine 3 4.97 6 2.11

Kidney 3 0.138 6 0.023

Bladder 3 0.008 6 0.003

Muscle 3 0.044 6 0.011
Bone 3 0.036 6 0.019

Abdominal fat 3 0.164 6 0.068

*Percentage injected dose per gram of tissue at 4 d after tail vein

injection of 1 · 106 NG4TL4-TK cells labeled with 131I-FIAU,

corrected for radioactive decay to time of injection.

Data are expressed as mean 6 SEM.

FIGURE 4. HSV1-tk gene therapy with
GCV to eradicate metastatic tumor. (A)
Planar imaging of syngeneic FVB/N mice
(n 5 6) bearing lung metastatic tumor
induced by 131I-FIAU–labeled NG4TL4-
TK cells was performed 24 h after injec-
tion of cells (day 1). On day 14 (GCV-0 d)
and day 21 (GCV-7 d), 131I-FIAU was
readministered via tail vein 24 h before
planar imaging. A significant reduction in
signal was evident at lungs with GCV
treatment for 7 d (21 d, GCV-7 d) com-
pared with that of control mice without
GCV treatment (21 d, Control). L 5 lung;
In 5 small intestine. (B) Representative
lungs from treatment group (1GCV).
Lungs from GCV treatment group were
better vascularized with fewer metastatic
nodules than lungs from control group.
Lungs from control group, which re-
ceived NG4TL4-TK cells but were treated
with only 0.09% NaCl (2GCV), had more
metastatic lesions and poor vasculariza-
tion.
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uptake than the control mice (Fig. 4A, 21 d [Control]).
When GCVeliminated the HSV1-tk–expressing lung tumor
cells, fewer target cells would accumulate the radiotracer
(131I-FIAU). Therefore, GCV-treated mice had higher ab-
dominal uptake than the control mice because of its
elimination predominantly through the intestinal route.
Previously published methods of monitoring lung me-

tastasis include the application of real-time fluorescence
imaging of GFP expression and NIS gene-mediated PET
with 124I. Both methods have specific limitations (1,6).
Yamamoto et al. reported that while using real-time GFP
imaging of lung metastasis, a skin-flap window was needed
to improve resolution attributed to autofluorescence.
Marsee et al. concluded that NIS-mediated PET, in com-
parison with HSV1-tk /FIAU reporter gene-mediated imag-
ing, does not efficiently incorporate radioiodine into the
cell structure and the isotope accumulation is only tempo-
rary (27,28).
The increasing clinical use of PET, and the preclinical

applications of animal PET systems, is due to the improved
spatial resolution. The spatial resolution of most clinical
PET scanners for the body is around (6–8)3 mm3 and that
for the brain is around 33 mm3 (29). Small-animal PET
scanners have been recently developed to a spatial resolu-
tion of around 23 mm3 (30), but the scanners of newer
generation systems will reach a resolution of around
13 mm3 (31).

CONCLUSION

Applications of the HSV1-tk gene in clinical gene
therapy are increasing. Several phase I clinical trails for
HSV1-tk/GCV therapy on prostate cancer, gliomas (32–
34), and ovarian cancer (35) have already been reported. On
the basis of the results of the present study, and those
described in the literature (6–9,20,25), we predict the future
feasibility of using nuclear radiologic imaging to monitor
the efficacy of gene delivery and expression and the future
therapeutic efficacy in clinical trials on cancer gene therapy.
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