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Using different tracers of tumor metabolism, the application of PET
for monitoring gene therapy with the suicide gene herpes simplex
virus thymidine kinase (HSVtK) is investigated in this in vitro study.
Methods: Morris hepatoma cells were transfected with a retroviral
vector bearing the HSVtk gene, and different clones were estab-
lished by selection with the neomycin analog G418. Thereafier,
uptake measurements using fluorodeoxyglucose (FDG), 3-O-meth-
ylglucose, aminoisobutyric acid and methionine were performed in
a thymidine kinase (TK)-expressing cell line and in control cells
bearing the empty vector in the presence of different concentrations
of ganciclovir (GCV). These experiments were done up to 48 hr after
the onset of therapy. The values were expressed as Bg/well or as
Bq/10° cells. Results: During GCV treatment therapy, a decrease of
the uptake/well was measured for all tracers in the TK-expressing
cell line. After normalization to the viable cell number, the uptake for
FDG and 3-O-methylglucose increases up to 195% after 24 hr
incubation with GCV. A high-pressure liquid chromatography anal-
ysis revealed a decline of the FDG-6-phosphate fraction after 48 hr
incubation with GCV. Consequently, a normalization of FDG uptake
was observed after this incubation period, whereas the 3-O-meth-
yiglucose uptake was still increased. Experiments performed with
different amounts of TK-expressing cells and control cells showed
that these effects are dependent on the percentage of TK-express-
ing cells. The aminoisobutyric acid uptake decreases to 47%, while
the methionine uptake decreases in the acid-insoluble fraction (to
17%) and increases in the acid-soluble fraction (to 150%).
Conclusion: These data indicate that combinations of the PET
tracers used in these experiments may be applied for monitoring
gene therapy with HSVtk. The increase in FDG and 3-O-methyiglu-
cose uptake in vitro is interpreted as stress reaction of the tumor
cells. However, an uncoupling of transport and phosphorylation was
observed after 48 hr incubation. The amino acid uptake experiments
point to an inhibition of protein synthesis as well as of the neutral
amino acid transport.
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Transfer of the gene encoding the herpes simplex virus
thymidine kinase (HSVtk) into tumor cells confers sensitivity
towards antiviral agents as acyclovir and ganciclovir (GCV) to
these cells. HSVtk phosphorylates GCV to GCV monophos-
phate, which subsequently is metabolized by host kinases to the
triphosphate metabolite and incorporated into the tumor cell
DNA leading to DNA chain termination during replication
(1,2). This approach has been shown to be effective in the
treatment of experimental gliomas (3-5), hepatomas (6) and
melanomas (7).

Gene therapy using suicide genes is performed in two steps:
first, the tumor is infected with recombinant viruses to introduce
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the suicide enzyme into the cells. To obtain a sufficient level of
enzyme activity in the tumor, multiple infections may be
necessary. Second, the nontoxic prodrug is applicated system-
ically. For the planning and the individualization of gene
therapy, the enzyme activity induced in the tumor has to be
estimated in order to achieve a therapeutically sufficient en-
zyme level before the application of the prodrug (8). Moreover,
the measurement of therapy effects on the tumor metabolism
may be useful for the prediction of therapy outcome at an early
stage of the treatment. PET, using tracers of tumor metabolism,
has been applied for the evaluation of treatment response in a
variety of tumors and therapeutic regimens (9-15), indicating
that these tracers deliver useful parameters for the early assess-
ment of therapeutic efficacy.

MATERIALS AND METHODS

Rat hepatoma cells (MH3924A) were used for all experiments.
The cells were maintained in culture flasks in RPMI 1640 medium
(GIBCO/BRL, Eggenstein, Germany) supplemented with 292 mg/
liter glutamine, 100,000 IE/liter penicillin, 100 mg/liter streptomy-
cin and 20% fetal calf serum at 37°C, in an atmosphere of 95% air
and 5% CO,.

Cloning and Selection of Cell Lines

The generation of thymidine kinase (TK)-expressing cell lines
was done as described (/6). Two cell lines LXSN6 (control line
with the empty vector) and LXSNtk8 (a GCV sensitive line with
the HSVtk gene) were selected for further studies. Each of the
following experiments was done in triplicate. The cells were
trypsinized, and 8 X 10 cells were seeded in 6-well plates. Two
days later, the cells were treated with 0.5 uM, 5 uM and 25 uM
GCV. All uptake experiments were performed after 4 hr, 24 hr and
48 hr incubation in the GCV-containing medium.

Fluorodeoxyglucose Uptake

The FDG uptake experiments were performed in glucose-free
RPMI 1640 medium supplemented with glutamine and penicillin/
streptomycin as described (/7). After 30 min preincubation, 37
kBg/ml medium 2-fluoro-2-deoxy-D-('“C)glucose (FDG; Amer-
sham, Braunschweig, Germany; specific activity 10.8 GBg/mmol;
radioactive concentration 37 MBg/ml, radiochemical purity 99.5%)
and cold FDG in a final concentration of 0.1 mM were added, and
the cells were incubated for 10 min. After this incubation period,
the medium was removed and the cells were washed twice with
ice-cold phosphate buffered saline (PBS). The lysis was done on
ice using ice-cold 0.6 M perchloric acid and a cell scraper.
Thereafter, the lysates were neutralized with 1 M KOH and 0.5 M
Tris/HCI (pH 7).

For scintillation counting, 300 wl of the lysates were mixed with
10 ml of Pico-Fluor-15 (Canberra Packard, Meriden, CT) and
counted using a scintillation counter (LSC TRICARB 2500TR,
Canberra Packard). The measured radioactivity was standardized to
the viable cell number as determined by a Coulter counter (Coulter
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Electronics, Dunstable, Bedfordshire, United Kingdom) and the
trypan blue method (more than 94% viable cells).

The neutralized samples were then analyzed using high perfor-
mance liquid chromatography (HPLC) as described (/8). Briefly,
the radioactivity and the differential refractive index were contin-
uously detected, and the radioactive peak areas were integrated
after. For the chromatographic analysis a Waters 600 Multisolvent
Delivery System with manual injection (U6K injector) and a
Waters 410 differential refractometer at 35°C were used (/9).
Radioactivity was detected using a Canberra A250 detection
system with a liquid scintillation flow cell. The column used was
a Eurokat H+ (Eurochrom Knauer GmbH, 300 X 8 mm) with
water at 0.7 ml/min as the eluent. The retention time for the
FDG-6-phosphate was 7.8 min, whereas FDG eluted at about 9.5
min on the present setup.

3-O-Methyiglucose Uptake

After 30 min preincubation, 185 kBg/ml medium 3-O-methyl-
D-(*H)glucose (Amersham; specific activity 92.5 GBg/mmol; ra-
dioactive concentration 37 MBg/ml, radiochemical purity 99.5%)
and cold 3-O-methylglucose in a final concentration of 0.05 mM
were added, and the cells were incubated for 10 min. After this
incubation period, the medium was removed and the cells were
washed twice with ice-cold PBS. The lysis was done on ice using
0.3 M NaOH/10% SDS and a cell scraper.

Bystander Experiments

Cells (8 X 10%) were seeded in 6-well plates as mixtures of
LXSN6 and LXSNtk8 cells with varying amounts of LXSNtk8
cells: 100%, 80%, 40%, 20%, 5% and 0% tk8 cells. Two days later,
the cells were incubated for 24 and 48 hr without or with 5 uM
GCV. Thereafter, an FDG uptake experiment was performed as
described.

Aminoisobutyric Acid (AIB) Uptake

The cells were washed three times with PBS and incubated at
37°C for 15 min in Earle’s balanced salt solution. Thereafter, 74
kBq a-[1-'*C]AIB (NEN/Dupont; specific activity 1.9 GBq/mmol;
radioactive concentration 3.7 MBq/ml, radiochemical purity
98.5%) was added. After 10 min incubation, the cells were washed
three times on ice and lysed with ice-cold perchloric acid (0.6 M).
The lysate was neutralized with 0.5 M Tris buffer (pH 7) and
counted by scintillation counting.

Methionine Uptake

The cells were pulsed with 74 kBq L-[methyl-'*C]methionine
(Amersham; specific activity 2.07 GBg/mmol; radioactive concen-
tration 37 MBg/ml; radiochemical purity 99%) in RPMI 1640
medium (I-methionine concentration 0.1 mM) for 1 hr in 1 ml
medium. After removal of the medium, the cells were washed three
times with ice-cold PBS. The lysis was performed with 0.5 M
perchloric acid and a cell scraper. After 30 min on ice, the lysate
was vortexed and rotated at 1500 X g for 5 min at 0°C. The
supernatant was removed, the pellets were washed with 0.5 M
perchloric acid and rotated again for 5 min at 0°C. The pellet was
resuspended in 1 M NaOH at 37°C. For scintillation counting, 300
wl of the acid-soluble fraction (=supernatant) and the acid-
insoluble fraction (=pellet) were mixed with 10 ml of Pico-
Fluor-15 and counted by scintillation counting.

RESULTS

The effects of different concentrations of GCV on the viable
cell number and the tracer uptake/well are shown in Figure 1.
Compared to the control cell line a dose-dependent growth
inhibition and also a dose-dependent decrease in tracer uptake/
well was observed in the TK-expressing cell line.
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After normalization to the viable cell number, the FDG
uptake in TK-expressing cells is increased, but no changes are
seen with control cells (Fig. 2). The FDG accumulation in
TK-expressing cells reaches its maximum after 24 hr exposure
followed by a decline near to the control values after 48 hr
incubation. An HPLC analysis revealed that most of the
radioactivity is phosphorylated after 24 hr exposure to GCV,
whereas a dose-dependent decline in the phosphorylated frac-
tion was observed after 48 hr incubation with lower concentra-
tions of GCV, which reached a plateau at 5 uM (Fig. 2C). The
3-O-methylglucose uptake/10° cells also increases up to 195%
in TK-expressing cells after exposure to GCV (Fig. 3). In
contrast to the FDG uptake experiment, no decline of 3-O-
methylglucose uptake occurred after 48 hr in the TK-expressing
cells.

In bystander experiments, a decrease of the viable cell
number and FDG uptake/well with increasing amounts of
TK-expressing cells was demonstrated (Fig. 4A). Normaliza-
tion of the FDG uptake to the viable cell number revealed an
increased uptake after 24 hr exposure to 5 uM GCV, which was
related to the amount of TK-expressing cells (Fig. 4B). After 48
hr incubation the FDG uptake increases with a maximum for
40% TK-expressing cells and then declines again for 80% and
100% TK-expressing cells (Fig. 4C). The HPLC analysis
revealed a decrease in the content of FDG-6-phosphate with an
increasing percentage of TK-expressing cells (Fig. 4D).

After exposure to GCV the AIB uptake/10° cells decreases in
a dose-dependent manner to 47% in the TK-expressing cells,
whereas no significant differences between treated and un-
treated cells are observed in the control cell line (Fig. SA, B). In
the methionine uptake experiments an increase of tracer accu-
mulation during the 48 hr incubation period could be noticed in
the untreated cells of both cell lines and also in the treated cells
of the control cell line (Fig. 6). After exposure to GCV the
methionine uptake decreases in the acid-insoluble fraction (to
17% of the control, Fig. 6A, B) and increases in the acid-soluble
fraction (to 150% of the control, Fig. 6C, D) of the TK-
expressing cell line. The overall effect of gene therapy with
HSVtk and GCV on the uptake of the different tracer is
summarized in Table 1.

DISCUSSION

After exposure of a TK-expressing Morris hepatoma cell line
to GCV, a dose-dependent decline of the uptake/well [which
can be considered as a simple model of tumor uptake (20)] of all
tracers used was noticed (Fig. 1). The uptake of AIB and
methionine decreases earlier (after 24 hr) than that of the
glucose tracers (after 48 hr). These data seem to be at variance
with data of Higashi et al. (20), who found no decrease of the
methionine and FDG uptake/well early after irradiation of an
ovary human adenocarcinoma cell line. This discrepancy might
be explained by the different cell lines as well as by the
different therapies used in both studies.

Standardization to the viable cell number revealed an en-
hancement of both FDG and 3-O-methylglucose uptake after a
24 hr incubation period with GCV (Figs. 2 and 3). After 48 hr,
the FDG uptake declines near to the control values. This
increased uptake of the glucose transport tracer 3-O-methylglu-
cose over the whole incubation period together with the
normalization of the FDG accumulation may be caused by a
loss in the phosphorylating capacity of hexokinase, which leads
to a relative increase of the FDG/FDG-6-phosphate ratio. In
contrast to FDG-6-phosphate, which is trapped due to its
negative charge, FDG can be transported out of the cell.
Consequently, less phosphorylation of FDG by the hexokinase
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FIGURE 1. Growth inhibition (A) and tracer uptake/well for FDG (B), 3-O-methyiglucose (C), AIB (D) and methionine (E) in TK-expressing cells (LXSNtk8) and
in control cells (LXSN6) after different incubation periods with 0.5, 5 and 25 uM GCV. Mean and s.d. (n = 3).

may result in decreased FDG trapping. In a HPLC analysis of
the cell lysates, we observed a decrease of the FDG-6-phos-
phate content after 48 hr incubation with GCV (Fig. 2C).
Consequently, the FDG content rises relative to the FDG-6-
phosphate fraction. An increase in dephosphorylation, which
may be another reason for a relative enhancement of the FDG
content seems unlikely, since the dephosphatase expression is
down-regulated during the malignant transformation.

Two observations point to the therapeutic effect of the
HSVtk/GCV system as the cause of this uncoupling of glucose

transport and phosphorylation: (a) the decrease in FDG-6-
phosphate after 48 hr incubation is a function of the GCV dose
at least for lower concentrations, and (b) the results of the
bystander experiments showed that the phenomenon of decreas-
ing FDG-6-phosphate content is a function of the percentage of
TK-expressing cells and, therefore, a function of TK activity
(Fig. 4D). The competition of HSVtk and hexokinase for the
ATP pool in the cell may cause a decrease in the phosphory-
lated FDG metabolite. In addition, a depletion of the ATP pool
due to an extensive activity of HSVtk may occur. Alternatively,
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FIGURE 2. FDG uptake (nmol/10° cells) in control cells (A) and TK-expressing cells (B) after different incubation periods with 0.5, 5 and 25 uM GCV. Content
of FDG-6-phosphate (C) after 24 and 48 hr exposure to the indicated concentrations of GCV. Mean and s.d. (n = 3).
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the observed phenomenon may be produced by a therapy-
induced inhibition of the synthesis of hexokinase. Evidence for
this explanation may be derived from the decreased methionine
incorporation in the acid-insoluble fraction (Fig. 6B), indicating
an impaired protein synthesis.

In clinical and experimental studies, an increase of FDG
uptake early after treatment of malignant tumors was observed
(11,17,18,21-23). Comparable experiments with rat adenocar-
cinoma cells under chemotherapy revealed that this effect is
predominantly caused by an enhanced glucose transport (/7).
As underlying mechanism, a redistribution of the glucose

transport 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 (24-27). Since prodrug
activation by the HSVtk leads to DNA chain termination and
cell damage, the same reactions may also occur in tumor cells
under gene therapy with this suicide system. Translocation of
glucose transport proteins to the plasma membrane as a first
reaction to cellular stress may cause enhancement of glucose
transport and represents a short-term regulatory mechanism that
acts independent of protein synthesis.

To ensure a complete tumor regression, TK expression in
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every individual tumor cell is not necessary (3,4). Tumor cells
that are not infected with the viral vector encoding the suicide
gene and are located in the neighborhood of TK-expressing
cells become sensitive to GCV (“bystander effect”). Studies
performed to investigate the bystander effect revealed that the
decrease in viable cell number depends on the percentage of
TK-expressing cells. Similar results were obtained when the
FDG uptake/well was measured after a 48 hr incubation period
with GCV (Fig. 4A). In contrast, incubation of the cells for 24
hr with the prodrug does not lead to a decrease of the FDG
uptake/well, despite a decline of the viable cell number. This is
caused by an increase of the FDG uptake in the remaining

tumor cells (Fig. 4B), which compensates for the loss in
glucose-consuming cells. The fact that after longer incubation
periods (48 hr) an uncoupling of the glucose transport and
phosphorylation. occurs as a function of the percentage of
TK-expressing cells (Figs. 2, 3, 4 C, D) indicates that in vivo
measurements with double tracer techniques (FDG and 3-O-
methylglucose) and/or compartment analysis may be superior to
the determination of standardized uptake values. Recently,
Hariharan et al. compared rates of cardiac glucose utilization
with the FDG uptake before and after changes in the physio-
logical environment of the heart (28). The uptake and retention
of FDG in heart muscle was linearly related to the glucose
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TABLE 1
Changes of FDG, 3-O-Methyiglucose, AIB and Methionine in TK-
Expressing Cells After 4-, 24- and 48-Hour Incubation with GCV

Tracer 4 hr 24 hr 48 hr
FDG x ) (1)
3-O-Methyliglucose * t 1
AIB + l l
Met (soluble) + 1 1
Met (insoluble) + l !

+ =nochange; | = decrease; 1 = increase; (1) = moderate increase;
Met = methionine.

tions of a transport tracer (AIB, 3-O-methylglucose) and a
tracer for transport and metabolism (methionine, FDG) in cells
during gene therapy with the HSVtk/GCV suicide system.
Whereas the AIB and methionine uptake produce identical
effects on transport and protein synthesis, the results obtained
with 3-O-methylglucose and FDG reveal an uncoupling of
transport and phosphorylation with increased glucose transport
(Table 1). These data indicate that these tracer combinations
may also be useful in vivo for the exact evaluation of metabolic
reactions after tumor therapy.
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Preclinical Studies of Indium-111-Labeled IgM: A
Human Monoclonal Antibody for Infection Imaging

Ramaswamy Subramanian, Shankar Vallabhajoshula, Helena Lipszyc, Quing Zhao, James Murray, Samir Shaban,

Josef Machac and Michael G. Hanna, Jr.
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Indium-111-labeled plasma proteins, such as albumin, transferrin
and IgG have been proven useful to image infection. We reported
that '"'In-labeled human monocional antibody, igM
16.88 (In-IigM) also would localize at the site of infection. However,
the kinetics of blood clearance, distribution and infection uptake
have not been investigated. We compared the kinetics of distribu-
tion and infection uptake of In-IgM 16.88 with that of In-polyclonal
IgG in rats with focal infection. Methods: Both IgM 16.88 and
polyclonal IgG were labeled with *'In using a bifunctional chelating
agent, LiLo. The labeling efficiency was >95%. Focal infection was
induced in rats by an intramuscular injection of E. Coli in the right
thigh. In-IgM (3040 n.Ci) was injected into five groups of rats (five
rats/group). The rats were killed at 4, 8, 16, 24 and 36 hr. The percent
injected dose (%ID) in blood, infection muscle, control muscle, liver,
spleen and kidney were determined. Similar studies were performed
with In-IgG. Resuilts: The In-IgM activity in blood at 4 hr postinjection
was 27% which decreased to 2% by 36 hr. In contrast, the In-igG
blood activity was 40% at 4 hr and 20% at 36 hr. The infectior/
muscle (VM) ratios are higher with In-IgM at all time points postin-
jection compared to that of In-IgG. At 24 hr, the /M ratio was 22
compared to 9 with In-IgG. At the same time point, the infection/
blood (I/B) ratio with In-IgM was 2.7 compared to only 0.8 with that
of In-IgG. In-IgM was taken up mostly by the liver compared to
diffuse abdominal uptake of IgG. Conclusion: These results indicate
that In-IgM produces higher lesion to background ratio when com-
pared to In-IgG and, therefore, is potentially useful to image infection
in patients.
Key Words: IigM; indium-111; infection imaging; LiLo; 16.88; human
monoclonal antibody
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r]]m most commonly used radiotracers for imaging occult
. . . . 67 . . Il'

infection in patients are °'Ga-citrate and radiolabeled ("' 'In or
9™Tc) leukocytes (/,2). Although these agents have been
shown to be efficacious, several new tracers are being evaluated
as potential infection imaging agents. Radiolabeled human
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polyclonal IgG and liposomes labeled with '''In or *™Tc have
shown potential diagnostic use in experimental infection mod-
els (2-6). In addition, several radiolabeled chemotactic peptides
also are being evaluated as radiotracers for infection imaging
studies (7-9). Due to slow blood clearance of labeled IgG, the
target/background and target/blood ratios are suboptimal and
delayed imaging at 24 and 48 hr are essential for good quality
images. On the other hand, the labeled peptides clear very
rapidly from circulation, but the absolute uptake at the site of
infection is very low. The mechanism(s) of localization of
radiolabeled proteins appears to be nonspecific and the local-
ization is due mostly to increased capillary permeability and
extravascular leakage (/-4).

We have developed a human monoclonal antibody belonging to
IgM class, designated as IgM 16.88 which can be radiolabeled
with '"'In using the bifunctional chelating agent LiLo, 1,3-
bis[N-N(2-aminoethyl)— 2-aminoethyl] — 2-aminoacetamido] —
2-(4-isothiocyanatobenzyl)propane-N,N,N’,N’’ N’’’ /N'""’,
N'"""" N'""""-octaacetic acid. We have reported previously that
this agent has very high in vitro and in vivo stability (/0,11).
Preliminary immunohistopathological studies have shown that
the LiLo-IgM 16.88 conjugate binds almost exclusively to the
dead white blood cells (granulocytes and lymphocytes) while
binding to live cells (and red blood cells) was minimal. In a
preliminary study, we also observed that '''In-labeled LiLo-
IgM 16.88 localizes in the site of experimental infection in rats
and that the image quality was better than with '''In-labeled
polyclonal and monoclonal IgG preparations (/2,13). In order
to assess the potential diagnostic use of '''In-LiLo-IgM 16.88
as a tracer to image occult infection, we compared the kinetics
of distribution and infection uptake of '''In-LiLo-IgM 16.88
with that of '''In-LiLo-polyclonal human IgG preparation in
rats and rabbits with focal infection (/4). The results presented
here clearly demonstrate that the infection/muscle and infec-
tion/blood ratios with In-IgM are significantly higher than with
In-IgG.

1054  THe JOurNAL OF NucLEAR MEDICINE » Vol. 38 « No. 7 « July 1997



