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Abstract

T-lymphocytes transduced with the conditionally toxic herpesvirus thymidine kinase gene (HSV-1 TK) are
increasingly becoming important tools in genetic therapy approaches for treating viral infections and cancers.
Therefore, the effects of different antiviral nucleoside drugs on the growth inhibition of parental and HSV-1
TK-transduced human T-lymphocyte cell lines (H9 and CEM TK−) were examined. As expected, both transduced
cell lines were most sensitive to growth inhibition by ganciclovir (GCV). While the presence of HSV-1 TK did not
potentiate 3%-azido-2%,3%-dideoxythymidine (AZT) growth inhibition of H9 cells containing cellular TK; transduction
of HSV-1 TK into the cellular TK-deficient CEM cells (CEM TK−) restored sensitivity to AZT. In both transduced
cell lines, an HSV-1 TK-dependent growth inhibition with 2%,3%-didehydro-2%,3%-dideoxythymidine (d4T) was observed
and a Km of 143 mM for d4T and HSV-1 TK was determined. Metabolic labeling analysis showed that drug
metabolism correlated with the observed effects on cell growth. The effects of HIV-1 replication in the CEM TK−

cell lines in the presence of AZT or d4T was evaluated. CEM TK− cells are largely resistant to AZT or d4T
inhibition of HIV-1 replication, however, transduction of HSV-1 TK into the CEM TK− cells completely restored
AZT and d4T inhibition of HIV-1 replication. These studies confirm the requirement for a thymidine kinase activity
for the anti-HIV activities of d4T and suggest that AZT, but not d4T, could be potentially administered to patients
receiving HSV-1 TK-transduced lymphocytes. © 1997 Elsevier Science B.V.
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1. Introduction

Viral vectors containing herpes simplex virus
type 1 thymidine kinases (HSV-1 TK) with co-ad-
ministration of ganciclovir (GCV) are currently
being evaluated in clinical gene therapy trials in-
volving T-cell replacement therapies (Munshi et
al., 1997; Bordignon and Bonini, 1995; Riddell et
al., 1992) and for the treatment of many types of
cancers (reviewed in Tiberghien, 1994; Culver and
Blaese, 1994). A similar approach has also been
used to inhibit HIV-1 replication in CD4+

lymphoid cells by introducing an HIV-inducible
HSV-1 TK gene, representing a potential ablative
approach for treating HIV (Brady et al., 1994;
Caruso and Klatzmann, 1992; Venkatesh et al.,
1990). Another proposed approach is to incorpo-
rate HSV-1 TK into loss-of-function, live-attentu-
ated HIV-1 to use as a safer HIV-1 vaccine for
protective immunization (Smith et al., 1996). The
rationale for these approaches is based on the
ability of HSV-1 TK to selectively phosphorylate
GCV to its monophosphate with subsequent for-
mation of GCV-triphosphate by cellular kinases
(Moolten, 1986; Tiberghien, 1994). As a result,
only cells expressing HSV-1 TK will metabolize
GCV to its toxic triphosphate metabolite for in-
corporation into DNA and inhibition of cell repli-
cation.

Because of the many current and future poten-
tial clinical uses of HSV-1 TK-transduced T-cells,
antiviral drug sensitivities in parental and HSV-1
TK-transduced human T-lymphocyte cell lines
were examined. Growth inhibition comparisons
between TK-transduced and control T-
lymphocyte cell lines were carried out with the
drugs GCV, acyclovir (ACV), 3%-azido-2%,3%-
dideoxythymidine (AZT), 2%,3%-didehydro-2%,3%-
dideoxythymidine (d4T), 2%,3%-dideoxycytidine
(ddC) and hydroxyurea (HU). Additionally, the
effect of HSV-TK-transduction on HIV replica-
tion in the presence of d4T or AZT was investi-
gated. Our investigation showed that transduction
of the CEM TK− cells with HSV-1 TK allows
recovery of AZT and d4T metabolism, including
inhibition of HIV-1 replication with implications
for AZT and d4T therapy in patients receiving
HSV-TK-transduced cells.

2. Materials and methods

2.1. Reagents and cell lines

Media, serum and supplemental reagents were
obtained from Gibco-BRL. ddC, AZT, HU and
d4T were from Sigma; clinical grade GCV (Syn-
thex) and ACV (Glaxo Wellcome) were purchased
from the UAMS hospital pharmacy. All radiola-
beled nucleosides were purchased from Moravek.
H9 cells were purchased from ATCC and were
mycoplasma free. The parental CEM T-
lymphocyte cell lines and HIV-1 strain were ob-
tained from the NIH AIDS Resource and
Reference Reagent Program, Division of AIDS,
NIAID, NIH: CEM TK− cells from Dr Dennis
A. Carson; CEM SS cells from Dr Peter Nara; H9
cells and HIV-1 strain IIIB from Dr Robert
Gallo.

2.2. Transduction and selection of T-lymphocyte
cell lines

H9 cells were transduced with a retroviral vec-
tor, G1Tk1SvNa.7 (Genetic Therapy) containing
HSV-1 TK as previously described (Munshi et al.,
1997). The H9-TK+ cells described in this report
were initially selected with G418 (800 mg/ml) for 2
weeks. Pools of HSV-1 TK expressing cells were
further selected by plating 1000 cells/well in 24-
well plates. After 2 days, duplicate cultures were
prepared into another 24-well plate containing
150 mM GCV. After 4 days, cell pools with
growth inhibition of 80% or greater were iden-
tified. This process was repeated four times using
decreasing GCV concentrations (100, 50, 25 and 5
mM, respectively) until the final H9-TK+ cell
pool utilized in this report was isolated. CEM
TK− cells were similarly transduced and selected,
but only enriched through the 25 mM GCV step.
Prior to the transduction and cell studies, the
CEM TK− cells were grown in the presence of
100 mM 5-bromo-deoxyuridine for 2 weeks and
for 2 weeks in the presence of 100 mM AZT.
These cells were cultured for at least 2 weeks in
the absence of either drug prior to growth inhibi-
tion and HIV-1 experiments. In addition to evalu-
ating sensitivity to GCV, the expression of HSV-1
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TK or neo in these cell lines was confirmed by
Western blot analysis using a rabbit anti-HSV-1
TK antibody and/or by PCR amplification of
genomic DNA (Munshi et al., 1997). The expres-
sion of CD4 in the drug selected CEM TK−/TK+

cell line (99% expression) was confirmed by flow
cytometry analysis and compared with the parental
CEM TK− cells (97% expression). There was also
no significant difference in growth rates between
parental and transduced cell lines.

2.3. HSV-1 thymidine kinase assays

HSV-1 TK was expressed in E. coli and purified
by DEAE-cellulose chromatography as previously
described (Rechtin et al., 1995). For Km determina-
tion, a filter binding assay for HSV-1 TK was used
as previously described (Rechtin et al., 1995) with
the following reaction conditions: 1.5 mg HSV-1
TK partially purified by DEAE-cellulose, 40 mM
sodium phosphate, 1 mM ATP, 5 mM MgCl2, 40
mM KCl and varying concentrations (10–200 mM)
of [3H]d4T were incubated for 15 min at 37°C.

2.4. Growth inhibition and drug remo6al assays

All cell lines were grown in RPMI 1640 supple-
mented with 10% fetal bovine serum, 50 units/ml
penicillin, 50 mg/ml streptomycin and 2 mM glu-
tamine (all from Gibco-BRL). A standard growth
inhibition assay consisted of 1.5×105 cells in 5 ml
media with or without the indicated drug concen-
tration. After 5 days, total cell numbers were
determined using a Coulter cell counter or trypan
blue exclusion assay. For drug removal assays after
1 or 3 days incubation, cells were transfered to a
15 ml tube, 4 ml of media was added to each flask,
this media was pooled with the removed cells and
the cells were pelleted by centrifugation. Superna-
tant was aspirated and the cell pellets were rinsed
with 5 ml fresh media. Following centrifugation,
the cells were resuspended in 5 ml fresh media and
cultured for a cumulative total of 5 days.

2.5. Metabolic labeling

For GCV, 5 mCi of [8-3H]GCV (17.6 Ci/mmol;
18 mM final) was added to 1×106 cells and

incubated for 24 h. Cells were pelleted, rinsed
three times with phosphate buffered saline and
extracted in 1 ml ice-cold 70% methanol. Ex-
tracts were concentrated to 10 m l and aliquots
were separated on PEI-cellulose thin layer chro-
matography plates developed in 1 M LiCl. For
AZT and d4T, 6 mCi of [3H]AZT (18.9 Ci/mmol;
30 mM final) or 6 mCi [methyl-3H]d4T (26.5 Ci/
mmol; 30 mM final) were used. Nucleotide ex-
tracts were separated on PEI-cellulose thin layer
chromatography plates developed in 0.5 M LiCl.
Each resulting lane was excised and divided into
1 cm fractions for scintillation counting. For
analysis of the products of HSV-1 TK incuba-
tion with [3H]d4T, an FPLC-purified HSV-1 TK
preparation was used as previously described
(Rechtin et al., 1995). Products were separated
and quantitated by the thin layer chromatogra-
phy system described above.

2.6. Inhibition of HIV-1 replication

For each CEM cell line tested, cells (5×105)
were infected with 18 ng (p24 equivalents) of
HIV-1 strain IIIB and grown as described
above. On days 2 and 5 post-infection, cells
were pelleted by centrifugation; fresh media and
drug were added. On day 8, HIV-1 reverse tran-
scriptase assays were done on culture superna-
tant using a filter binding assay, [a-35S]TTP and
poly-A/poly-dT as previously described (Dubay
et al., 1992). For quantitation of HIV-1 p24
antigen, an HIV-1 p24-antigen plate (Coulter)
was used per manufacturers instructions. Syn-
cytium formation after 8 days of infection was
quantitated as the number of syncytia per 10 000
cells.

3. Results

3.1. Growth inhibition of parental and HSV-1
TK-transduced T-lymphocyte cell lines by
nucleoside drugs

The human T-lymphocyte cell line, H9, was
transduced with HSV1-TK gene by the retroviral
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vector G1Tk1SvNa.7 and H9-TK+ cells were
selected as described in Section 2 (for this re-
port, TK+ refers to any cell transduced with
HSV-1 TK). The antiviral nucleoside drugs
GCV, ACV, AZT, d4T and ddC were added in
a range of concentrations to parental and HSV-
1 TK-transduced H9 cells and total cell numbers
were determined after a 5 day exposure. Drug
concentrations required to inhibit H9 control
and H9-TK+ cell growth by 50% (CD50) are
presented in Table 1. Of the drugs tested, GCV,
ACV and d4T displayed greater growth inhibi-
tion of the H9-TK+ cells compared to control
cells. Although the difference in determined
CD50 for d4T inhibition in both cell lines was
not that large, statistical analysis of the different
concentrations tested resulted in a PB0.05. The
H9-TK+ cells were most sensitive to growth in-
hibition by GCV (CD50 0.1 mM), while the next
most effective nucleoside inhibitors (ACV) re-
quired over 300-fold higher concentrations to
achieve the same effect. HSV-1 TK transduction
did not affect the growth inhibitory action of
AZT and ddC (CD50 was similar in H9 and
H9-TK+ cells). Similar experiments were per-
formed with the ribonucleotide reductase in-
hibitor, hydroxyurea (HU), to screen for any
metabolic differences in nucleotide metabolism
which could have resulted from the transduction
and selection of the H9-TK+ cell line. Parental

Fig. 1. Time and drug removal effects on growth inhibition by
nucleoside drugs. H9-TK+ cells were grown for 1, 3 or 5 days
in the presence of the following four drugs at the indicated
concentrations: 40 mM d4T; 40 mM AZT; 30 mM ACV; GCV
10 mM. Cell numbers were determined after 5 days using a
Coulter counter. Numbers are normalized to minus drug con-
trol cultures and are representative of at least triplicate deter-
minations.

and H9-TK+ cells were both equally sensitive to
growth inhibition by HU (Table 1).

3.2. Effect of drug exposure time on growth
inhibition

Previous studies have shown that only 1 day
GCV exposure is sufficient to kill HSV-1 TK-
transduced cells in 5 days (Munshi et al., 1997).
To examine the relative rates of metabolism and
effectiveness of various other antiviral agents,
another series of experiments were undertaken in
which H9-TK+ cells were exposed to GCV,
ACV, AZT and d4T for 1, 3 or 5 days. The
resulting growth inhibition was determined after
5 days as shown in Fig. 1. Only one day of
treatment with GCV at 10 mM, was necessary to
achieve cell death analogous to 5 days’ treat-
ment. For d4T (40 mM) and ACV (30 mM),
little effect was observed after 1 day of treat-
ment, while 3 days of treatment was essentially
the same as 5 days. Only in AZT (40 mM)
treated cells was there a correlation between
treatment duration and growth inhibition.

Table 1
Growth inhibition by nucleoside drugs in parental and TK-
transduced H9 cells

CD50 (mM)aCompound

H9 H9-TK+

GCV 7593 0.190.01
3590.9AZT 4092

\500 3292ACV
125913 9096d4T

23911590.6ddC
Hydroxyurea 0.390.030.390.03

a CD50, concentration of drug required to inhibit cell growth
by 50%. Data are representative of at least three determina-
tions.
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Fig. 2. Comparative inhibition of CEM cell line growth with AZT and d4T. CEM TK−, CEM TK−/TK+ and CEM SS cells were
grown for 5 days in the presence of (A) AZT or (B) d4T at the indicated concentrations. Cell numbers were determined using a
Coulter counter and are representative of at least triplicate determinations.

3.3. 2 %,3 %-didehydro-2 %,3 %-dideoxythymidine (d4T)
as a substrate for HSV-1 TK

These growth inhibition results suggested that
d4T was a substrate for HSV-1 TK, a finding not
previously reported. To verify this enzymatically,
[3H]d4T and ATP were incubated with purified
HSV-1 TK for 30 min in vitro. The separation of
products by thin layer chromatography revealed
complete conversion of [3H]d4T to [3H]d4TMP.
No detectable diphosphate was formed via HSV-1
TK’s thymidylate kinase activity. Using a filter-
binding assay for HSV-1 TK (Rechtin et al.,
1995), the Km for d4T was determined to be 143
mM with a Vmax of 7.1 nmol/min per mg. A
similar Km for d4T of 138 mM had been previ-
ously determined for a cellular thymidine kinase
purified from H9 cells (Marongiu et al., 1990).

3.4. Growth inhibition in transduced and
non-transduced CEM TK− cell lines

To better define the contribution of HSV-1 TK
and cellular TK for metabolism of d4T and AZT,
CEM TK− a T-lymphocyte cell line lacking a
cellular TK activity was transduced with

G1Tk1SvNa.7 retrovirus, selected in G418 and
enriched for GCV sensitivity as described for the
H9 cells. The resulting CEM TK−/TK+ cell line
had an IC50 of 25 mM for GCV. Another CEM
cell line, CEM-SS which has a functional cellular
TK, was used as an additional control. As shown
in Fig. 2, the effects of increasing concentrations
of AZT and d4T were determined in the CEM
TK−, CEM TK−/TK+ and CEM SS cell lines.
Whereas AZT had little growth inhibitory effect
on the CEM TK− cells, AZT-induced growth
inhibition was restored in the HSV-1 TK-trans-
duced CEM TK−/TK+ cells to a level similar to
the CEM SS cells. The growth inhibitory effect of
d4T was diminished in the CEM TK− cells, but
potentiated approximately two-fold in the CEM
TK−/TK+ and CEM SS cells.

3.5. Metabolic labeling with radiolabeled GCV,
d4T and AZT

Metabolic labeling was done with [3H]GCV,
[3H]d4T or [3H]AZT in the two H9 and three
CEM cell lines. The primary metabolites detected
for AZT and d4T were the nucleotide monophos-
phates of each drug, while both [3H]GCVMP and
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Table 2
Levels of drug metabolites after metabolic labeling with [3H]GCV, [3H]d4T or [3H]AZT

[3H]GCVTP [3H]d4TMPCell line [3H]GCVMP [3H]AZTMP

3.31.52.2 186H9
11 224H9-TK+ 15 38

1.1 56CEM TK− 3.7 2.0
9545 11817CEM TK−/TK+

5.8 1.8 135 130CEM SS

Values expressed as pmol/106 cells. Data are the mean of two to four independent experiments.

[3H]GCVTP were detected for GCV labeling (see
Table 2). Both [3H]GCVMP and [3H]GCVTP
were found predominantly in the HSV-TK-trans-
duced cell lines. Interestingly, [3H]AZT labeling
led to only minor increases in [3H]AZT-5%-
monophosphate (AZTMP) levels in the H9-TK+

cells compared to parental H9 cells. As predicted
from the growth inhibition curves, only trace
AZT metabolites were detected in the CEM TK−

cells, while the CEM TK−/TK+ cells had
markedly increased levels of AZTMP levels that
were comparable to the CEM SS cells. For
[3H]d4T, two to three fold increases in
[3H]d4TMP levels have been consistently observed
in the H9-TK+ cells as compared to parental H9
cells. However, unlike the observation for AZT
metabolites, significant [3H]d4TMP levels were
observed in the CEM TK− cells. A 1.8-fold
higher level of [3H]d4TMP was detected in the
CEM TK−/TK+ cells compared with CEM
TK− cells.

3.6. HIV−1 replication in CEM TK− cells
transduced with HSV-1 TK

The effects on inhibition of HIV-1 replication
by AZT and d4T were determined in the three
CEM cell lines at concentrations ranging from
0.01 to 25 mM. As shown in Fig. 3, inhibition of
HIV-1 replication by AZT was restored in the
CEM TK−/TK+ cells compared to the CEM
TK− cells as assayed by inhibition of reverse
transcriptase activity (Dubay et al., 1992). A 100-
fold increase in d4T inhibition of HIV-1 replica-
tion in the CEM TK−/TK+ cells versus CEM
TK− cells was detected. A previous study had
determined EC50 values for AZT and d4T inhibi-

tion of HIV−1 replication in CEM cells to be
0.01 and 0.05 mM, respectively (Sergheraert et al.,
1993), values consistent with those observed in the
CEM TK−/TK+ and CEM SS cells. Analysis of
HIV-1 p24 antigen levels in these cultures gave
similar results and a corresponding decrease in
syncytium formation was observed in CEM TK−

/TK+ and CEM SS cells treated with AZT and
d4T (data not shown). As the HSV-TK+ cells
lines were selected for GCV sensitivity to growth
inhibition, inhibition of HIV replication by GCV
was not evaluated due to the inability to differen-
tiate GCV-mediated cytotoxicity from any effects
of HIV-1 infection. To summarize, the expression
of HSV-1 TK in the CEM TK− cells completely
restored AZT and d4T inhibition of HIV-1 repli-
cation.

4. Discussion

In this report, we have evaluated the effects of
different antiviral drugs on growth inhibition and
HIV-1 replication in several HSV-1 TK-trans-
duced T-lymphocyte cell lines. Previous studies
have shown that ACV is effectively inhibits HIV
replication in T-lymphocyte cell lines transduced
with HIV-inducible HSV-1 TK (Venkatesh et al.,
1990; Caruso and Klatzmann, 1992). AZT has
been reported previously by other investigators to
be an effective substrate for HSV-1 TK (Munir et
al., 1993; Mao et al., 1995). However, a study by
Lowy et al. investigated the effects of AZT and
ACV on HIV replication in cellular TK-deficient
Jurkat cells transduced with HSV-1 TK (Lowy et
al., 1994) and showed AZT to have no effect on
HIV-replication, although ACV was effective. The
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lack of an AZT effect in the HSV-1 TK-trans-
duced cells in that study was attributed to AZT
not being a substrate for HSV-1 TK and no
metabolic labeling data was presented. The
metabolic differences between the Jurkat cell stud-
ies and the CEM cell lines reported here are not

clear. However, the metabolic labeling data pre-
sented in Table 2 clearly demonstrate effective
metabolism of AZT by the CEM TK−/TK+ cells
compared to CEM TK− cells. AZT inhibition of
HIV-1 replication was completely restored in
CEMTK−/TK+ cells (Fig. 3).

It has been demonstrated previously that
AZTMP accumulates in H9 cells due to the low
affinity of cellular thymidylate kinase for AZTMP
(Furman et al., 1986). In studies comparing the
toxicity of AZT in CEM cells and cellular TK-de-
pleted CEM cells, decreased levels of AZTMP
accumulation were found to be correlated with
decreased cell death (Tornevik et al., 1995). Our
results are consistent with these studies, but also
demonstrate that HSV-1 TK can restore AZT
metabolism in CEM TK− cells. Interestingly,
there appears to be a maximal sustainable level of
AZTMP in the other cell lines (H9, H9-TK+ and
CEM SS). In the H9-TK+ cells after AZT addi-
tion, there was not a significant additive increase
in AZTMP levels and no effect on the inhibition
of cell growth was observed compared to the
parental H9 cells. Identification of the cellular
components that maintain this AZTMP maxima
may be useful in the ongoing evaluation of mech-
anisms that control AZT toxicity.

A distinct concentration dependent inhibition
of cell growth in the HSV-TK+ cell lines was
observed at d4T concentrations below 0.1 mM
(Table 1 and Fig. 2) and higher levels of
[3H]d4TMP were present in these cells compared
to non-TK-transduced cells (Table 2). Unlike
AZT, which is clearly metabolized by the cellular
thymidine kinase (TK1) (Furman et al., 1986;
Tornevik et al., 1995), there are conflicting studies
for the role of this enzyme in d4T metabolism.
One study determined a Km of 138 mM for
purified H9 TK1 (Marongiu et al., 1990) another
reported a Km of 142 mM for an enzyme from
MT-4 cell extracts which was likely distinct from
TK1 (Balzarini et al., 1989), while other studies
reported no metabolism of d4T by thymidine
kinase purified from human leukemic spleen
(Munch-Petersen et al., 1991). In our study, the
growth inhibition caused by d4T was clearly po-
tentiated by the presence of HSV-1 TK, yet it also

Fig. 3. Inhibition of HIV-1 replication by AZT and d4T in the
CEM cell lines. CEM TK−, CEM TK−/TK+ and CEM SS
cells were infected with HIV-1 IIIB in the absence or presence
of AZT (A) or d4T (B) at the indicated concentrations as
described in Section 2. After 8 days, reverse transcriptase
assays (Dubay et al., 1992) were carried out on cell free
supernatants and results are plotted as percent of detected
HIV-RT activity relative to activities in control cultures
(100%) without any drug.
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caused inhibition of cell growth and HIV-1
replication in the CEM TK− cells. Combined
with the d4T metabolite profiles in Table 2,
these results suggest that cellular TK1 will me-
tabolize d4T, but there are alternative metabolic
enzymes that will phosphorylate d4T in these
cell lines. However, cellular TK1 does appears to
be the primary enzyme for the most efficient
d4T metabolism in the cell lines tested. Thus,
this combination of cell lines will make an excel-
lent system for more detailed analyses of the
effects of AZT and d4T on dNTP pool sizes,
drug/thymidine triphosphate ratios and mecha-
nisms of cellular toxicity.

An initial evaluation of potential drug interac-
tions with several human T-lymphocyte cell lines
transduced with HSV-1 TK have been presented.
As the clinical use of primary patient T-
lymphocytes transduced with HSV-TK increases,
it is likely that different populations of patients
will require concurrent antiviral or anti-cancer
therapies via T-lymphocyte infusions. In the H9
and CEM T-lymphocyte cell lines tested, it is
clear that GCV possesses the requisite low cy-
toxicity and potent inhibitory properties for ef-
fective HSV-1 TK gene therapy. For ACV,
HSV-1 TK dependence was observed, but at
much higher concentrations and longer treat-
ment durations, which is consistent with previ-
ous reports (Balzarini et al., 1993; Kuriyama et
al., 1996). For d4T, the Km of 143 mM for
HSV-1 TK is much higher than the nanomolar
levels of drug required to inhibit HIV replication
in most cell lines, yet HSV-1 TK still proved
effective at restoring d4T inhibition of HIV-1
replication in the CEM TK−/TK+ cell line.
Based on previous results (Lowy et al., 1994)
and those reported here, it seems plausible that
primary HSV-1 TK-transduced lymphocytes
could still be used in HIV-1 infected patients
receiving ddC or AZT. However, we hypothesize
this would not be the case for d4T due to the
potentiated increase in metabolism and cell
death in the HSV-TK cells. Similar drug studies
using primary, HSV-1 TK-transduced human T-
lymphocytes (Munshi et al., 1997) are currently
in progress.
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