Z3 | Antiviral
Research

www.elsevier.com/locate/antiviral

Antiviral Research 53 (2002) 143-152
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inhibitors of HIV-1 replication in T-lymphoid cells
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Abstract

The biological evaluation of mononucleotide prodrugs (pronucleotides) of various nucleoside reverse transcriptase
inhibitors (NRTIs) such as zidovudine (AZT), zalcitabine (ddC) and lamivudine (3TC) was reported in human
T-lymphoid MOLT-4/8 cells which were grown continuously for more than 1 year in a medium containing cytarabine
(Ara-C). In this cell line, expression of deoxycytidine kinase (dCK) and thymidine kinase 1 (TK1) was decreased in
comparison to parental cells (3.8 and 2.9-fold, respectively). The lower mRNA level of TK1 correlated significantly
with lower enzyme activity, whereas no dCK activity was detectable. In Ara-C-resistant cells, anti-HIV-1 effects of
ddC, 3TC and AZT were more than 100-fold lower compared with parental cells. In contrast, the corresponding
mononucleoside phosphotriesters bearing S-acyl-2-thioethyl (SATE) groups as biolabile phosphate protection re-
tained anti-HIV-1 activity due to their ability to bypass the first monophosphorylation step catalyzed by dCK or
TK1. The results demonstrate that in vitro selection of T-lymphoid cells in the presence of Ara-C results in
cross-resistance to deoxycytidine (ddC, 3TC) and thymidine (AZT) analogs and that these cellular resistance
mechanisms can be bypassed by the use of bis(SATE) pronucleotides. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

A common problem in the treatment of HIV-1
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hibitors (NNRTIs) and protease inhibitors (Pls)
(German and Austrian Guidelines, 2000) is the
failure of a drug regimen after a period of success
(Hammer et al., 1997, Martinez-Picado et al.,
2000). It has been shown that in many cases this
is due to virus-drug resistance, which means that
HIV-1 virus mutants evolve rapidly and become
resistant to drugs (Larder et al., 1989). Different
other factors, such as poor tolerability, difficulties
with compliance and persistent virus in sanctuary
sites as well as development of cellular (pharma-
cological) resistance towards NRTIs and Pls may
also influence therapy success (Back, 1999). In
general, cellular resistance mechanisms account
for an insufficient intracellular concentration of
the active form of drugs, which results in lack of
antiretroviral activity (Groschel et al., 1997).

Since NRTIs belong to the class of 2',3'-
dideoxynucleosides, the efficiency of these sub-
stances strongly depends on their intracellular
conversion to the corresponding 5'-triphosphate
form catalyzed by cellular enzymes (Furman et
al., 1986). In their triphosphate form the com-
pounds are potent terminators of the growing
viral nucleic acid. Most cellular enzymes which
catalyze phosphorylation of deoxynucleosides are
cell type-specific and cell cycle-dependent (Gao et
al., 1994) and represent limiting factors for the
effective conversion of the compounds (Lavie et
al., 1997). It has been previously reported that
continuous treatment of cell lines with nucleoside
analogs results in lower expression and activity of
enzymes responsible for activation of the respec-
tive substance (Cinatl et al., 1993, 1997; Groschel
et al., 1999a,b; Dianzani et al., 1994; Antonelli et
al., 1996; Wu et al., 1995; Brandi et al., 1997;
Agarwal et al., 1999).

To overcome these cellular resistance mecha-
nisms, phosphorylated prodrugs (pronucleotides)
were designed (Périgaud et al., 2000; Parang et al.,
2000; Kukhanova et al., 2000). In this respect,
mononucleoside phosphotriester derivatives bear-
ing S-acyl-2-thioethyl (SATE) groups as transient
phosphate protections were able to deliver the
corresponding 5’-mononucleotide inside the cell
through an esterase-mediated activation process
(Périgaud et al., 1993; Lefebvre et al., 1995; Péri-
gaud et al., 1997). On the basis of AZT as nu-

cleoside model, it has also been demonstrated that
the SATE pro-moieties, as well as their degrada-
tion products, did not induce additional cellular
toxicity (Périgaud et al., 1996). Furthermore, in
AZT-resistant MOLT-4/8 cells the phosphotri-
ester derivative of AZT which incorporates the
S-pivaloyl-2-thioethyl (tBuSATE) group showed
comparable cytotoxic and antiretroviral activity
as in parental cells (Cinatl et al., 1997). The effect
of bypassing the first monophosphorylation step
in a MOLT-4/8'ddC?° dCK deficient cell line has
also been demonstrated for ddC- and 3TC-bis(-
SATE) pronucleotides (Groschel et al., 1999a).

In the present study, we tested the in vitro
cytotoxic and anti-HIV-1 effects of bis(SATE)
phosphotriesters of different NRTIs in MOLT-4/8
T-lymphoid cells selected for Ara-C resistance.
Resistance mechanisms induced by continuous
Ara-C treatment were elucidated by measurement
of gene expression rate and activity of nucleoside
kinases, such as dCK and TK1 responsible for
phosphorylation of deoxycytidine and thymidine
analogs to their corresponding monophosphate
form.

2. Material and methods
2.1. Selection of Ara-C-resistant cell line

Ara-C-resistant cell line was established by con-
tinuous cultivation of MOLT-4/8 cells in Iscove’s
modified Dulbecco’s medium supplemented with
10% fetal calf serum (FCS) containing increasing
concentrations of Ara-C. Resistant cells, which
have grown for more than 1 year in medium
containing Ara-C at a concentration of 250 pM
(MOLT4/8"Ara-C*°), were used in the
experiments.

2.2. Chemotherapeutic agents

Ara-C, ddC, 3TC, AZT, and didanosine (ddI)
were obtained from Sigma (Deisenhofen, Ger-
many). The synthesis of bis(SATE) phosphotri-
ester derivatives of Ara-C [bis(tBuSATE)Ara-C-
MP], AZT [bis(tBuSATE)AZT-MP], ddC [bis(-
MeSATE)ddC-MP] and 3TC [bis(tBuSATE)3TC-
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MP] were carried out according to general proce-
dure already published (Lefebvre et al., 1995; Fig.
1). These compounds were found to be pure by
rigorous high performance liquid chromatography
(HPLC) analysis, high-field multinuclear magnetic
resonance (NMR) spectroscopy, quantitative ul-
traviolet (UV) spectra, mass spectroscopy and
elemental analysis. The drugs were dissolved in
dimethylsulfoxide at an initial concentration of 10
mM.

2.3. Virus

Virus stock of HIV-1 laboratory strain HTLV-
Il was obtained from the AIDS Reagent Pro-
ject, National Institute for Biological Standards
and Control (Hertfordshire, UK). Cell culture
infective dose (CCIDs,) of virus stock was
quantified by endpoint dilution and was deter-
mined by the method of Reed and Muench
(1938).

2.4. Determination of cytotoxicity

Cytotoxic effects of different nucleoside analogs
and bis(SATE) phosphotriesters in parental
MOLT-4/8 cells and the Ara-C resistant cell line
MOLT-4/8"Ara-C>** were determined by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as described previously (Ci-
natl et al., 1997). Cells were suspended in cell
culture medium at a density of 10° cells per ml.
Afterwards, cell suspension was brought into each
well of 96-well microtiter plates and was incu-

SATE

R = CH3, S-acetyl-2-thioethyl, MeSATE
R = (CH3)3C, S-pivaloyl-2-thioethyl, tBuSATE
Fig. 1. General structure of a bis(SATE) pronucleotide illus-

trated on the basis of the dideoxycytidine as nucleoside
analog.

bated with medium containing various concentra-
tions of the test compounds or medium without
drug. Six days later MTT solution was added to
each well and absorbance (Agy,690) Of the solution
was determined by photometry.

2.5. Antiretroviral assay

Antiretroviral activity of different NRTIs was
determined by the reduction of HIV-1 p24 antigen
in cell culture supernatant using an enzyme linked
immunosorbent assay (ELISA) test system (HIV-
1 Ag Monoclonal; ABBOTT, Delkenheim, Ger-
many). Briefly, cells were infected with the
HTLV-IIlx strain at a multiplicity of 0.1 CCIDy,
per cell and incubated without or with different
concentrations of the drugs for 6 days. HIV-1 p24
antigen in infected cultures was quantitatively de-
termined according to the manufacturer’s
instructions.

EC,, values were calculated using the method
of Chou and Talalay (1984), the ECs, being the
concentration reducing the amount of HIV-1 p24
antigen in the cell culture supernatant by 50%.

2.6. Determination of nucleoside kinase gene
expression by RT-PCR

Total cellular RNA was extracted using Tri-
zol™ (GibcoBRL, Eggenstein, Germany) accord-
ing to the Manufacturer’s instructions and
quantified photometrically. cDNA was synthe-
sized using the GeneAmp RNA-PCR kit (Perkin
Elmer, Langen, Germany). Briefly, 1 ug of total
cellular RNA per 20 pl reaction volume using 2.5
mM random hexamers, 1 mM each dNTP, 2.5
U/ul MuLV Reverse Transcriptase, 1 Ujul
RNAse inhibitor in a buffer containing 50 mM
KCl, 5 mM MgCl,, 10 mM Tris—HCL pH 8.3
were used. PCR was carried out with an amount
of cDNA according to 500 ng total RNA in a
total volume of 50 pl. PCR buffer was added to
the cDNA to reach a final concentration in the
PCR-mix of 50 mM KCI, 2 mM MgCl, 10 mM
Tris—HCI, 0.2 mM each dNTP, 25 pM each
primer and 1 U Amplitaq Polymerase. For the
amplification of a region out of the dCK, TKI,
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Table 1
Primer sequences of dCK, TKI1, TMPK, NDK, RR and
GAPDH mRNA

Name Sequence PCR product
(bp)

dCK1 5'-AGGTCAGGATCTGGCT
TAGC-3'

dCK2 5-ATCTGGAACCATTTGG 926
CTGC-3'

TK1-1 5'-CAGGATCCTCGGGTTC
GTGAAC-3*

TK1-2 5'-TAGAATTCGGCCCTTG 765
CAGGTC-3*

TMPK1 5'-GTCTGTTCCTCCAGTTA
CAGCT-3

TMPK2 5'-CAGCCTGCAGATCTCT 393
GCTG-3'

NDKI1 5'-ATGCAGTGCGGCCTGG
TGGG-3'

NDK2 5'-GACCCAGTCATGAGCA 405
CAAGAC-¥

RR1 5'-ATGTGATCAAGCGAGA
TGGC-3',

RR2 5'-GTCAGGGTGCTTAGTA 219
GTCA-3¥

GAPDHI  5-TGGGGAAGGTGAAGG
TCGGA-3'

GAPDH2 5-GAAGGGGTCATTGATG 124
GCAA-3

“Wu et al. (1995).

thymidylate kinase (TMPK), nucleoside diphos-
phate kinase (NDK), ribonucleotide reductase
(RR) and glycerine-aldehyd-phosphate-dehydro-
genase (GAPDH) mRNA primers listed in Table
1 were used (Table 1). The cycling parameters
were, 25 cycles of 94 °C 30 s, 55 °C 30 s, 72 °C
30 s for amplification of nucleoside kinases and
94 °C 30 s, 60 °C 30 s for the amplification of
GAPDH mRNA. PCR products were separated
on an agarose gel by electrophoresis and density
of PCR products were quantified by the En-
hanced-Analysis-System (Herolab GmbH,
Wiesloch, Germany).

2.7. dCK and TKI activity assay

dCK and TK1 assay was performed with some
minor modifications using methods described by
Magnani et al. (1995) and Wu et al. (1995).

Briefly, cell extracts obtained from MOLT-4/8
and MOLT4/8"Ara-C>° cells were incubated at
37 °C for 30 min with different concentrations of
[PH]dCd or [*H]dThd (ranging from 0.1 to 100
uM) in a reaction buffer containing 50 mM Tris—
HCI (pH 7.5), 2 mM DTT, 6 mM ATP, 6 mM
MgCl, and 6 mM NaF for dCK assay and 50
mM Tris—HCI (pH 7.5), 2 mM DTT, 20 mM
ATP, 10 mM MgCl, and 10 mM NaF for TKI
assay. EDTA was added to stop the reaction and
50 wl of incubation mixture was transferred onto
a 25 mm DEAE paper (DE-81 paper disk; What-
man, Clifton, NJ). The disks were washed twice in
an excess of | mM ammonium formiate, pH 5.6,
in order to remove unconverted nucleosides and
transferred in vials containing 10 ml scintillation
fluid. The bounded tritium marked nucleotides
were washed off with 100 ul 0.1 N HCI/KCI and
radioactivity was counted by B-counter. Protein
concentrations in cell extracts were measured us-
ing the Bio-Rad (Richmond, CA) protein assay
with bovine serum albumin (BSA) as standard.

3. Results

3.1. Cytotoxic effects of bis(SATE)
pronucleotides in parental and Ara-C-resistant
MOLT-4/8 cells

Prolonged treatment of T-lymphoid cells with
the antitumoral agent Ara-C induced resistance of
the cells to deoxycytidine analogs such as Ara-C
and ddC (Table 2). Cytotoxic effects of both
substances, expressed as concentrations inhibiting
50% of cell growth (CCs)) were decreased in
Ara-C-resistant  cells when compared with
parental cells. Resistance index (RI, ratio of CCy,
in MOLT-4/8"Ara-C>** and MOLT-4/8 cells) of
Ara-C and ddC were 4.8 x 10* and > 42, respec-
tively. To test whether Ara-C-resistant cells were
cross-resistant to other deoxynucleoside analogs,
cytotoxicity of AZT and ddIl was tested in both
cell lines. Ara-C-resistant cells were partially
cross-resistant to the deoxythymidine analog AZT
(RI=9.7). No cross-resistance to ddI was ob-
served in Ara-C-resistant cells. Cytotoxic effects
of bis(SATE) pronucleotides of Ara-C, ddC and
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analogs and corresponding bis(SATE) pronucleotides in MOLT-4/8 and MOLT-4/8Ara-C**°cells

Drug CCso (uM)*

MOLT-4/8 MOLT-4/8"Ara-C*>° RI®
Ara-C 0.03 £+ 0.005 1434.0 £+ 267.6 4.8 x 10*
Bis(tBuSATE)Ara-C-MP 170+ 1.5 38.0+11.6 22
DdC 475+7.6 >2000 >42
Bis(MeSATE)ddC-MP 472456 65.7+13.2 14
AZT 71.5+16.5 693.5+ 1254 9.7
Bis(tBuSATE)AZT-MP 471423 113.5+16.2 24
3TC >150 >150 n.d.
Bis(tBuSATE)3TC-MP >150 >150 n.d.
ddI 1446.0 + 304.3 1957.2 +£176.5 1.4

n.d., Not determined.

# Results represent mean values + S.D. for three different experiments.

®RI (Ratio CCgy MOLT-4/8"Ara-C2%, CC5, MOLT-4/8).

Table 3

Anti-HIV-1 effects of nucleoside analogs and corresponding bis(SATE) pronucleotides in MOLT-4/8 and MOLT-4/8"Ara-C>%° cells

Drug ECso (nM)*
MOLT-4/8 MOLT-4/8"Ara-C>° RI®

AZT 0.013 +0.01 >10 >770
Bis(tBuSATE)AZT-MP 0.6 +0.02 0.47+0.2 0.8
ddc 0.17+0.1 >20 >120
Bis(MeSATE)ddC-MP 0.16 £ 0.1 0.6+0.2 3.8
3TC 0.12+0.01 >20 >170
Bis(tBuSATE)3TC-MP 0.22+0.03 0.18 +0.012 0.8
ddI 13.8+2.9 274+1.6 2

# Results represent mean values + S.D. for three different experiments.

®RI (Ratio ECs, MOLT-4/8"Ara-C2%, EC5, MOLT-4/8).

AZT were almost comparable in parental MOLT-
4/8 and MOLT-4/8"Ara-C>*° resistant cells with
RIs of 2.2, 1.4 and 2.4, respectively (Table 2). No
cytotoxicity of 3TC and bis(SATE)3TC-MP up to
a concentration of 150 M (maximum concentra-
tion tested) was detectable in parental and Ara-C-
resistant MOLT-4/8 cells (Table 2).

3.2, Anti-HIV-1 effects of nucleoside analogs and
bis(SATE) pronucleotides in parental and
Ara-C-resistant MOLT-4/8 cells

In MOLT-4/8"Ara-C>° cells infected with the
laboratory HIV-1 strain HTLV-Illz; deoxycy-
tidine analogs ddC and 3TC failed to inhibit virus

replication at the concentrations tested (20 pM).
In contrast, in parental MOLT-4/8 cells both ddC
and 3TC inhibited HIV-1 at nanomolar concen-
trations. In addition to the resistance to deoxycy-
tidine analogs, cross-resistance to the anti-HIV-1
activity of AZT in MOLT-4/8"Ara-C>* cells was
found (Table 3). Concentrations of ddC, 3TC and
AZT required to inhibit HIV-1 replication in Ara-
C-resistant cells were more than 120-, 170- and
770-fold increased, respectively, as compared with
non-resistant cells. No cross-resistance to anti-
HIV-1 activity of ddI was observed in MOLT-4/
8"Ara-C>** cells (Table 3). To show whether
resistance mechanisms may be due to the defi-
ciency of monophosphorylation process of nu-
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cleoside analogs, bis(SATE) pronucleotides of
ddC, 3TC and AZT were tested for their anti-
HIV-1 effects in MOLT-4/8"Ara-C>%° resistant
cells, compared with non-resistant parental cells
(Table 3). These phosphotriester derivatives sig-
nificantly inhibited the replication of HIV-1 in
MOLT-4/8"Ara-C>° resistant cells at concentra-
tions at which the parental nucleoside analogs
completely failed to do so. The RIs were 3.8, 0.8
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Fig. 2. (A) Specific PCR products of dCK, TK1, TMPK,
NDK, RR and GAPDH mRNA obtained from parental
MOLT-4/8 (1) and MOLT-4/8"Ara-C2* (2) resistant cells sep-
arated on an agarose gel by electrophoresis. mRNA expression
levels were similar in at least three independent experiments.
(B) mRNA expression of dCK, TK1, TMPK, NDK, RR and
GAPDH in parental MOLT-4/8 (M) and MOLT-4/8"Ara-C2>°
(O) resistant cells measured by RT-PCR. Densitometric analy-
sis of the bands was performed and ratios between GAPDH
and nucleoside kinases mRNA levels were calculated.

and 0.8 for the bis(SATE) pronucleotides of ddC,
3TC and AZT, respectively. These results demon-
strate that the SATE prodrugs are able to over-
come resistance mechanisms in MOLT-4/8"Ara-
C?° cells.

3.3. Gene expression of nucleoside kinases in
parental and Ara-C-resistant MOLT-4/8 cells

To determine resistance mechanisms in MOLT-
4/8"Ara-C>° cells continuously treated with Ara-
C, mRNA levels of different pyrimidine
metabolizing enzymes involved in conversion of
nucleosides to their respective triphosphates were
determined by RT-PCR. Fig. 2A and B, depicts
mRNA levels of dCK, TK1, TMPK, NDK, RR,
and GAPDH in parental MOLT-4/8 cells in com-
parison to MOLT-4/8"Ara-C>%° cells. RT-PCR
products were separated on an agarose gel by
electrophoresis (Fig. 2A) and densitometric analy-
sis of the bands was performed calculating the
ratio between GAPDH bands and specific PCR
products (Fig. 2B). As shown in Fig. 2A and B
GAPDH, TMPK, NDK and RR mRNA levels
were unchanged in parental MOLT-4/8 and
MOLT-4/8"Ara-C?° cells, whereas dCK and TK1
mRNA-levels were significantly decreased in Ara-
C-resistant cells (3.8- and 2.9-fold, respectively;
P < 0.05, Student’s z-test; Fig. 2A and B).

3.4. Enzyme activity of dCK and TK1 in parental
and Ara-C-resistant MOLT-4/8 cells

To study enzyme activities of dCK and TK1 in
parental and Ara-C-resistant MOLT-4/8 cells, cell
extracts of both cell lines were incubated with
*H-labeled  deoxycytidine (dCd) and de-
oxythymidine (dThd) in different concentrations.
The amounts of tritium labeled nucleoside phos-
phates were measured, and activity of both en-
zymes was calculated and expressed as pmol/mg
per h. No dCK activity in MOLT-4/8"Ara-C>>°
cells was observed, in contrast to parental cells
(Fig. 3A). Although TK1 activity was measurable
in Ara-C-resistant MOLT-4/8 cells, enzyme activ-
ity was 3-fold decreased in MOLT-4/8"Ara-C?*
cells when compared with parental cells (Fig. 3B).
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Fig. 3. Enzyme activity of dCK (A), and TK1 (B) in parental
MOLT-4/8 (M) and MOLT-4/8"Ara-C*° (A) cells expressed
as pmol/mg per h.

4. Discussion

The present study demonstrated that MOLT-4/
8 cells continuously grown in the presence of
Ara-C developed resistance to antiretroviral and
cytotoxic effects of NRTIs. Interestingly, Ara-C-
resistant cells showed resistance not only against
deoxycytidine analogs such as ddC, 3TC and Ara-
C but also cross-resistance to the thymidine
analog AZT. Our findings of cross-resistance to
pyrimidine analogs in MOLT-4/8"Ara-C*° cells
are consistent with a report from Agarwal et al.
(1999), who found that a cell line resistant to
cytotoxic effects of ddC was cross-resistant to
AZT. However, these authors did not test anti-
HIV-1 activity of nucleoside analogs in the resis-
tant cells. Our study demonstrated for the first
time, that in addition to ddC and 3TC also AZT
failed to inhibit HIV-1 replication in Ara-C-resis-
tant cells.

It has been shown that continuous treatment of
cells with antitumoral agents such as Ara-C pro-
motes resistance against Ara-C by different resis-
tance mechanisms (Chabner, 1996). dCK is the
rate-limiting enzyme for phosphorylation of de-
oxycytidine analogs such as Ara-C, ddC and 3TC
(Gao et al., 1994). It has been demonstrated that
decreased activity of dCK is the most frequent
resistance mechanism found in cells resistant to
these drugs (Drahovsky and Kreis, 1970; Agarwal
et al., 1999; Brandi et al., 1997; Groschel et al.,
1999a). The cytoplasmatic nucleoside kinase TK1
is mainly responsible for AZT conversion to the
monophosphate form (Munch-Petersen et al.,
1991; Arnér et al., 1992). Phosphorylation to the
di- and triphosphate form is catalyzed by TMPK
and NDK (Furman et al., 1986). Whereas phos-
phorylation of AZT to the monophosphate form
catalyzed by TK1 is facile and fast, the product,
AZT-MP, is a very poor substrate for the enzyme
thymidylate kinase. Therefore, the diphosphoryla-
tion of AZT-MP to AZT-DP catalyzed by TMPK
is the rate limiting step in AZT activation (Fur-
man et al., 1986; Lavie et al., 1997).

In Ara-C-resistant cells, decreased expression of
dCK and lack of dCK activity was observed.
However, lack of dCK activity correlated signifi-
cantly with the very high resistance to deoxycy-
tidine analogs such as Ara-C and ddC in
Ara-C-resistant cells. Simultaneously, TK1 activ-
ity was significantly decreased in Ara-C resistant
cells. The residual enzyme activity of TKI1 in
Ara-C-resistant MOLT-4/8 cells leads presumably
to a minimal intracellular amount of AZT-MP
which results in minor toxic effects of AZT in
Ara-C-resistant cells. Our results on complete re-
sistance to the antiviral effect of AZT in Ara-C-
resistant cells lead to the assumption that
AZTMP was not further phosphorylated to the
corresponding di- and triphosphate to a marked
extent. Although gene expression rate of TMPK
and NDK is comparable in parental and Ara-C-
resistant cells, enzyme activity or substrate affinity
of these enzymes may be modified in Ara-C-resis-
tant MOLT-4/8 cells. Future studies including the
determination of enzyme activities as well as in-
tracellular AZT metabolites are needed to clarify
this topic.



150 B. Groschel et al. / Antiviral Research 53 (2002) 143—152

In the MOLT-4/8 cells which we used for these
experiments, continuous Ara-C treatment caused
dCK deficiency and may have coincidentally co-se-
lected partial TK1 deficiency, which resulted in
resistance to the cytotoxic and anti-HIV-1 effects
of deoxycytidine analogs and cross-resistance to the
thymidine analog AZT. Cross-resistance to cyto-
toxic effects of Ara-C and AZT presumably caused
by deficiency in dCK and TK1 has also been found
in C8166 cells upon prolonged treatment with 5 or
250 uM Ara-C (data not shown).

Other authors have reported that in vitro in-
duced Ara-C resistance may be caused by muta-
tions within the dCK coding region of the dCK
gene (Stegmann et al., 1995). Flasshove et al. (1994)
found that point mutations in the coding region of
dCK in patients may be responsible for Ara-C
resistance in vivo. This was not confirmed in our
Ara-C resistant cells as sequencing of dCK coding
region did not show any mutations (data not
shown).

In order to overcome the dependence of nu-
cleoside analogs upon nucleoside kinase activation,
various research groups have focused their atten-
tion on the study of mononucleotide prodrugs,
namely pronucleotides. In this respect, mononu-
cleoside phosphotriester derivatives bearing SATE
groups as biolabile phosphate protections emerged
as a promising pronucleotide series (Périgaud et al.,
2000; Wagner et al., 2000). Applied to anti-HIV
and anti-HBV nucleoside analogs which are ham-
pered at the first phosphorylation step by a depen-
dence on kinase-mediated phosphorylation or by a
rate limiting step in the anabolism pathway, the use
of the corresponding bis(SATE) pronucleotides
leads in vitro to markedly enhanced antiviral activ-
ity (Périgaud et al., 1994; Girardet et al., 1995;
Périgaud et al., 1999). Moreover, we have previ-
ously reported that cellular resistance mechanisms
emerging in cells which were grown continuously
for a prolonged time in a medium containing AZT
or ddC were bypassed by the use of the SATE
pronucleotide approach (Cinatl et al., 1997;
Groschel et al., 1999a.b).

Here, the bis(SATE) phosphotriesters of AZT,
ddC and 3TC proved to be effective in MOLT-4/
8"Ara-C?* cells which were completely resistant to
the anti-HIV-1 effects of the parental nucleosides.

This result strongly supports the hypothesis that
such pronucleotides are able to deliver the respec-
tive S-monophosphate forms inside the HIV-1-in-
fected cells bypassing the first phosphorylation step
catalyzed by dCK and TKI1.

In conclusion, this study demonstrates that in
vitro selection of T-lymphoid cells with Ara-C
resulted in cross-resistance to different pyrimidine
nucleoside analogs, due to deficiency in dCK and
TK1 expression. Bis(SATE) pronucleotides repre-
sent a valuable approach to overcome resistance
mechanisms due to deficiency in nucleoside kinases.
One has to take into consideration that such
cellular resistance mechanisms (deficiency in nu-
cleoside kinases) may also occur in vivo (Jacobsson
et al., 1995; Antonelli et al., 1996; Groschel et al.,
2000). Therefore, mononucleotide prodrugs offer
the opportunity for treatment of HIV-1-infected
patients, who do not respond to nucleoside analogs
due to deficiency of cellular kinases. The newly
established Ara-C-resistant MOLT-4/8 cell line
provides a suitable cell culture system for testing
substances for their ability to overcome cellular
resistance mechanisms such as deficiency in dCK
and TKI.
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