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Abstract

We have investigated viral breakthrough during a long-term culture of HIV-1-infected cells with the non-nucleoside
reverse transcriptase inhibitors (NNRTIs) 6-benzyl-1-ethoxymethyl-5-isopropyluracil (MKC-442), nevirapine and
loviride (¢-APA). When the compounds were examined for their inhibitory effects on HIV-1 (HE strain) replication
in MT-4 cells on day 4 after virus infection, the 50% effective concentrations (ECs,) of MKC-442, nevirapine and
loviride were 9.4, 98 and 21 nM, respectively. After a 48-day culture period, MKC-442, nevirapine and loviride
completely inhibited viral breakthrough at concentrations of 1, 5 and 1 #M, respectively. These concentrations were
50-100-fold higher than their ECs, values. When the cells were treated with either MKC-442 (0.04 and 0.2 uM),
nevirapine (0.2 and 1 zM) or loviride (0.04 and 0.2 xM) in combination with AZT (0.005 zM), only the combination
of 0.2 uM MKC-442 with 0.005 uM AZT could completely inhibit the breakthrough of HIV-1 after a 68-day culture
period. Polymerase chain reaction (PCR) analysis revealed that no proviral DNA was detected in the cells treated
with this combination. Except for two combinations (0.04 uM MKC-442 + 0.005 uM AZT and 0.04 uM loviride +
0.005 uM AZT), all of the viruses isolated during combination treatments had various amino acid mutations in their
reverse transcriptase (RT). These results indicate that the combination treatment with a relatively high dose of
MKC-442 and a low dose of AZT may have potential to suppress the emergence of drug resistance during a
long-term treatment in vivo and should be further pursued in HIV-1-infected patients.
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1. Introduction
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(HIV-1)  were 1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine (HEPT) (Baba et al., 1989;
Miyasaka et al., 1989) and tetrahydroimi-
dazo[4,5,1-jk|[1,4]benzodiazepine-2(1 H)-one and
-thione (TIBO) derivatives (Pauwels et al., 1990).
These compounds and their derivatives (Baba et
al., 1991a,b) have later been classified as non-
nucleoside reverse transcriptase (RT) inhibitors,
together with nevirapine (Merluzzi et al., 1990)
and pyridinone derivatives (Goldman et al.,
1991). The non-nucleoside RT inhibitors (NNR-
TIs) inhibit the replication of HIV-1 at concen-
trations that are three to five orders of
magnitude below their cytotoxic threshold.
However, rapid emergence of drug-resistant mu-
tants caused by point mutations in the RT gene
is regarded as an obstacle to the clinical useful-
ness of the non-nucleoside RT inhibitors (for a
review see De Clercq, 1994).

To circumvent this problem, combination
chemotherapy of a non-nucleoside RT inhibitor
with one or two of the nucleoside RT inhib-
itors, such as 3'-azido-3'-deoxythymidine (AZT)
and 2'.3'-dideoxyinosine (ddl), has been pro-
posed (Chow et al., 1993; Richman et al., 1994).
We have recently demonstrated that the combi-
nation of the HEPT derivative 6-benzyl-1-
ethoxymethyl-5-isopropyluracil (MKC-442) and
either AZT, ddl or 2',3'-dideoxycytidine (ddC)
synergistically inhibits the replication of HIV-I
in vitro (Baba et al.,, 1994). Furthermore, the
combination of MKC-442, but not of TIBO,
nevirapine or pyridinone, with AZT-triphosph-
ate (AZT-TP) also synergistically suppresses the
activity of HIV-1 RT in an enzymatic assay sys-
tem (Yuasa et al., 1993). These findings have
prompted us to examine whether the combina-
tion of MKC-442 and AZT is effective in in-
hibiting the emergence of HIV-1 mutants in
vitro. In this study, we have examined a long-
term culture of HIV-1-infected cells in the pres-
ence of either MKC-442, nevirapine or loviride
(x-APA) (Pauwels et al., 1993), with or with-
out AZT, and found that MKC-442 prevents
the breakthrough of HIV-1 most effectively
when combined with a low concentration of
AZT.

2. Materials and methods
2.1. Compounds

MKC-442 was prepared according to the pro-
cedure described in Tanaka et al. (1995). Nevi-
rapine and loviride were synthesized at the
Yokohama Research Center of Mitsubishi
Chemical Corporation. The chemical structures
of these non-nucleoside RT inhibitors are shown
in Fig. 1. Purity of the compounds was checked
by thin-layer chromatography on silica gel. AZT
was purchased from Sigma Chemical Co. (St.
Louis, MO). All compounds were dissolved in
dimethyl sulfoxide (DMSO) at 50 mM (or
higher) to exclude any antiviral or cytotoxic
effect of DMSO and were stored at —20°C un-
til use.

2.2, Cells and viruses

MT-4 cells (Miyoshi et al., 1982) were used in
all the experiments. The cells were grown and
maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal calf
serum (FCS), 100 U/ml penicillin G, and 100
pg/ml  streptomycin  (culture medium). Two
strains of HIV-1 (HTLV-III; and HIV-1,.)
were used in the experiments. HIV-1,; is a clin-
ical isolate from a Belgian AIDS patient
(Pauwels et al., 1990). The virus strains were
propagated in MT-4 cells. Titers of virus stocks
were determined in MT-4 cells, and the virus
stocks were stored at — 80°C until use.
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Fig. 1. Non-nucleoside RT inhibitors used in this study.
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2.3. Antiviral assays

Inhibitory effects of the compounds on HIV-1
replication were monitored by the inhibition of
virus-induced cytopathic effect (CPE) in MT-4
cells, as previously described (Pauwels et al.,
1988). Briefly, MT-4 cells were suspended at
1 x 10° cells/m! and infected with HIV-1 at a
multiplicity of infection (m.o.i.) of 0.02. Immedi-
ately after infection, 100 ul of the cell suspen-
sion was brought into each well of a
flat-bottomed microtiter tray containing various
concentrations of the test compounds. After a
4-day incubation at 37°C, the number of viable
cells was determined by the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method. Cytotoxicity of the compounds for
mock-infected MT-4 cells was also assessed by
the MTT method.

2.4. Long-term culture of HIV-I1-infected cells

MT-4 cells were suspended at 1 x 10° cells/ml
and infected with HIV-1, at an m.o.i. of 0.02.
After a 2-h incubation for viral adsorption, the
cells were washed three times with culture
medium to remove unadsorbed viral particles,
and 1 ml of the cell suspension was brought
into each well of a 24-well tray containing vari-
ous concentrations of the test compounds. After
a 4-day incubation at 37°C, the cells were ob-
served microscopically, subcultured with fresh
culture medium containing appropriate concen-
trations of the compounds, and further incu-
bated. At the time of subcultivation, culture
supernatants were collected and examined for
their p24 antigen level by using an antigen-
capture ELISA kit (Cellular Products Inc.,
Buffalo, NY). When the cells were completely
destroyed by the virus-induced CPE, a subse-
quent culture was not carried out. In this case,
culture supernatants were collected and exam-
ined for their p24 antigen level and viral infec-
tivity. The drug sensitivity of isolated viruses
and their amino acid sequences in the RT were
also determined.

2.5. Determination of nucleotide sequences of RT

Viral RNA was extracted from 200 ul of the
culture supernatants using the RNAzol™ B RNA
isolation reagent (Biotecx Laboratories, Inc.,
Houston, TX). cDNA was synthesized by adding
2.5 units of Moloney murine leukemia virus RT
and 50 pmol/ul of random hexamer. The cDNA
was amplified by the standard PCR method with
1 uM of the sense primer SYR1 (5-
CCAAAAGTTAAACAATGGCCATTGAC-3)
and the antisense primer SYR2 (5-TCTGACTT-
GCCCAATTCAATTTCCC-3") to obtain a 754-
bp fragment involving nucleosides 2636-3389 of
the HIV-1 (Ratner et al.,, 1985). The amplified
product was isolated from 5% polyacrylamide
gels, treated with T4 polymerase and T4 polynu-
cleotide kinase, and inserted into the Smal site of
pUCI9. More than three independent clones were
isolated. The clones were analyzed for their nucle-
otide sequences by the PRISM™ Ready Reaction
DyeDeoxy Terminator Cycle sequencing kit (Ap-
plied Biosystems, Inc., Foster City, CA) and
Model 377 DNA sequencer (Applied Biosystems,
Inc., Foster City, CA).

3. Results

When we evaluated MKC-442, nevirapine and
loviride for their inhibitory effects on HIV-1 repli-
cation in MT-4 cells, we found that all com-
pounds were highly potent and selective inhibitors
of both the HTLV-III; and HIV-1, strain. The
EC;, values of MKC-442, nevirapine and loviride
for these HIV-1 strains were approximately 10,
100 and 10-20 nM, respectively (Table 1). On the
other hand, the 50% cytotoxic concentrations
(CCsy) of MKC-442, nevirapine and loviride were
105, 155 and 33 uM, respectively. Thus, MKC-
442 proved to be the most selective inhibitor of
HIV-1 replication among the tested non-nu-
cleoside RT inhibitors. Under the same assay
conditions, the ECs, and CC,, of AZT were 3.0—
3.2 nM and 4.6 uM, respectively (Table 1).

Based on the results of their anti-HIV-1 activ-
ity, we conducted the experiments on a long-term
culture of HIV-1-infected MT-4 cells in the pres-
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Table 1
Inhibitory effects of MKC-442, nevirapine, loviride and AZT
on HIV-1 replication in MT-4 cells

Compound  Virus ECs,* (nM)  CCs,® (M)

MKC-442  HTLV-1ll, 10+2 105 + 11
HIV-1,,p 94426

Nevirapine ~HTLV-Ill; 120 + 10 155+ 19
HIV-1,g 98 +3

Loviride HTLV-III, 1342 33+4
HIV-1,5 2049

AZT HTLV-Ill, 32408 46+1.2
HIV-1,¢ 3.0+1.0

4 50% Effective concentration based on the inhibition of HIV-
1-induced CPE in MT-4 cells.

b 50% Cytotoxic concentration based on the reduction of
number of viable mock-infected MT-4 cells.

All data represent means + standard deviations for at least
three separate experiments.

ence of either MKC-442, nevirapine or loviride.
The concentrations used in the experiments were
0.2, I, and 5 uM. As shown in Fig. 2, at a
concentration of 0.2 uM, the p24 antigen level of
the culture supernatants rapidly increased after a
few passages of the infected cells (after 812 days)
for all compounds. In contrast, the viral break-
through was completely inhibited by the com-
pounds at a concentration of 1 and 5 uM for
MKC-442 and loviride, and 5 4M for nevirapine
throughout the culture period (48 days). In these
experiments, the compounds were removed from
culture medium after 36 days of incubation, yet
the p24 antigen level remained undetectable ( < 78
pg/ml) for up to 48 days (Fig. 2). These results
suggest that sufficiently high concentrations (50—
100-fold higher than the ECs,) of non-nucleoside
RT inhibitors can suppress the viral breakthrough
in HIV-1-infected cells during a long-term culture
period.

In the next set of experiments, we examined
whether the combination of the non-nucleoside
RT inhibitors (either MKC-442, nevirapine or
loviride) and AZT was more effective than their
single use in inhibiting the breakthrough of HIV-
1. Therefore, the same and 5-fold lower concen-
trations of the NNRTIs (i.e. 0.2 and 0.04 yM for
MKC-442 and loviride and | and 0.2 uM for
nevirapine) were used in the experiments. The

concentration of AZT was fixed at 0.005 uM,
which was slightly higher than its ECs, value
determined in the anti-HIV-1 assay (Table 1). As
shown in Fig. 3, the combination of 0.2 uM
MKC-442 and 0.005 uM AZT completely sup-
pressed the viral breakthrough throughout the
culture period (68 days). After 52 days of incuba-
tion, MKC-442 and AZT were removed from the
culture medium, yet the p24 antigen level re-
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Fig. 2. Long-term culture of HIV-1-infected MT-4 cells in the
presence of (A) MKC-442, (B) nevirapine and (C) loviride.
The cells were infected with HIV-1,¢ and cultured in the
presence of test compounds at 0 yuM (@), 0.2 uM (M), 1 M
(A), and 5 uM (@). Every 4 days, the cells were subcultured,
and the culture supernatants were examined for their p24
antigen level. After 36 days (1), the cells were cultured in the
absence of compounds.
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Fig. 3. Long-term culture of HIV-1-infected MT-4 cells in the
presence of (A) MKC-442 + AZT, (B) nevirapine + AZT and
(C) loviride + AZT. The cells were infected with HIV-1,¢ and
cultured in the presence of the test compounds at 0 4 M (@),
0.04 u1M (W), 0.2 uM (A), and 1 #M (@). The concentration
of AZT alone ( x ) and in combination was fixed at 0.005 xM.
Every 4 days, the cells were subcultured and the culture
supernatants were examined for their p24 antigen level. After
52 days (1), the cells were cultured in the absence of com-
pounds.

mained undetectable ( <78 pg/ml) for up to 68
days. Furthermore, PCR analysis using SK-38
and SK-39 as a primer pair (Ou et al., 1988)
revealed that HIV-1 proviral DNA was also unde-
tectable in MT-4 cells after 68 days (Fig. 4). No
other drug combinations tested could achieve
complete inhibition of viral breakthrough (Fig. 3).

To determine whether viral breakthrough dur-
ing the combination treatments could be at-
tributed to the emergence of drug-resistant HIV-1
mutants, viral RNA was extracted from the cul-
ture supernatants and examined for its amino acid
sequence in the RT. The sensitivity of break-
through viruses to MKC-442, nevirapine, loviride
and AZT was also evaluated. Except for two
combinations (0.04 uM MKC-442 +0.005 M
AZT and 0.04 uM loviride + 0.005 uM AZT), all
of the viruses isolated during combination treat-
ments had one or two amino acid mutations as
compared to the wild type (Table 2). However,
the only virus obtained after the treatment with
0.2 uM loviride and 0.005 uM AZT showed
resistance to MKC-442 and loviride (Table 3).
Other viruses did not display significant resistance
to any NNRTIs examined. Furthermore, al-
though the p24 level of culture supernatant on
day 56 after the treatment with 1 #M nevirapine
and 0.005 uM AZT was quite high (53 ng/ml)
(Fig. 3), the infectivity of isolated virus was too
low to examine its drug sensitivity (Table 3).

4. Discussion

Among the NNRTIs, MKC-442 is one of the
most potent and selective inhibitors of HIV-1
replication in vitro (Baba et al., 1994). Since the
NNRTIs, including MK C-442, have high specific-
ity to HIV-1 RT, rapid emergence of drug-resis-
tant mutants may not be avoidable during
monotherapy with this class of compounds. How-
ever, recent studies have demonstrated that suffi-
ciently high concentrations (more than 1 yxg/ml)
of NNRTIs are able to completely suppress the
replication of HIV-1, so that drug-resistant mu-
tants do not emerge (Balzarini et al., 1993a). In
the present study, we have also shown that MKC-
442 can completely inhibit the viral breakthrough
during a long-term culture of HIV-1-infected MT-
4 cells at a concentration of 1 xM or higher (Fig.
2A). Based on our pharmacokinetic studies of
MKC-442 in animals, this concentration may be
achievable in humans (data not shown).

Another important finding is that the complete
suppression of viral breakthrough could be
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Fig. 4. Detection of HIV-1 proviral DNA by PCR. DNA was extracted from (A) mock-infected MT-4 cells, (B) HIV-1-infected
MT-4 cells cultured in the absence of compounds and (C) HIV-1-infected MT-4 cells cultured in the presence of 0.2 uM MKC-442
and 0.005 uM AZT. After 52 days, the cells were cultured in the absence of compounds and DNA was extracted on day 68. DNA
amplification was carried out using SK-38 and SK-39 as a primer pair, as previously described (Ou et al., 1988). P is the band of

the primer pair.

achieved at a lower concentration (0.2 uM) of
MKC-442 when combined with a very low con-
centration (0.005 uM) of AZT (Fig. 3A). In fact,
AZT alone at this concentration had little, if any,
influence on the p24 antigen level in culture super-
natants on day 4 after virus infection (Fig. 3).
Similar results were obtained in our previous
study, where the combination of 0.028 uM MKC-
442 and 0.008 uM AZT completely suppressed
the breakthrough of HTLV-III; strain for more
than 60 days (Baba et al., 1995). In this study,
however, a clinical isolate (HIV-1,¢ strain) was
used throughout the experiments, since it seemed
to contain more variants than the HTLV-III,
strain. For nevirapine and loviride, the combina-
tion with AZT could significantly delay viral
breakthrough as compared with their single use;
nevertheless, complete suppression was not ob-
served (Fig. 3). This difference could be explained
in part by our previous observation that MKC-
442, but not other tested NNRTIs in combination
with AZT-TP synergistically inhibit HIV-1 RT
activity in an enzymatic assay system (Yuasa et
al., 1993).

Studies on HIV-1 mutants resistant to NNRTIs
have proved that the Tyr'*' — Cys mutation is

associated with resistance to most of the NNR-
TIs, including MKC-442 (De Clercq, 1994;
Balzarini et al., 1995; Seki et al., 1995). On the
other hand, it has also been shown that most of
the mutations other than Tyr'®! — Cys confer re-
sistance to only limited classes of NNRTIs
(Balzarini et al., 1993b; Byrnes et al., 1993). Fur-
thermore, the combination with nucleoside RT
inhibitors, such as AZT or ddl, is known to alter
the amino acid mutations responsible for resis-
tance to NNRTIs (Chow et al., 1993; Richman et
al., 1994; Baba et al., 1995). In the present study,
various amino acid mutations were identified in
the RT region of isolated viruses (Table 2). The
only virus isolated in the presence of 0.2 uM
loviride and 0.005 uM AZT, which had the
Asp'” 5 Glu and Tyr'® - His mutations, dis-
played reduced sensitivity to MKC-442 as well as
loviride (Table 3). The Tyr'*® — His mutation has
been reported to confer resistance to the HEPT
derivatives but not to nevirapine (Balzarini et al.,
1995). With respect to the viruses isolated in the
presence of nevirapine and AZT, they had novel
mutations (Val’”® = Ile and Ile'*? - Leu) that have
not been reported previously (Table 2); their con-
tribution to enzyme activity and drug resistance is
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Table 2

Amino acid changes in the RT of HIV-1 isolated after the drug combination treatments

Virus after treatment Day @ Amino acid mutation Resistance ®
AZT alone* 4 None (=)
MKC-442 (0.2 uM)+AZT 68 No virus

MKC-442 (0.04 uM)+AZT 16 None (-)
Nevirapine (1 uM)+AZT 56 Val”® - 1Ile, Ile!*? - Leu N.D. ¢
Nevirapine (0.2 uM)+AZT 20 Ile!'32 - Leu (=)
Loviride (0.2 uM)+AZT 44 Asp'”® - Glu, Tyr'%8 - His (+)
Loviride (0.04 uM)+AZT 8 None (-)

2 On the indicated day after virus infection, viral RNA was extracted from the culture supernatant and examined for its amino acid

sequence in RT.
® Detailed results are shown in Table 3.
¢ The concentration of AZT was fixed at 0.005 uM.

4 ECs, values could not be determined because of low infectivity of the virus.

Table 3

Inhibitory effects of MKC-442, nevirapine, loviride and AZT on the replication of HIV-1 isolated after the drug combination

treatments in MT-4 cells

Virus after treatment ECs ?* (nM)

MKC-442 Nevirapine Loviride AZT
Wild type 94126 98 +3 21+9 30+ 1.0
AZT alone® 42+04 36+3 11+1 21403
MKC-442 (0.04 uM) + AZT"® 13+5 94 + 36 32114 3.6+ 09
Nevirapine (1 uM) + AZT N.D.¢ N.D. N.D. N.D.
Nevirapine (0.2 uM) + AZT 1841 130 + 10 32+11 3.0+ 1.0
Loviride (0.2 uM) + AZT 450 + 40 180 + 100 > 4,000 33105
Loviride (0.04 puM) +AZT 5.1+0.7 28+ 4 7.0 £ 0.1 1.5+02

2 50% Effective concentration based on the inhibition of HIV-1-induced CPE in MT-4 cells.

b The concentration of AZT was fixed at 0.005 M.

¢ ECs, values could not be determined because of low infectivity of the virus.
All data represent means + standard deviations for at least three separate experiments.

unclear. Further studies, including RT assays with References

mutated enzymes, are needed to elucidate the

biological significance of these mutations. Baba, M., Tanaka, H., De Clercq, E., Pauwels, R., Balzarini,

In conclusion, the combination treatment with
a relatively high dose of MK(C-442 and a low dose
of AZT may have the potential to suppress the
emergence of drug resistance during long-term

J., Schols, D., Nakashima, H., Perno, C.-F., Walker, R.T.
and Miyasaka T., (1989) Highly specific inhibition of hu-
man immunodeficiency virus type 1 by a novel 6-substi-
tuted acyclouridine derivative. Biochem. Biophys. Res.
Commun. 165, 1375-1381.

treatment in vivo and should be further pursued Baba, M., De Clercq, E., Tanaka, H., Ubasawa, M.,

in HIV-l-infected patients.

Acknowledgements

This work was supported in part by a grant
from the Japan Human Science Foundation.

Takashima, H., Sekiya, K., Nitta, [, Umezu, K.,
Nakashima, H., Mori, S., Shigeta, S., Walker, R.T. and
Miyasaka, T., (1991a) Potent and selective inhibition of
human immunodeficiency virus type 1 (HIV-1) by 5-ethyl-
6-phenylthiouracil derivatives through their interaction
with the HIV-1 reverse transcriptase. Proc. Natl. Acad. Sci.
USA 88, 2356-2360.



76 M. Okamoto et al. | Antiviral Research 31 (1996) 69-77

Baba, M., De Clercq, E., Tanaka, H., Ubasawa, M.,
Takashima, H., Sekiya, K., Nitta, [, Umezu, K,
Walker, R.T., Mori, S., Ito, M., Shigeta, S. and
Miyasaka, T., (1991b) Highly potent and selective inhibi-
tion of human immunodeficiency virus type 1 (HIV-1) by
a novel series of 6-substituted acyclouridine derivatives.
Mol. Pharmacol. 39, 1430-1433.

Baba, M., Shigeta, S., Yuasa, S., Takashima, H., Sekiya, K.,
Ubasawa, M., Tanaka, H., Miyasaka, T., Walker, R.T.
and De Clercq, E. (1994) Preclinical evaluation of MKC-
442, a highly potent and specific inhibitor of human im-
munodeficiency virus type 1 in vitro. Antimicrob. Agents
Chemother. 38, 688-692.

Baba, M., Tanaka, H., Miyasaka, T., Yuasa, S., Ubasawa,
M., Walker, R.T. and De Clercq, E. (1995) HEPT
derivatives: 6-Benzyl-1-ethoxymethyl-5-isopropyluracil
(MKC-442). Nucleosides Nucleotides 14, 575-583.

Balzarini, J., Karlsson, A., Pérez-Pérez, M.-J., Camarasa,
M.-J., and De Clercq, E., (1993a) Knocking-out concen-
trations of HIV-1-specific inhibitors completely suppress
HIV-1 infection and prevent the emergence of drug-resis-
tant virus. Virology 196, 576-585.

Balzarini, J., Karlsson, A., Vandamme, Pérez-Pérez, M.-J.,
Vrang, L., Walbers, J., Zhang, H., Oberg, B., Van-
damme, A.-M., Camarasa, M.-J., and De Clercq, E.,
(1993b) HIV-1 specific reverse transcriptase inhibitors
show differential activity against HIV-1 mutant strains
containing different amino acid substitutions in the re-
verse transcriptase. Virology 192, 246-253.

Balzarini, J., Baba, M. and De Clercq, E. (1995) Differential
activities of 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)-
thymine derivatives against different human immunodefi-
ciency virus type 1 mutant strains. Antimicrob. Agents
Chemother. 39, 998-1002.

Byrnes, V.W., Sardana, V.V., Schleif, W.A., Condra, J.H.,
Waterbury, J.A., Wolfgang, J.A., Long, W.J., Schneider,
C.L., Schlabach, A.J., Wolanski, B.S., Graham, D.]J.,
Gotlib, L., Rhodes, A., Titus, D.L., Roth, E., Blahy,
OM,,

Quintero, J.C., Staszewski, S. and Emini, E.A. (1993) Com-
prehensive mutant enzyme and viral variant assessment
of human immunodeficiency virus type 1 reverse tran-
scriptase resistance to non-nucleoside inhibitors. Antimi-
crob. Agents Chemother. 37, 1576-1579.

Chow, Y.-K., Hirsch, M.S., Merrill, D.P., Bechtel, L.J.,
Eron, J.J., Kaplan, J.C. and D’Aquila, R.T. (1993) Use
of evolutionary limitations of HIV-1 multidrug resistance
to optimize therapy. Nature 361, 650-654.

De Clercq, E. (1994) HIV resistance to reverse transcriptase
inhibitors. Biochem. Pharmacol. 47, 155-169.

Goldman, M.E., Nunberg, J.H., O’Brien, J.A., Quintero,
J.C., Schleif, W.A., Freund, K.F., Gaul, S.L., Saari,
W.S., Wai, J.S., Hoffman, J. M., Anderson, P.S., Hupe,
D.J., Emini, E.A. and Stern, A.M. (1991) Pyridinon
derivatives: specific human immunodeficiency virus type |
reverse transcriptase inhibitors with antiviral activity.
Proc. Natl. Acad. Sci. USA 88, 6863-6867.

Merluzzi, V.J., Hargrave, K.D., Labadia, M., Grozinger, K.,
Skoog, M., Wu, J.C., Shih, C.-K., Eckner, K., Hattox,
S., Adams, J., Rosenthal, A.S., Faanes, R., Eckner, R.J.,
Koup, R.A. and Sullivan, J.L. (1990) Inhibition of HIV-
1 replication by a nonnucleoside reverse transcriptase in-
hibitor. Science 250, 14111413,

Miyasaka, T., Tanaka, H., Baba, M., Hayakawa, H.,
Walker, R.T., Balzarini, J. and De Clercq, E. (1989) A
novel lead for specific anti-HIV-1 agents: 1-[(2-hydrox-
yethoxy)methyl]-6-(phenylthio)thymine. J. Med. Chem.
32, 2507-2509.

Miyoshi, 1., Taguchi, H., Kubonishi, I., Yoshimoto, S., Oht-
suki, Y., Shiraishi, Y. and Akagi, T. (1982) Type C virus
producing cell lines derived from adult T cell leukemia.
Gann Monogr. 28, 219-228.

Ou, C.-Y., Kwok, S., Mitchell, S.W., Mack, D.H., Sninsky,
JJ., Krebs, JLW. Feorino, P., Warfield, D. and
Schochetman, G. (1988) DNA amplification for direct
detection of HIV-1 in DNA of peripheral blood
mononuclear cells. Science 239, 295-297.

Pauwels, R., Balzarini, J., Baba, M., Snoeck, R., Schols, D.,
Herdewijn, P., Desmyter, J. and De Clercq, E. (1988)
Rapid and automated tetrazolium-based calorimetric as-
say for the detection of anti-HIV compounds. J. Virol.
Methods 20, 309-321.

Pauwels, R., Andries, K., Desmyter, J., Schols, D., Kukla,
M.J., Breslin, A., Raeymaeckers, J., Van Gelder, J.,
Woestenborghs, R., Heykants, J., Scheilekens, K.,
Janssen, M.A.C., De Clercq, E. and Janssen, P.A.J.
(1990) Potent and selective inhibition of HIV-1 replica-
tion in vitro by a novel series of TIBO derivatives. Na-
ture 343, 470-474.

Pauwels, R., Andries, K., Debyser, Z., Daele, P.V., Schols,
D., Stoffels, P., Vreese, K.D., Woestenborghs, R., Van-
damme, A.-M., Janssen, C.G.M., Anne, J., Cauwen-
bergh, G., Desmyter, J., Heykants, J., Janssen, M.A.C.,
De Clercq, E. and Janssen, P.AJ. (1993) Potent and
highly selective human immunodeficiency virus type
1 (HIV-1) inhibition by a series of «-anilinopheny-
lacetamide derivatives targeted at HIV-1 reverse
transcriptase. Proc. Natl. Acad. Sci. USA 90, 1711-
1715.

Ratner, L., Haseltine, W., Patarca, R., Livak, K.J., Starcich,
B., Josephs, S.T., Doran, E.R., Rafalski, J.A.,, White-
horn, E.A., Baumeiser, K., Ivanoff, L., Petteway Jr.,
S.R., Pearson, M.L., Lautenberger, J.A., Papas, T.S.,
Ghrayeb, J., Cheng, N.T., Gallo, R.C. and Wong-Staal,
F. (1985) Complete nucleotide sequence of the AIDS
virus, HTLV-3. Nature 313, 277-284.

Richman, D.D., Havlir, D., Corbelil, J., Looney, D., Ignacio,
C., Spector, S.T., Sullivan, J., Cheeseman, S., Barringer,
K., Pauletti, D., Shih, C.-K., Myers, M. and Griffin, J.
(1994) Nevirapine resistance mutations of human im-
munodeficiency virus type 1 selected during therapy. J.
Virol. 68, 1660—1666.



M. Okamoto et al. | Antiviral Research 31 (1996) 69-77 77

Seki, M., Sadakata, Y., Yuasa, S. and Baba, M. (1995)
Isolation and characterization of human immunodeficiency
virus type 1-mutants resistant to the non-nucleotide reverse
transcriptase  inhibitor MKC-442. Antiviral Chem.
Chemother. 6, 73-79.

Tanaka, H., Takashima, H., Ubasawa, M., Sekiya, K., Inoue,
N., Baba, M., Shigeta, S., Walker, R.T., De Clercq, E. and
Miyasaka, T. (1995) Synthesis and antiviral activity of

6-benzyl analogs of 1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine (HEPT) as potent and selective anti-
HIV-1 agents. J. Med. Chem. 38, 2860-2865.

Yuasa, S., Sadakata, Y., Takashima, H., Sekiya, K., Inoue,
N., Ubasawa, M and Baba, M. (1993) Selective and syner-
gistic inhibition of human immunodeficiency virus type 1
reverse transcriptase by a non-nucleoside inhibitor, MKC-
442. Mol. Pharmacol. 44, 895-900.



