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A novel 6-substituted acyclouridine derivative, 5-ethyl-1-ethoxymethyl-6-(phenylthio)uracil (E-EPU), has
recently proved to be a highly potent and selective inhibitor of human immunodeficiency virus type 1 (HIV-1)
in vitro. Combinations of 3'-azido-2’,3’-dideoxythymidine (AZT) and E-EPU synergistically inhibit the
replication of HIV-1 in MT-4 cells, whereas the cytotoxic effects of AZT and E-EPU on mock-infected MT-4
cells are not enhanced by the drug combination. Synergistic inhibition of HIV-1 replication has also been
observed in peripheral blood lymphocytes. These results indicate that the combination of AZT and E-EPU

should be further pursued in the treatment of AIDS

A large number of compounds have been reported as
promising candidates for the treatment of AIDS (7, 17).
Treatment with 3-azido-2',3’-dideoxythymidine (AZT), a
potent and selective inhibitor of the replication of human
immunodeficiency virus type 1 (HIV-1) in vitro (16), leads to
an improvement in the clinical symptoms and prolongation
of life of AIDS patients (8, 9), but long-term treatment with
AZT is often limited by its serious side effects, such as bone
marrow suppression (21) or the emergence of drug-resistant
variants of HIV-1 (14, 15).

Combination chemotherapy is an attractive approach,
since it may lead to synergistic activity without increasing
toxicity. Moreover, the emergence of drug-resistant virus
strains may also be suppressed by combination chemother-
apy. In fact, combinations of AZT with various anti-HIV-1
agents have been examined for their inhibitory effects on
HIV-1 replication in vitro. These include, among others,
human alpha interferon (11), granulocyte macrophage colo-
ny-stimulating factor (10), dextran sulfate (26), and recom-
binant soluble CD4 (13). In this study, we have evaluated the
combination of AZT and a novel 6-substituted nucleoside
derivative, 5-ethyl-1-ethoxymethyl-6-(phenylthio)uracil (E-
EPU) (Fig. 1), for its inhibitory effect on HIV-1 replication in
vitro. E-EPU has recently been reported to be a highly
potent and specific inhibitor of HIV-1 (2).

MATERIALS AND METHODS

Compounds. E-EPU was prepared as described previously
(2, 24). AZT was synthesized at the Rega Institute.

Cells and viruses. MT-4 (19) and peripheral blood lympho-
cyte (PBL) cells were used for the anti-HIV-1 assays. MT-4
cells were grown and maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 U of penicillin G per ml, and 100 pg of strepto-
mycin per ml. PBL cells were obtained from healthy donors.
PBL cells were stimulated with phytohemagglutinin and
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cultured with RPMI 1640 medium containing 20% FBS,
antibiotics, and interleukin 2. Two HIV-1 strains were used
for the anti-HIV-1 assays. HTLV-III; was obtained from the
culture supernatant of MOLT-4 cells persistently infected
with virus. HIV-14 is a clinical isolate from a Belgian AIDS
patient. HIV-1,;x was propagated in MT-4 cells. Titers of
HIV-1 stocks were determined in MT-4 cells, and virus
stocks were stored at —80°C until use.

Antiviral assays. Anti-HIV-1 activity measurements were
based on the inhibition of virus-induced cytopathogenicity in
MT-4 cells. Briefly, MT-4 cells were suspended in a culture
medium at 10° cells per ml and infected with HIV-1 at a
multiplicity of infection of 0.02. Immediately after virus
infection, the cell suspension (100 pl) was brought into each
well of a flat-bottom microtiter tray containing various
concentrations of the test compounds. After a 4-day incuba-
tion at 37°C, the number of viable MT-4 cells was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide method (20).

The assay procedure for measuring the anti-HIV-1 activity
of the compounds in PBL cells was based on the quantitative
detection of HIV-1 p24 antigen in the cell culture superna-
tant by using a sandwich enzyme-linked immunosorbent
assay kit (Abbott), as previously describéd (2). Phytohemag-
glutinin-stimulated PBL cells (10%ml) were infected with
HIV-1 at a multiplicity of infection of 0.2. After virus
adsorption for 2 h, the cells were washed three times with
culture medium to remove unadsorbed virus particles and
incubated at 37°C in the presence of various concentrations
of the test compounds. On day 4 after virus infection, the
cells were subcultured at a ratio of 1:5 with fresh culture
medium containing appropriate concentrations of the test
compounds. The assay (HIV-1 p24 antigen detection) was
performed on day 7 after virus infection.

Cytotoxicity of the compounds was evaluated in parallel
with their antiviral effects. Cytotoxicity measurements were
based on the viability of mock-infected cells as determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide method.
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FIG. 1. Formula of E-EPU.
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Synergy calculations. The multiple-drug effect was evalu-
ated by the median-effect principle and the isobologram
method (6). The analysis was carried out with a microcom-
puter using computer software established by Chou and
Chou (5). The details of this method have been described
elsewhere (10-13, 22). The interaction between AZT and
E-EPU was determined by calculating the combination
index (CI). CIs of <1, 1, and >1 indicate synergism,
summation (additive effect), and antagonism, respectively.

RESULTS

With both AZT alone and E-EPU alone, a concentration-
dependent inhibition of HIV-1 (HTLV-III) cytopathogenic-
ity in MT-4 cells was observed on day 4 after virus infection
(Table 1). The 50% antivirally effective concentration (ECs,)
of AZT was 2.0 nM, and the ECs, of E-EPU was 22 nM.
When the combined inhibitory effects of AZT and E-EPU
were analyzed by the isobologram method, it was clear that
the two compounds exerted a synergistic activity against
HIV-1 (Fig. 2A). Table 2 lists the CIs of different mixtures of
AZT and E-EPU. Since the median-effect plots indicated
that AZT and E-EPU gave parallel lines but the mixtures of
the compounds did not (data not shown), the CIs were
calculated under mutually nonexclusive assumptions (5).
Synergy was more evident (smaller CIs) when EC,,s or
ECyys were used as the calculation end points (Table 2).
Furthermore, synergistic inhibition was also detected for the
replication of a HIV-1 clinical isolate (HIV-1,¢) in MT-4
cells. The ECs, of AZT alone, E-EPU alone, and the 1:32
mixture of AZT and E-EPU were 5.0, 141, and 37 nM,
respectively (Table 3). When EC, was used as the calcula-
tion end point, the CI was 0.54 (Table 3).

No inhibitory effect on viability or proliferation of mock-
infected MT-4 cells was observed with any drug combination
used in the anti-HIV-1 assays (data not shown). When the
combined effects of AZT and E-EPU on the viability of
mock-infected MT-4 cells was evaluated at higher compound
concentrations, the combination resulted in antagonism of

TABLE 1. Effects of AZT and E-EPU on HIV-1 (HTLV-IIlg)
cytopathogenicity in MT-4 cells

AZT % Inhibition® with the following concn of E-EPU (nM):

(nM) 0 4 8 16 32 64

0 0 7x1 14 = 4 245 428 777
0.25 9=+3 24 + 4 28 +3 484 742 100
0.5 20 =7 335 49 *5 68+3 974 100
1 39+x11 5610 716 93 7 100 100
2 64+10 83=x7 90 *+ 12 100 100 100
4 82 +9 100 100 100 100 100

“ Percent inhibition was determined as previously described (20). Data
represent mean values + standard deviations for four separate experiments.
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FIG. 2. Computer-generated isobolograms of the combined in-
hibitory effects of AZT and E-EPU on HIV-1 (HTLV-IIIy) replica-
tion (A) and cell viability (B) in MT-4 cells. HIV-1-infected (A) and
mock-infected (B) MT-4 cells were cultured in the presence of
various concentrations of the test compounds. After a 4-day incu-
bation, the number of viable cells was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method. The
data were analyzed with a microcomputer, as described in Materials
and Methods. ECss (A) and 50% cytotoxic concentrations (B) were
used as the end points for calculations. Dotted lines represent the
unity lines for CIs equal to 1 under mutually nonexclusive assump-
tions.

cytotoxicity (Fig. 2B). The CIs based on the 50% cytotoxic
concentrations ranged from 1.3 to 1.8. Again, these results
indicate that cytotoxicity is diminished rather than enhanced
following combination of the compounds.

When the inhibitory effects of AZT alone, E-EPU alone,
and the combination of AZT and E-EPU at a ratio of 1:16 on
HIV-1 (HTLV-IIIy) replication in PBL cells were examined,
the ECsos of AZT alone and E-EPU alone were 1.2 and 41
nM, respectively (Table 4). The ECs, of the 1:16 mixture of

TABLE 2. CIs for AZT and E-EPU in MT-4 cells infected
with HIV-1 (HTLV-Iily)

cr®
AZT-E-EPU“
50 70 90
1:8 0.68 0.43 0.21
1:16 0.58 0.41 0.23
1:32 0.73 0.47 0.24

“ Concentration ratio in mixture.

# ClIs giving 50, 70, or 90% inhibition of HIV-1 (HTLV-IIIy) cytopathoge-
nicity in MT-4 cells. CIs were determined under mutually nonexclusive
assumptions.
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TABLE 3. Effects of AZT and E-EPU on HIV-1 (HIV-1y)
cytopathogenicity in MT-4 cells

% Inhibition of HIV-1

Concn (nM) cytopathogenicity (CI)®
AZT E-EPU AZT alone E-EPU alone Mixture
0 0 0 0 0
0.25 8 2 2 8
0.5 16 8 4 25
1 32 11 10 53
2 64 21 23 69
4 128 44 51 85
ECsy (nM) 5.0 141 37 (0.54)
EC,, (nM) 9.9 255 66 (0.50)
ECy (nM) 29 656 162 (0.45)

“ Data represent mean values for two separate experiments. CIs were
determined under mutually nonexclusive assumptions.

AZT and E-EPU was 9.8 nM (Table 4). When ECs,, EC,,,
and ECy, were used as the calculation end points, the CIs
were 0.80, 0.63, and 0.45, respectively (Table 4). These
results again indicate a synergistic activity of AZT and
E-EPU against HIV-1 replication in PBL cells. None of the
drug combinations affected the viability of PBL cells up to
the highest concentrations examined (data not shown).

DISCUSSION

After the discovery of 1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine (HEPT) as a novel HIV-1 inhibitor (4,
18), we have synthesized and examined a variety of HEPT
derivatives for their inhibitory effects on HIV-1 replication
in vitro (1, 2, 23-25). Among these derivatives, E-EPU
proved to be a highly potent and selective inhibitor of HIV-1
(2). The EC,, of E-EPU for HIV-1 in MT-4 cells (22 nM) is
approximately 300-fold lower than that of HEPT (6.5 pM)
(2). Furthermore, we have found that E-EPU interacts
specifically with HIV-1 reverse transcriptase according to a
mechanism which is different from that of AZT and other
2',3'-dideoxynucleosides (2).

Although the combination of AZT with ribavirin results in
an antagonistic effect on HIV-1 replication (3, 27), the
combinations of antiviral agents with different modes of
action generally lead to increased activity. Therefore, we
considered the combination of AZT and E-EPU worthy of

TABLE 4. Effects of AZT and E-EPU on HIV-1 (HTLV-IIIg)
p24 antigen in the supernatant of PBL cell cultures

Concn (nM) % Inhibition of p24 (CI)*
AZT E-EPU AZT alone E-EPU alone Mixture

0 0 0 0 0

0.25 4 2 11 31

0.5 8 8 16 36

1 16 45 26 57

2 32 68 44 85

4 64 85 63 99

ECso (nM) 1.2 41 9.8 (0.80)
EC,, (nM) 2.1 99 15 (0.63)
ECy, (nM) 5.2 400 31 (0.45)

“ Data represent mean values for two separate experiments. CIs were
determined under mutually nonexclusive assumptions.

ANTIMICROB. AGENTS CHEMOTHER.

evaluation. The present study clearly indicates that this
combination results in a synergistic inhibition of HIV-1
replication in both MT-4 and PBL cell cultures. A potential
advantage of combination chemotherapy over single-agent
chemotherapy is that it may reduce the emergence of drug-
resistant virus mutants. This possibility has not been exam-
ined in the present study; however, E-EPU is equally
inhibitory to AZT-resistant and AZT-susceptible variants of
HIV-1 (2).

It is also noteworthy that E-EPU, unlike AZT, has little
effect on the proliferation of bone marrow progenitor cells in
several animal models (unpublished data). No inhibition of
the in vitro proliferation of murine bone marrow cells was
observed with E-EPU at concentrations of up to 10 puM,
whereas AZT inhibited 95% of the proliferation at this
concentration (data not shown). The bone marrow suppres-
sion is the most serious side effect of AZT during the
treatment of AIDS patients (21). Combination chemotherapy
of AZT with E-EPU would allow the use of lower doses of
both compounds, thereby minimizing their toxic side effects.
In fact, from our in vitro data it appears that the cytotoxic-
ities of AZT and E-EPU are reduced when combined.

In conclusion, in view of the severity of the AIDS pan-
demic and the urgent need for an effective and nontoxic
therapy, the combination of AZT and E-EPU should be
further pursued in the treatment of HIV-1 infections.

ACKNOWLEDGMENTS

This work was supported in part by the AIDS Basic Research
Programme of the European Community and by grants from the
Belgian Fonds voor Geneeskundig Wetenschappelijk Onderzoek,
the Belgian Geconcerteerde Onderzoeksacties, and the Ministry of
Education of Japan.

We thank C. Callebaut for her fine editorial help.

REFERENCES

1. Baba, M., E. De Clercq, S. lida, H. Tanaka, I. Nitta, M.
Ubasawa, H. Takashima, K. Sekiya, K. Umezu, H. Nakashima,
S. Shigeta, R. T. Walker, and T. Miyasaka. 1990. Anti-human
immunodeficiency virus type 1 activities and pharmacokinetics
of novel 6-substituted acyclouridine derivatives. Antimicrob.
Agents Chemother. 34:2358-2363.

2. Baba, M., E. De Clercq, H. Tanaka, M. Ubasawa, H. Taka-
shima, K. Sekiya, I. Nitta, K. Umezu, H. Nakashima, S. Mori, S.
Shigeta, R. T. Walker, and T. Miyasaka. 1991. Potent and
selective inhibition of human immunodeficiency virus type 1
(HIV-1) by S-ethyl-6-phenylthiouracil derivatives through its
interaction with the HIV-1 reverse transcriptase. Proc. Natl.
Acad. Sci. USA 88:2356-2360.

3. Baba, M., R. Pauwels, J. Balzarini, P. Herdewijn, E. De Clercq,
and J. Desmyter. 1987. Ribavirin antagonizes inhibitory effects
of pyrimidine 2’,3’-dideoxynucleosides but enhances inhibitory
effects of purine 2’,3’-dideoxynucleosides on replication of
human immunodeficiency virus in vitro. Antimicrob. Agents
Chemother. 31:1613-1617.

4. Baba, M., H. Tanaka, E. De Clercq, R. Pauwels, J. Balzarini, D.
Schols, H. Nakashima, C.-F. Perno, R. T. Walker, and T.
Miyasaka. 1989. Highly specific inhibition of human immunode-
ficiency virus type 1 by a novel 6-substituted acyclouridine
derivative. Biochem. Biophys. Res. Commun. 165:1375-1381.

S. Chou, J., and T.-C. Chou. 1986. Dose-effect analysis with
microcomputers: quantitation of EDsy, LDs, synergism, antag-
onism, low-dose risk, receptor-ligand binding and enzyme ki-
netics, p. 19-32. In A computer software for IBM-PC and
manual. Elsevier-Biosoft, Cambridge.

6. Chou, T.-C., and P. Talalay. 1984. Quantitative analysis of
dose-effect relationships: the combined effects of multiple drugs
or enzyme inhibitors. Adv. Enzyme Regul. 22:27-55.

7. De Clercq, E. 1989. New acquisitions in the development of



VoL. 35, 1991

10.

11.

12.

13.

14.

15.

16.

17.

anti-HIV agents. Antiviral Res. 12:1-20.

. Fischl, M. A., D. D. Richman, M. H. Grieco, M. S. Gottlieb,

P. A. Volberding, O. L. Laskin, J. M. Leedom, J. E. Groopman,
D. Mildvan, R. T. Schooley, G. G. Jackson, D. T. Durack, D.
King, and the AZT Collaborative Working Group. 1987. The
efficacy of azidothymidine (AZT) in the treatment of patients
with AIDS and AIDS-related complex: a double-blind, placebo-
controlled trial. N. Engl. J. Med. 317:185-191.

. Fischl, M. A., D. D. Richman, N. Hansen, A. C. Collier, J. T.

Carey, M. F. Para, W. D. Hardy, R. Dolin, W. G. Powderly,
J. D. Allan, B. Wong, T. C. Merigan, V. J. McAuliffe, N. E.
Hyslop, F. S. Rhame, H. H. Balfour, Jr., S. A. Spector, P. A.
Volberding, C. Pettinelli, J. Anderson, and the AIDS Clinical
Trials Group. 1989. The safety and efficacy of zidovudine (AZT)
in the treatment of subjects with mildly symptomatic human
immunodeficiency virus type 1 (HIV) infection: a double-blind,
placebo-controlled trial. Ann. Intern. Med. 112:727-737.
Hammer, S. M., and J. M. Gillis. 1987. Synergistic activity of
granulocyte-macrophage colony-stimulating factor and 3'-azido-
3’-deoxythymidine against human immunodeficiency virus in
vitro. Antimicrob. Agents Chemother. 31:1046-1050.
Hartshorn, K. L., M. W. Vogt, T.-C. Chou, R. S. Blumberg, R.
Byington, R. T. Schooley, and M. S. Hirsch. 1987. Synergistic
inhibition of human immunodeficiency virus in vitro by azido-
thymidine and recombinant alpha A interferon. Antimicrob.
Agents Chemother. 31:168-172.

Hayashi, S., R. L. Fine, T.-C. Chou, M. J. Currens, S. Broder,
and H. Mitsuya. 1990. In vitro inhibition of the infectivity and
replication of human immunodeficiency virus type 1 by combi-
nation of antiretroviral 2’,3’-dideoxynucleosides and virus-bind-
ing inhibitors. Antimicrob. Agents Chemother. 34:82-88.
Johnson, V. A., M. A. Barlow, T.-C. Chou, R. A. Fisher, B. D.
Walker, M. S. Hirsch, and R. T. Schooley. 1989. Synergistic
inhibition of human immunodeficiency virus type 1 (HIV-1)
replication in vitro by recombinant soluble CD4 and 3’-azido-
3’-deoxythymidine. J. Infect. Dis. 159:837-844.

Land, S., G. Treloar, D. McPhee, C. Birch, R. Doherty, D.
Cooper, and I. Gust. 1990. Decreased in vitro susceptibility of
zidovudine of HIV isolates obtained from patients with AIDS. J.
Infect. Dis. 161:326-329.

Larder, B. A., G. Darby, and D. D. Richman. 1989. HIV with
reduced sensitivity to zidovudine (AZT) isolated during pro-
longed therapy. Science 243:1731-1734.

Mitsuya, H., K. J. Weinhold, P. A. Furman, M. H. St. Clair, S.
Nusinoff-Lehrman, R. C. Gallo, D. Bolognesi, D. W. Barry, and
S. Broder. 1985. 3'-Azido-3'-deoxythymidine (BW AS09U): an
antiviral agent that inhibits the infectivity and cytopathic effect
of human T-lymphotropic virus type III/lymphadenopathy-asso-
ciated virus in vitro. Proc. Natl. Acad. Sci. USA 82:7096-7100.
Mitsuya, H., R. Yarchoan, and S. Broder. 1990. Molecular

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

COMBINATION OF ANTI-HIV-1 AGENTS 1433

targets for AIDS Therapy. Science 249:1533-1544.

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

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

Pauwels, R., J. Balzarini, M. Baba, R. Snoeck, D. Schols, P.
Herdewijn, J. Desmyter, and E. De Clercq. 1988. Rapid and
automated tetrazolium-based colorimetric assay for the detec-
tion of anti-HIV compounds. J. Virol. Methods 20:309-321.
Richman, D. D., M. A. Fischl, M. H. Grieco, M. S. Gottlieb,
P. A. Volberding, O. L. Laskin, J. M. Leedom, J. E. Groopman,
D. Mildvan, M. S. Hirsch, G. G. Jackson, D. T. Durack, S.
Nusinoff-Lehrman, and the AZT Collaborative Working Group.
1987. The toxicity of azidothymidine (AZT) in the treatment of
patients with AIDS and AIDS-related complex: a double-blind,
placebo-controlled trial. N. Engl. J. Med. 317:192-197.

Smith, M. S., E. Leigh-Brien, E. De Clercq, and J. S. Pagano.
1989. Susceptibility of human immunodeficiency virus type 1
replication in vitro to acyclic adenosine analogs and synergy of
the analogs with 3'-azido-3'-deoxythymidine. Antimicrob.
Agents Chemother. 33:1482-1486.

Tanaka, H., M. Baba, H. Hayakawa, T. Sakamaki, T. Miyasaka,
M. Ubasawa, H. Takashima, K. Sekiya, I. Nitta, S. Shigeta, R. T.
Walker, J. Balzarini, and E. De Clercq. 1991. A new class of
HIV-1 specific 6-substituted acyclouridine derivatives: synthe-
sis and anti-HIV-1 activity of 5- or 6-substituted analogues of
1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT). J.
Med. Chem. 34:349-357.

Tanaka, H., M. Baba, S. Saito, T. Miyasaka, H. Takashima, H.
Sekiya, M. Ubasawa, I. Nitta, R. T. Walker, H. Nakashima, and
E. De Clercq. 1991. Specific anti-HIV-1 ‘‘acyclonucleosides’’
which cannot be phosphorylated: synthesis of some deoxy
analogues of 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thy-
mine (HEPT). J. Med. Chem. 34:1508-1511.

Tanaka, H., M. Baba, M. Ubasawa, H. Takashima, K. Sekiya, I.
Nitta, S. Shigeta, R. T. Walker, E. De Clercq, and T. Miyasaka.
1991. Synthesis and anti-HIV activity of 2-, 3-, and 4-substituted
analogues of 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thy -
mine (HEPT). J. Med. Chem. 34:1394-1399.

Ueno, R., and S. Kuno. 1987. Dextran sulfate, a potent anti-HIV
agent in vitro having synergism with zidovudine. Lancet i:1379.
Vogt, M. W., K. L. Hartshorn, P. A. Furman, T.-C. Chou, J. A.
Fyfe, L. A. Coleman, C. Crumpacker, P. T. Schooley, and M. S.
Hirsch. 1987. Rivabirin antagonizes the effect of azidothymidine
on HIV replication. Science 235:1376-1379.



