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The combined antiviral effects of various 2',3'-dideoxynucleosides and ribavirin on the replication of human
immunodeficiency virus type 1 in MT-4 cells have been examined. Ribavirin antagonized the antiviral activity
of the pyrimidine 2',3'-dideoxynucleosides (3'-azido-2',3'-dideoxythymidine, 2',3'-dideoxythymidin-2'-ene,
2',3'-dideoxycytidine, and 2',3'-dideoxycytidin-2'-ene), but enhanced the antiviral activity of the purine
2',3'-dideoxynucleosides (2',3'-dideoxyadenosine and 2',3'-dideoxyguanosine). Combinations of the 2',3'-
dideoxynucleosides with each other were also examined. These combinations resulted in an additive to
subsynergistic effect.

Since the identification of human T-cell lymphotropic
virus type III/lymphadenopathy-associated virus (HTLV-
III/LAV), recently termed human immunodeficiency virus
type 1 (HIV-1), as the causative agent of acquired immuno-
deficiency syndrome (AIDS), a number of compounds have
been reported to be effective in inhibiting the replication of
HIV-1 in vitro, e.g., ribavirin (20), phosphonoformic acid
(25), recombinant interferon-aA (17), 3'-azido-2',3'-dide-
oxythymidine (AzddThd) (23), and 2',3'-dideoxynucleosides
such as 2',3'-dideoxycytidine (ddCyd) (21). These com-
pounds are currently being explored for their efficacy in the
treatment of AIDS, and initial clinical trials with AzddThd
point to its beneficial effect in alleviating the symptoms of
the disease (28). However, considering the severity of AIDS
and the necessity of long-term chemotherapy for this dis-
ease, more effective or less toxic treatment modalities are
required. Combinations of antiviral drugs are of interest not
only for increasing their efficacy and reducing their toxicity,
but also for diminishing the probability of drug-virus resis-
tance development. Combinations of various antiviral drugs
have been evaluated against various herpesviruses, i.e.,
herpes simplex virus (1, 9), varicella-zoster virus (2), and
cytomegalovirus (18). Recently, Hartshorn et al. reported
the synergistic inhibition of HIV-1 by recombinant inter-
feron-aA and phosphonoformic acid (15) and also by recom-
binant interferon-aA and AzddThd (16). Mitsuya and Broder
reported that acyclovir enhanced the efficacy of AzddThd
against HIV-1 in ATH8 cell cultures (22). We have now
examined the anti-HIV-1 activity of various combinations of
nucleoside analogs including ribavirin in vitro, and the most
striking observation was that the combination of ribavirin
with either 2',3'-dideoxyadenosine (ddAdo) or 2',3'-
dideoxyguanosine (ddGuo) resulted in a synergistic effect. In
contrast, combinations of ribavirin with pyrimidine 2',3'-
dideoxynucleosides invariably resulted in an antagonistic
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effect. Recently, antagonism between the anti-HIV activity
of AzddThd and ribavirin has also been reported by Vogt et
al. (27).

MATERIALS AND METHODS

Cells. The HTLV-I-carrying cell line, MT-4 (14), was
mainly used. The cells were grown and maintained in RPMI
1640 medium supplemented with 10% heat-inactivated fetal
calf serum, 100 IU of penicillin G per ml, and 20 ,ug of
gentamicin per ml (culture medium).
Compounds. Ribavirin was obtained from Nutritional

Biochemicals Corp., Cleveland, Ohio, and ddCyd, ddAdo,
and ddGuo were purchased from Pharmacia, Inc.,
Piscataway, N.J. AzddThd and the 2',3'-dehydrogenated
derivatives of 2',3'-dideoxythymidine and ddCyd, termed
2',3'-dideoxythymidin-2'-ene (ddeThd) (3, 13) and 2',3'-
dideoxycytidin-2'-ene (ddeCyd) (5, 13, 19), respectively,
were synthesized at our own institute. All stock solutions
were made in phosphate-buffered saline and stored at 4°C
until used. Concentrations of all compounds, except
ribavirin, were determined by UV spectrophotometry, using
phosphate-buffered saline (pH 7.4) as solvent. The Xmax and
£ values for the test compounds were as follows: AzddThd,
Xmax 265 (e 9,700); ddeThd, Xmax 265 (e 9,700); ddCyd, Xmax
270 (E 9,100); ddeCyd, Xmax 269 (e 9,100); ddAdo, Xmax 259 (E
15,400); ddGuo, 'max 251 (£ 13,700).

Virus. HIV-1 was obtained from the supernatant of a
persistently HIV-1-infected H9 cell line (H9/HTLV-IIIB)
(24). Virus titer of the supernatant was 2.5 x 104 50% cell
culture infective doses per ml. The virus stock was stored at
-70°C until used.

Antiviral assays. Antiviral activity of the compounds (ei-
ther singly or in combination) was based on the inhibition of
virus-induced cytopathic effect (CPE) on host cells, deter-
mined by trypan blue exclusion, as previously described (3).
Briefly, MT-4 cells were suspended at 5 x 105 cells per ml
and infected with HIV-1 at 100 or 1,000 50% cell culture

1613



ANTIMICROB. AGENTS CHEMOTHER.

a

.0 '-6,
z0m cZ._ Q

0
%

C.)

.0

E '-

z

a, -

._0 Q
>3 4-

to C:

.

z

O Q0016 0.008 0.04 0.2 1
Concentration of AzddThd (juM)

0 0.2 1 5 25 125
Concentration of ddAdo (uM)

FIG. 1. Dose-response curves for the inhibitory effects of
AzddThd (A) and ddAdo (B), in combination with various concen-
trations of ribavirin, on HIV-1 in MT-4 cells. The cells were infected
with HIV-1 at an MOI of 0.0002 and cultured with various concen-
trations of test compounds. On day 5 after infection, the number of
viable cells was determined by the trypan blue exclusion test. Each
symbol indicates the final concentrations of ribavirin: 0, 0 ,uM; A,

0.4 ,uM; x, 2 p.M; 0, 10 ,uM. Representative results from two
separate experiments are shown.

infective doses per ml. After 90 min of incubation at 37°C, 5
x 104 cells per 100 p.l were brought into each well of a

flat-bottomed 96-well plastic microtiter tray containing 100
[LI of various dilutions of the test compounds. After 5 days of
incubation at 37°C, the number of viable cells was deter-
mined microscopically in a hemacytometer by trypan blue.
exclusion.

Inhibition of viral antigen expression in HIV-1-infected
MT-4 cells. The inhibitory effects of the compounds on viral
antigen expression in infected MT-4 cells were determined at
day 4 after infection by indirect immunofluorescence and
laser flow cytofluorography, using a polyclonal antibody as
probe, as previously described (23a).

Analysis of combination effect. The combined inhibitory
effects on HIV-1-induced CPE were examined by checker-
board combinations of various concentrations of the test
compounds. When the combination consisted of two effec-
tive compounds, the combined effect was analyzed by the
isobologram method, as previously described (2). In this
analysis, the 50% effective concentration (EC50), which is
the concentration of compound required to protect 50% of
MT-4 cells against HIV-1-induced CPE, was used for calcu-
lation of the fractional inhibitory concentration (FIC). When
the minimum FIC index, which corresponds to the FIC of
compounds combined (e.g., FICX + FICy), is equal to 1.0,
the combination is additive; when it is between 1.0 and 0.5,
the combination is subsynergistic, and when it is <0.5, it is
synergistic. On the other hand, when the minimum FIC
index is between 1.0 and 2.0, the combination is sub-
antagonistic and, when it is >2.0, the combination is antag-
onistic (8).

RESULTS

Combined effects of 2' ,3'-dideoxynucleosides and ribavirin.
Before starting with the combination experiments, the cyto-
toxicity of ribavirin alone for MT-4 cells was examined by
trypan blue exclusion. Ribavirin was slightly cytotoxic at a
concentration of 31.6 ,uM and clearly toxic at a concentra-
tion of 100 p.M. At 100 ,uM, ribavirin reduced the number of
viable cells after 5 days of incubation to <50% of the control
(data not shown). The highest concentration at which
ribavirin was not toxic for uninfected cells was 10 p.M. At
this concentration, ribavirin was not effective against HIV-1
(Fig. 1). A similar observation has been reported with
ribavirin in ATH8 cells (4).
When MT-4 cells were infected with HIV-1 at 100 50% cell

culture infective doses per ml, that is, a multiplicity of
infection (MOI) of 0.0002, and the combined inhibitory effect
of AzddThd with ribavirin was examined, ribavirin acted
antagonistically with AzddThd. Figure 1A shows the dose-
response curves for the inhibitory effects of AzddThd, in
combination with various concentrations (0, 0.4, 2, and 10
,uM) of ribavirin, on HIV-1-induced CPE. The curves shifted
to the right; that is, higher concentrations of AzddThd were
required to inhibit HIV-1 with increasing concentrations of
ribavirin. On the contrary, when the combined inhibitory
effect of ddAdo with ribavirin was examined, the dose-
response curves for the inhibitory effects of ddAdo shifted to
the left: lower concentrations of ddAdo were required to
inhibit HIV-1 (Fig. 1B). This result indicates that ribavirin
enhanced the anti-HIV-1 activity of ddAdo.

For several compounds in addition to AzddThd and
ddAdo, i.e., ddeThd, ddCyd, ddeCyd, and ddGuo, the EC50s
against HIV were calculated in the presence of various
concentrations of ribavirin (Table 1). In the absence of
ribavirin, the EC50 of AzddThd was 0.004 ,uM, whereas in
the presence of 10 p.M ribavirin, it reached 0.12 p.M (Table
1). Similarly, the EC50 of the other pyrimidine 2',3'-
dideoxynucleoside analogs (ddeThd, ddCyd, and ddeCyd)
increased in the presence of increasing concentrations of
ribavirin. On the other hand, the EC50 of the purine 2',3'-
dideoxynucleoside analogs (ddAdo and ddGuo) decreased in
the presence of increasing concentrations of ribavirin (Table
1).
When MT-4 cells were infected with HIV-1 at a 10-fold

higher MOI (0.002) and the combined inhibitory effects were
examined, the EC50 values recorded for the individual com-
pounds were higher, but the effect of ribavirin remained
antagonistic with regard to AzddThd, ddeThd, ddCyd, and
ddeCyd, while it enhanced the anti-HIV-1 activity of ddAdo
and ddGuo (Table 2).
To extend these observations to another cell line, the

TABLE 1. Combined inhibitory effects of various
2',3'-dideoxynucleoside analogs and ribavirin on the replication

of HIV-1 in MT-4 cell culturesa

Concn of EC50 (,LM)b
ribavirin (4LM) AzddThd ddeThd ddCyd ddeCyd ddAdo ddGuo

0 0.004 0.17 0.16 0.23 4.3 6.9
0.4 0.008 0.48 0.32 0.34 3.1 6.6
2 0.052 1.9 1.5 1.1 1.7 2.5

10 0.12 8.5 1.9 3.2 0.74 1.6

" MT-4 cells were infected with HIV at an MOI of 0.0002. Data represent
mean values for two separate experiments.

b Determined by trypan blue exclusion test.
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1TABLE 2. Combined inhibitory effects of various
2',3'-dideoxynucleoside analogs and ribavirin on replication

of HIV-1 in MT-4 cell culturesa

Concn of EC50 (p.M)b
ribavirin (pLM) AzddThd ddeThd ddCyd ddeCyd ddAdo ddGuo

0 0.066 1.6 2.0 2.1 18.0 15.4
0.4 0.29 1.8 2.7 2.3 16.9 15.1
2 0.84 10.8 10.1 10.8 12.2 13.1
10 3.3 12.6 8.9 11.5 4.8 4.5

a MT-4 cells were infected with HIV at an MOI of 0.002. Data represent
mean values for two separate experiments.

b Determined by trypan blue exclusion test.
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combined anti-HIV-1 activity of ddAdo with ribavirin was

cxamined in ATH8 cells (4). At a concentration of 2 FtM,
ddAdo protected only 50% of the ATH8 cells against the
HIV-1-induced CPE, whereas it achieved complete protec-
tion in the presence of 10 piM ribavirin. At a concentration of
0.5 F.M, ddAdo protected 50 to 60% of ATH8 cells in the
presence of 10 ,uM ribavirin, whereas little (10%) protection
was observed in the absence of ribavirin. At 10 FaM, ribavirin
was not inhibitory to HIV-1 in ATH8 cells (data not shown).
When MT-4 cells were infected with HIV-1 at an MOI of

0.0002 and viral antigen expression was also examined after
the cells had been exposed to selected concentrations of the
compounds, it appeared that ribavirin decreased the inhibi-
tory activity of the pyrimidine 2',3'-dideoxynucleoside ana-

logs (AzddThd, ddeThd, ddCyd, and ddeCyd), whereas it
increased the inhibitory activity of the purine 2',3'-
dideoxynucleoside analogs (ddAdo and ddGuo) (data not
shown).

Effects of ribavirin on cytotoxicity of 2',3'-dideoxynucle-
osides for uninfected cells. When assayed for cytotoxicity in
mock-infected MT-4 cells, ribavirin at a concentration of 10
FaM, which was itself noncytotoxic, enhanced the toxicity of
ddAdo and ddGuo by 2.2- and 2.8-fold, respectively.
Ribavirin reduced the toxicity of AzddThd, ddeThd, ddCyd,
and ddeCyd by 2.4-, 1.7-, 2.5-, and 1.1-fold, respectively
(Table 3).

Toxicity was also examined in CEM cells, which represent
an HTLV-I-noncarrying T-lymphocyte cell line. When the
viability ofCEM cells was assessed by trypan blue exclusion
after 6 days, the 50% cytotoxic concentrations of ddAdo in
the absence and presence (10 ,uM) of ribavirin were 762 and
232 FM, respectively. The 50% cytotoxic concentrations of
AzddThd in the absence and presence of ribavirin (10 ,uM)
were 53 and 175 paM, respectively (data not shown). These
results are in keeping with the results obtained in MT-4 cells
(Table 3).
Combined inhibitory effects of the 2',3'-dideoxynucleosides.

When AzddThd was combined with ddCyd and the inhibi-
tory effect on HIV-1-induced CPE was evaluated by the

0.5

F I C ddCyd

FIG. 2. Isobologram representation of the inhibitory effects of
AzddThd in combination with ddCyd on HIV-1-induced
cytopathogenicity in MT-4 cells. The minimum FIC index was 0.6.
Broken lines represent the unity lines for FIC equal to 1 and 0.5,
respectively. Representative results from two separate experiments
are shown.

isobologram method, all FICAZddThd + FICddcyd values fell
between 0.5 and 1.0 (Fig. 2), which means that the combi-
nation was additive to subsynergistic. The minimum FIC
index recorded for the combination of AzddThd and ddCyd
was 0.60.

Various combinations other than AzddThd plus ddCyd
were also examined for their inhibitory effects on HIV-1-
induced CPE (Table 4). In all cases, the minimum FIC
indexes achieved were between 0.5 and 1.0, indicating an

additive to subsynergistic effect for these combinations.
The cytotoxicity was also examined for each combination

of the compounds at a concentration fivefold higher than the
concentration which was completely protective against
HIV-1. No reduction in viability of the MT-4 cells was

observed with any of the combinations used (data not
shown).

DISCUSSION

Ribavirin is a broad-spectrum antiviral agent with clinical
potential for the treatment of some RNA virus infections
(11). Recently, McCormick et al. reported that the com-

pound has in vitro anti-HIV-1 activity (20). Although the
mechanism of antiviral action of ribavirin is not fully under-
stood, it is supposed to inhibit viral mRNA capping (12). On
the other hand, 2',3'-dideoxynucleosides such as AzddThd
are potent inhibitors of the HIV-1-associated reverse tran-
scriptase (following intracellular conversion of the com-

TABLE 3. Effects of ribavirin on cytotoxicity of various
2',3'-dideoxynucleoside analogs for uninfected MT-4 cells

Concn of CC50 (qLM)a
ribavirin (PLM) AzddThd ddeThd ddCyd ddeCyd ddAdo ddGuo

0 60 106 134 42 1,200 611
10 145 178 334 48 539 220

a 50% cytotoxic concentration, determined by trypan blue exclusion test
after 5 days of incubation of the cells with the test compounds. Data represent
mean values for two separate experiments.

TABLE 4. FIC index for combinations of various
2',3'-dideoxynucleoside analogs required to inhibit replication

of HIV-1 in MT-4 culturesa

FIC index
Analog

AzddThd ddeThd ddCyd ddeCyd

ddeThd 0.70
ddCyd 0.60 0.57
ddeCyd 0.55 0.74 0.67
ddAdo 0.60 0.75 0.84 0.73

a Representative results from two separate experiments are shown.
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pounds to their 5'-triphosphate form [6, 10]). The differences
in the mode of action of ribavirin and 2',3'-dideoxynu-
cleoside analogs justified their combined use in attempts to
obtain improved therapeutic modalities for the treatment of
AIDS.
The salient feature of the results presented here is that

ribavirin, while by itself inactive as an anti-HIV-1 agent at 10
FLM (the maximum nontoxic concentration), enhanced the
antiviral activities of ddAdo and ddGuo (Tables 1 and 2).
ddAdo is regarded as a promising candidate for the treatment
of AIDS patients because of its low toxicity and high
selectivity. Although the selectivity index of ddAdo against
HIV-1, as based on the 50% cytotoxic concentration/EC50
ratio, is inferior to that of AzddThd in MT-4 cells (3), its
selectivity index in ATH8 cells is superior to that of
AzddThd (3a). In the presence of ribavirin, the cytotoxicity
of ddAdo also increased (Table 3); however, the selectivity
index of ddAdo in the presence of ribavirin, calculated from
the data of Table 1 and 3, was 2.6-fold greater than that in the
absence of ribavirin (728 and 279, respectively). It would
now seem imperative to further evaluate the combination of
ddAdo with ribavirin in different cell lines in vitro as well as
in animal models.
Of major importance was the finding that ribavirin antag-

onized the anti-HIV-1 activity of pyrimidine 2',3'-
dideoxynucleoside analogs. This antagonism was most re-
markable for the combination of the 2',3'-dideoxythymidine
analogs (AzddThd and ddeThd) with ribavirin (Tables 1 and
2). Particularly, the anti-HIV-1 activity of AzddThd was
diminished by 30- to 50-fold in the presence of 10 ,uM
ribavirin, which cautions against the use of these drugs in
combination chemotherapy.
An explanation for the mechanism of antagonism between

the anti-HIV-1 activity of ribavirin and AzddThd has been
provided by Vogt et al. (27). The mechanism(s) by which
ribavirin enhances the anti-HIV-1 activity of the purine
2',3'-dideoxynucleosides and antagonizes that of the pyrim-
idine 2',3'-dideoxynucleosides other than AzddThd remains
to be elucidated. As recently reviewed (11), ribavirin affects
the activity of a number of cellular enzymes. Since ribavirin
(in its 5'-monophosphate form) is an inhibitor of IMP dehy-
drogenase (26), it leads to a decrease in the intracellular
concentrations of GTP and dGTP. The decrease in GTP pool
in turn leads to a decrease in the ATP and dATP levels,
because GTP is a positive feedback regulator of AMP
synthesis from IMP. The decrease in the intracellular pools
of dGTP and dATP, and their precursors, may make their
direct competitors, ddATP, ddGTP, and other purine 2',3'-
dideoxynucleoside 5'-triphosphates, more effective at the
DNA polymerase (reverse transcriptase) level. On the other
hand, ribavirin antagonizes the action of AzddThd by reduc-
ing its phosphorylation (27), and this mechanism of action
may also extend to combinations of ribavirin with other
pyrimidine 2',3'-dideoxynucleosides (i.e., ddeThd, ddCyd,
and ddeCyd). Since both the purine and pyrimidine 2',3'-
dideoxynucleoside analogs are phosphorylated by cellular
kinases (7, 10) and their anti-HIV-1 activity as well as their
cytotoxicity depend on the extent of this phosphorylation,
factors (such as ribavirin) that interfere with these kinases
may be expected to modulate the antiviral activity and
toxicity of the compounds.
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