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Ganciclovir Antagonizes the Anti-Human Immunodeficiency Virus
Type 1 Activity of Zidovudine and Didanosine In Vitro
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In studies examining potential interactions between ganciclovir (GCV) and either zidovudine (AZT) or

didanosine (DDI) in H9 cells, GCV was found to consistently reduce the anti-human immunodeficiency virus
type 1 potency of both AZT and DDI. In the presence of GCV, the 50% effective doses of AZT and DDI were

increased three- to sixfold, depending on the molar ratio of drugs and the measure of human immunodeficiency
virus type 1 replication (p24 antigen, reverse transcriptase activity, or infectious virus yield). Multiple
dose-effect analysis revealed strong antagonism between GCV and either AZT or DDI (combination indices, 2.2
to 6.7). This antagonistic effect occurred at drug concentrations that were well below the cytotoxic range. At
higher drug concentrations, the combination of GCV and AZT was synergistically cytotoxic (combination
indices, <1.0), whereas GCV and DDI were only additively cytotoxic (combination indices, ca. 1.0). Thus, the
combination of GCV with AZT or DDI may result in antiviral antagonism and either synergistic (AZT-GCV)
or additive (DDI-GCV) cytotoxicity.

Human cytomegalovirus (CMV) is the most common op-
portunistic viral pathogen in patients with human immunode-
ficiency virus type 1 (HIV-1) infection (1, 19). The nucleoside
analogs ganciclovir (9-[1,3-dihydroxy-2-propoxymethyl]gua-
nine [GCV]) and zidovudine (3'-azido-3'-deoxythymidine
[AZT]) were the first drugs licensed in the United States for
the treatment of CMV and HIV-1 infection, respectively.
Didanosine (2',3'-dideoxyinosine [DDIJ), a potent inhibitor
of HIV-1, is undergoing widespread clinical evaluation as an
alternative to AZT and has been recently approved for
limited clinical use. Although GCV is effective for the
treatment of CMV retinitis and gastrointestinal disease in
patients with AIDS, high recurrence rates necessitate long-
term maintenance therapy (2). Because CMV disease usually
occurs in patients with advanced HIV-1 infection, clinical
indications are usually present for prolonged therapy with
both GCV and AZT or DDI. Previous investigators have
reported that GCV and AZT are synergistically toxic in vitro
(17) and produce severe hematologic toxicity in vivo (11, 12).
Nevertheless, combined therapy with AZT and GCV is still
advocated for selected patients (3). Preliminary clinical
reports suggest that GCV may be better tolerated in patients
receiving concomitant therapy with DDI (16).

Despite the frequent use of these antiviral agents in
combination, there is no published information on the po-
tential effects ofGCV on the antiretroviral activity ofAZT or
DDI. In the present study, therefore, the effects of GCV on
the anti-HIV-1 activity of AZT and DDI were investigated.
The concentration ratios of the drug combinations studied
were based on peak and trough levels of the drugs achieved
in the serum of humans by using standard dosing regimens
(8, 11, 15).
H9 target cells (obtained from R. C. Gallo, National

Cancer Institute, Bethesda, Md.) were cultured in RPMI
1640 supplemented with 20% heat-inactivated fetal bovine
serum, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
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sulfonic acid (HEPES), and antibiotics. Stock virus
(HIVHTLV-IIIB strain; from R. C. Gallo) was harvested from
infected H9 cells by the shake-off method as previously
described (4, 14, 26). Stock virus infectivity (6.5 logl0 50%
tissue culture infective doses [TCID50] per ml) was deter-
mined by triplicate endpoint dilution in H9 cells with p24
antigen production (day 7) as the indicator of viral replica-
tion. The TCID50 was calculated by using the Reed and
Meunch equation for interpolation (18).
H9 cells were infected with HIV-1 at a multiplicity of

infection of 0.01 TCID50 per cell in all experiments. Virus
was adsorbed for 2 h at 37°C; this was followed by three
washes to remove nonadsorbed virus. Immediately after
infection, 5 x 104 cells per well were added in quadruplicate
to 24-well tissue culture plates (Costar, Cambridge, Mass.)
containing one of the following: AZT alone (Sigma Chemical
Co., St. Louis, Mo.), DDI alone (Bristol-Myers Squibb,
Wallingford, Conn.), GCV alone (Syntex Laboratories, Palo
Alto, Calif.), or AZT or DDI combined with GCV at several
fixed molar ratios ranging from 1:1 to 1:20. On day 5 after
infection, culture supernatants were collected, clarified by
centrifugation (800 x g for 15 min), and stored for assay. The
amount of supernatant virus was measured by p24 enzyme-
linked immunosorbent assay (ELISA; Abbott Laboratories,
North Chicago, Ill.), reverse transcriptase (RT) assay (5),
and infectious virus yield in MT-2 cells (10).
The cytotoxic effects of drugs alone and in combination

were assayed by using uninfected H9 cells. Serial dilutions
of drug were added to duplicate wells of a 24-well plate
containing 4 x 105 H9 cells per well. Cells cultured without
drug were included as controls in each experiment. Cytotox-
icity was assessed by determining the number of viable cells
(trypan blue exclusion) and total cellular protein (bicincho-
ninic acid method [23]) after 3 and 5 days of culture.
The drug concentrations that inhibited HIV-1 replication

by 50% (ED50) and 90% (ED90) and reduced the viable cell
number by 50% (CyD50) were interpolated from linear re-
gression plots of percent inhibition versus drug concentra-
tion by using the computer program of Chou and Chou (6).
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TABLE 1. Inhibition of HIV-1 replication in H9 cells by AZT
and GCV each alone and in combination

Concn (pM) of: % Inhibition (mean ± SD)' by:

AZT GCV p24 RT Virus yield

1 97 ± 3 93 ± 4 97 2
0.25 86 ± 2 84 ± 3 89 1
0.0625 71 ± 2 67 3 74 3
0.0156 54 ± 4 53 4 63 3
0.0039 43 ± 3 40 4 40 7
0.0009 15 2 9 5 18 5

160 76 4 76 4 79 ± 7
40 47 9 44 8 37 ± 4
10 24 10 17 5 14 ± 6

lb jo1 89 1 86 3 91 ± 3
0.25 2.5 78 1 74 2 81 ± 3
0.0625 0.625 61 3 54 ± 3 58 ± 4
0.0156 0.156 26 ± 2 25 ± 4 40 ± 6
0.0039 0.039 11 ± 1 13 ± 3 8 ± 5
0.0009 0.009 6 ± 4 6 ± 2 3 ± 2

a In no-drug control cultures, the mean p24 antigen level was 860 + 50
ng/ml, the RT activity was 5 x 106 ± 2 x 104 cpm/ml, and the infectious-virus
yield titer was 5.3 log1o ± 1.2 loglo TCID50/ml. Results are the mean +
standard deviation (SD) of three experiments.

h When used in combination, the drugs were present at an AZT-to-GCV
ratio of 1:10.

Combination indices (CI) for the antiviral and cytotoxic
effects of the drugs in combination were also computed by
using this program (6). This program has been used by other
investigators to analyze antiviral interactions (13, 21). These
computations are based on the multiple drug-effect equations
of Chou and Talalay (7). The CI values were calculated by
using both mutually exclusive (similar modes of action) and
mutually nonexclusive (different modes of action) equations.
CI values of < 1, 1, and > 1 indicate synergistic, additive, and
antagonistic drug effects, respectively.

Initial experiments examined the effect of GCV on the
antiviral activity ofAZT at fixed molar ratios ofAZT to GCV
ranging from 1:1 to 1:20 as measured by p24 antigen produc-
tion. These experiments (n = 3) demonstrated that GCV
consistently reduced the antiviral potency of AZT at all
molar ratios studied. This effect of GCV was more pro-
nounced at higher ratios, reaching a maximum at an AZT-
to-GCV ratio of 1:10. At this ratio, the ED50 of AZT was
increased ca. 11-fold, from 0.015 ,uM (AZT alone) to 0.169
,uM (AZT-GCV combination).

In more detailed experiments, serial fourfold dilutions of
drugs at a fixed AZT-to-GCV ratio of 1:10 were examined for
antiviral activity by using three different measures of HIV-1
replication: p24 antigen production, RT activity, and infec-
tious virus yield. Table 1 shows that in the presence of GCV
the HIV-1 inhibitory potency ofAZT was reduced regardless
of the measure of HIV-1 replication. Further analysis of the
data from these experiments (n = 3) is shown in Table 2.
GCV increased the ED5Os of AZT four- to sixfold, depending
on the measure of HIV-1 replication. The CI values for the
AZT-GCV combination ranged from 3.64 to 5.29 at the ED50
and from 2.93 to 3.36 at the ED90 levels, indicating strong
antagonistic interaction (CI > 1.0). GCV exerted this antag-
onistic effect at concentrations of 0.04 to 10 p,M (Table 1),
which is ca. 8 to 2,000 times below the 50% cytotoxic
concentration of GCV (81 p,M) for H9 cells (see below). This
indicates that GCV-induced cytotoxicity is an unlikely ex-
planation for the observed antiviral antagonism.

In similar experiments (n = 3), GCV was also noted to

TABLE 2. Analysis of the anti-HIV-1 effects of AZT and GCV
each alone and in combination

Parameters0 CI values at":
Assay and
compounds ED50 m r ED50 ED90(pM)

p24 ELISA
AZT 0.01 0.685 0.984
GCV 41.97 0.831 0.998
AZT + GCV (1:10) 0.58 0.772 0.993 4.83 (4.89) 3.36 (3.41)

RT assay
AZT 0.02 0.647 0.980
GCV 50.22 0.988 0.999
AZT + GCV (1:10) 0.69 0.693 0.997 3.64 (3.68) 2.93 (3.03)

Virus yield
AZT 0.01 0.682 0.993
GCV 54.05 1.133 0.994
AZT + GCV (1:10) 0.51 0.822 0.982 5.29 (5.34) 3.07 (3.13)
a m (slope) signifies the shape of the dose-effect curve; r is the linear

correlation coefficient.
* CI values were calculated from the experimental data in Table 1 by using

a computer simulation of the classical isobologram equation. The CI values in
parentheses were calculated from the conservative equation assuming inde-
pendent modes of action. CI values of <1, 1, and >1 indicate synergism,
additivism, and antagonism, respectively.

reduce the antiviral potency of DDI (Table 3). Initial exper-
iments at several DDI-to-GCV molar ratios (1:5, 1:10, and
1:20) demonstrated maximal antagonism at ratios of 1:10 and
1:20. At a DDI-to-GCV ratio of 1:10, the ED50s of DDI were
two- to threefold higher than those of DDI alone (Table 4).
The CI values ranged from 2.23 to 2.83 at the ED50 and 2.49
to 6.73 at the ED90 levels, indicating substantial antagonism.
GCV exerted this antagonistic effect at 0.09 to 25 FM (Table
3), which is 3- to 500-fold lower than the 50% cytotoxic
concentration of GCV (81 ,uM).
The CyD50s were 87 ,uM for AZT alone, 106 ,uM for DDI

TABLE 3. Inhibition of HIV-1 replication in H9 cells by DDI
and GCV each alone and in combination

Concn (pM) of: % Inhibition (mean + SD)' by:

DDI GCV p24 RT Vyielud

10 97 3 95 ± 3 97 ± 2
2.5 90 2 88 ± 2 91 ± 1
0.625 75 3 75 ± 7 77 ± 4
0.156 46 5 52 ± 4 55 ± 3
0.039 20 3 32 ± 6 30 ± 2
0.009 7 2 13 ± 9 3 ± 1

160 77 5 78 ± 6 78 ± 6
40 62 ± 4 63 ± 5 54 ± 5
10 13 ± 2 18 ± 11 14 ± 3

10" 100" 96 ± 4 92 ± 2 91 ± 4
2.5 25 79 ± 6 71 ± 2 71 ± 3
0.625 6.25 48 ± 6 55 ± 2 59 ± 7
0.156 1.56 26 ± 2 36 ± 4 30 ± 8
0.039 0.39 19 ± 8 22 ± 3 20 ± 5
0.009 0.09 4 ± 2 9± 1 11 ± 5

a In no-drug control cultures, the mean p24 antigen level was 642 + 63
ng/ml, the RT activity was 3 x 106 + 3 x 104 cpm/ml, and the infectious-virus
yield titer was 5.5 log1o ± 1.5 log1o TCID50ml. Results are the mean ± SD of
three experiments.

* When used in combination, the drugs were present at a DDI-to-GCV ratio
of 1:10.
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TABLE 4. Analysis of the anti-HIV-1 effects of DDI and GCV each alone and in combination

Assay and Parametersa CI values at":
compounds ED50 ($LM) m r ED50 ED90

p24 ELISA
DDI 0.19 0.865 0.999
GCV 42.49 1.121 0.955
DDI + GCV (1:10) 4.36 0.839 0.984 2.23 (2.43) 2.49 (2.91)

RT assay
DDI 0.13 0.684 0.999
GCV 36.43 1.003 0.965
DDI + GCV (1:10) 3.99 0.634 0.990 2.83 (3.10) 3.88 (5.13)

Virus yield
DDI 0.18 0.926 0.983
GCV 44.96 1.111 0.987
DDI + GCV (1:10) 4.37 0.637 0.992 2.25 (2.44) 6.73 (9.18)

a See Table 2, footnote a.
b CI values were calculated from the experimental data in Table 3. See Table 2, footnote b.

alone, and 81 p,M for GCV alone (mean values from three
experiments). Similar CyD50s were obtained when total
cellular protein was measured as the indicator of cytotoxic-
ity (not shown). The drugs in combination (AZT-GCV and
DDI-GCV, both at a ratio of 1:10) were more cytotoxic than
the drugs alone. Figure 1 shows that the CI values for the
AZT-GCV combination were consistently <1.0, indicating
synergistic cytotoxicity. CI values for the DDI-GCV combi-
nation approximated 1.0, which is consistent with additive
rather than synergistic cytotoxicity.
These studies demonstrate that GCV reduces the anti-

HIV-1 potency of both AZT and DDI in H9 cells by using
p24 antigen production, RT activity, and infectious virus
yield as measures of viral replication. Although the magni-
tude of this antagonism varied depending on the drug con-
centration, the molar drug ratio, and the assay of viral
replication, a severalfold reduction in the antiviral potency
of AZT and DDI was consistently observed. This degree of
antagonism of AZT by GCV is similar to that previously
reported for the guanosine analog ribavirin, which decreases
the anti-HIV-1 activity of AZT by inhibiting the phospory-
lation of AZT to the active 5'-triphosphate form (25). The

2

x DDI + DHPG

.1....'Additive
AZT + DHPG

.

0
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(Inhibition of Viable Cell.)
FIG. 1. Computer-generated presentation of the CI values for

the cytotoxic effects of AZT-GCV (DHPG) and DDI-GCV combi-
nations at molar ratios of 1:10. Conservative, mutually nonexclusive
equations were used for CI calculations.

mechanisms responsible for the antagonism ofAZT and DDI
by GCV observed in our studies remain to be elucidated.
The concentration ratios at which GCV was antagonistic

are within the range of levels achieved in the serum of
humans by standard dosing (8, 11, 15). For example, in
patients receiving 100 mg of oral AZT every 4 hours and 5
mg of intravenous GCV per kg twice daily, average peak and
trough levels of GCV in plasma are ca. 28 and ca. 2.0 ,uM,
respectively (11). The average peak and trough levels of
AZT in plasma in these patients are 1.5 and 0.4 ,uM,
respectively (11). Therefore the peak and trough concentra-
tion ratios of AZT to GCV in serum range from 1:5 to 1:20,
which are ratios at which antagonism was observed in our
experiments. DDI levels in the plasma of patients receiving
6 mg of oral DDI per kg twice daily average 6.3 to 9.6 ,uM at
peak and <0.2 puM at trough (8). When compared with
average peak and trough GCV levels achieved by standard
dosing (11), DDI-to-GCV ratios of 1:3 to >1:10 are likely to
be present in humans. Antagonism in our studies was
observed at DDI-to-GCV ratios of 1:5 to 1:20.

In addition to th,ese observations with HIV-1, separate
studies in our lab 7atory have shown that AZT antagonizes
the anti-CMV ac4vity of GCV in vitro (24, 27) and in vivo
(9). Studies by ang et al. (27) demonstrated that AZT
reduced the potency of GCV ca. twofold against guinea pig
CMV at GCV-to-AZT ratios of 1:0.8, 1:1.6, and 1:3.2.
Similarly, Tian et al. (24) demonstrated that AZT reduced
the potency of GCV against human CMV two- to fivefold at
GCV-to-AZT ratios of 1:0.2, 1:0.4, and 1:1. These prior
observations, taken together with the results of the present
study, suggest the possibility of bidirectional antiviral antag-
onism between AZT and GCV.
Both AZT and GCV have significant bone marrow toxicity

when administered as single agents (20, 22). Clinical experi-
ence with concomitant AZT and GCV therapy has suggested
additive or synergistic hematologic toxicity (11, 12). In our
study, GCV and AZT in combination were synergistically
toxic to H9 cells. Multiple dose-effect analysis revealed
synergistic interactions (CI values of <1.0) over a broad
range of drug concentrations and at all affected fractions
(Fig. 1). These observations are consistent with a recent
report of synergistic GCV-AZT toxicity in nonlymphoid cell
lines (17). In contrast, the combination of GCV and DDI was
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only additively toxic to H9 cells in our study. The lack of
synergistic cytotoxicity in vitro is consistent with initial
reports that GCV is better tolerated in patients receiving
concomitant therapy with DDI than in those receiving AZT
(16).

In summary, potentially important antagonistic antiviral
interactions between GCV, AZT, and DDI have been dem-
onstrated in cultured CD4+ T cells. Whether similar inter-
actions occur in vivo is not known. This question can be
addressed by using appropriate animal models of retroviral
disease or in trials of GCV therapy in patients receiving
concomitant therapy with AZT or DDI.
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