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Summary 

In cultured MRC-5 cells, ganciclovir (GCV) alone had good activity against 
both the established AD169 strain (ICs0 8 and 9/zM) and a clinical isolate (ICs0 
14 #M) of human cytomegalovirus (CMV), while Y-azido-Y-deoxythymidine 
(AZT) was relatively inactive [ICs0 508 and > 800 (AD169 strain); > 800/~M 
(clinical isolate)]. When reductions in plaques were compared against 
reductions in the cellular metabolism of MTT at all GCV and AZT 
combination concentrations using an improved 3-dimensional linear regres- 
sion analysis, AZT had an additive effect on the antiviral activity of GCV 
against the AD169 strain and potentiated the antiviral activity of GCV against 
the clinical isolate. Calculations showed that, in the presence of 50/~M AZT, 
the anti-CMV activity of GCV was unchanged for the AD169 strain, whereas 
the activity of GCV was increased approximately 5 10-fold for the clinical 
isolate. An increase in GCV efficacy for the AD169 strain first became 
apparent at 100 pM AZT with an approximately 3-fold increase in activity. In 
Swiss-Webster mice, the anti-CMV activity of GCV against murine CMV was 
unaffected when administered in combination with AZT. GCV given alone 
subcutaneously had an EDs0 of 6 mg/kg which was unaffected by daily 
intraperitoneal doses of 320 mg/kg AZT. These results suggest that AZT will 
not adversely affect the efficacy of GCV against CMV in HIV-positive, non- 
neutropenic patients. 

Human and murine cytomegalovirus; Ganciclovir; GCV; Zidovudine; AZT; 
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Introduction 

The majority of patients that are infected with human immunodeficiency 
virus (HIV) eventually get cytomegalovirus (CMV) disease (Armstrong et al., 
1985). Under these conditions, it is common practice for HIV patients to 
undergo multiple drug therapy for both the HIV infection and other 
opportunistic diseases such as CMV. When using multiple drug therapies, 
studies should be undertaken to ensure that detrimental drug interactions either 
do not occur or can be managed successfully. 

Ganciclovir (GCV) is presently used for treatment of CMV retinitis and 
gastrointestinal disease (Buhles et al., 1988; Collaborative DHPG Treatment 
Study Group, 1986). Zidovudine (azidothymidine, AZT) is effective in the 
treatment of HIV, the etiologic agent of the acquired immunodeficiency 
syndrome (AIDS) (Fischl et al., 1987). Previous in vitro studies have suggested 
that GCV and AZT are synergistically cytotoxic to human cells (Prichard et al., 
1991; Medina et al., 1992) and that AZT reduces the antiviral activity of GCV 
against human CMV (Tian et al., 1991). More recently, Medina et al. (1992), 
have suggested that GCV antagonizes the anti-HIV activity of AZT and 
dideoxyinosine in vitro. 

In this paper, we report the results of a series of in vitro and in vivo studies 
designed to determine whether the efficacy of GCV against CMV is affected 
when combined with AZT. An improved three-dimensional analytical 
approach including stepwise linear regression coupled with analysis of 
covariance was used to determine the combined effects of the drugs on both 
efficacy and cell toxicity. In all studies, the drug levels which would be achieved 
in patients were either bracketed or exceeded. 

Materials and Methods 

Compounds. Ganciclovir [9-(l,3-dihydroxy-2-propoxymethyl)guanine, GCV] 
was synthesized by Syntex Research, Palo Alto, CA. Zidovudine (3'-azido-3'- 
deoxythymidine, AZT) was obtained from Pharmatec, Alachua, FL. 

Cells and virus. Human embryonic lung (MRC-5) cells were obtained from 
the American Type Culture Collection (ATCC), Rockville, MD. Cells were 
maintained and passaged in Eagle's minimum essential medium with Earle's 
salts (EMEM, JRH Bioscience) containing 10% fetal calf serum (FCS, 
Hyclone), 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid) buffer, and 0.75 mg/ml NaHCO3. No antibiotics were used. Human 
cytomegalovirus (HCMV, strain AD169) from ATCC as well as a clinical 
isolate of HCMV (T8618) from Dr. Lawrence Drew, Mt. Zion Hospital, San 
Francisco, CA, were plaque titered in MRC-5 cells. Murine CMV (strain 
Smith) from ATCC for the in vivo studies was plaque titered in primary mouse 
embryo fibroblast (MEF) cells. 
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Plaque assay. Confluent monolayers of MRC-5 cells in 12-well plates were 
infected with 100 pfu/well of HCMV. After a 1.25 h adsorption period, the 
fluid containing the virus was aspirated, and an overlay was applied consisting 
of EMEM supplemented with 2% FCS, 0.75 mg/ml of NaHCO3, 0.5% Sea 
Plaque agarose (FMC Bio-Products), and various concentrations of GCV 
alone or in combination with AZT. Six dilutions of each drug were tested in 
duplicate assays, using two wells per drug combination and four wells of  cell 
growth control (vehicle alone) per test. Incubation was for 8 days at 37°C in air 
containing 5% CO2, with a fresh overlay being added after 4 days. The overlay 
was then removed, the cells were fixed with methanol for 15 rain, and the 
monolayer was stained with 0.05% methylene blue for 15 rain. All plaques were 
counted using a Bellco plaque viewer. 

M T T  assay. Plates containing either confluent or proliferating uninfected 
cells were incubated with various concentrations of GCV and/or AZT for 4 
days at 37°C in air containing 5% CO2. The medium was EMEM with 5% FCS 
and 0.75 mg/ml NaHCO3. A standard MTT assay was then run in which the 
uptake and metabolism of 3-[4,5-dimethylthiazol-2-yl] 2,5-dephenyltetrazolium 
bromide (MTT, Sigma) at 1 mg/ml by the cells was measured (Alley et al., 1988; 
Mosmann, 1983). The amount of formazan produced from MTT in 3 h was 
determined by dissolving the product in isopropanol and then measuring 
absorbance at 570 nm as well as at 650 nm to correct for light scattering of the 
cell layer (Thermomax spectrophotometer, Molecular Devices). Duplicate tests 
were run for each assay, using four wells per drug combination and sixteen 
wells of  cell control per test. 

The MTT assay is a measure of the metabolic capacity of the mitochondria. 
As such, a decrease in the amount of formazan produced from MTT can 
represent either a decrease in the number of mitochondria (fewer cells) or a 
decreased intrinsic capacity of the mitochondria to metabolize MTT. In the 
latter case, the effect can be either cytostatic or cytocidal in nature; neither can 
be distinguished. For the purposes of this report, cytotoxicity refers to the 
decreased metabolic conversion of MTT, keeping in mind the possible 
interpretations. Since AZT is selectively toxic to mitochondria and the MTT 
assay measures mitochondrial metabolism, the use of this assay for cytotoxicity 
studies is particularly appropriate. 

Animal studies. Weanl ing  female  Swiss -Webs te r  mice (S imonsen  
Laboratories, Gilroy, CA) weighing 10-12 g were used for in vivo studies. 
All mice were infected intraperitoneally with 3.2 x 104 pfu/mouse of murine 
CMV. GCV was administered subcutaneously twice daily 6 h apart, while AZT 
was given intraperitoneally three times daily 3 h apart for 5 days, both starting 
6 h after infection. Studies continued for 14 days after infection. Surviving 
animals were healthy at that time. 

Data analyses. For the in vitro studies, the possibility of either enhanced or 
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reduced efficacy of GCV in combination with AZT was analyzed in several 
ways. Initially, 3-dimensional representations of (a) percent reduction in 
plaques compared to virus control, (b) percent reduction in cell growth 
compared to cell control, and (c) the difference between reductions in plaques 
and cell growth were prepared as a function of the various drug combination 
pairs. Then, stepwise linear regression combined with analysis of covariance 
(ANCOVA) (Dixon et al., 1969; SAS User's Guide, 1989) was performed on (a) 
plaque counts, (b) cytotoxicity values, and (c) differences between percent 
reductions in plaques and cytotoxicity values in order to determine whether 
drug effects were additive, synergistic, or antagonistic. Overall differences as 
well as pairwise comparisons of both slopes and y-intercepts from each GCV 
concentration curve alone and in combination with AZT were analyzed. A brief 
description of the statistical analysis can be found at the end of the Materials 
and Methods. In addition, a complementary analysis using nonlinear 
regression (Greco et al., 1990) was performed for validation. In every 
instance, the two analyses agreed. The lowest inhibitory concentration of test 
agent which reduced viral replication by 50% (ICs0) or 90% (IC90) was  
determined using probit analysis (Finney, 1971). 

For the in vivo studies, Fisher's exact probability (Maxwell, 1961) was used 
to evaluate either an increase or decrease in the number of survivors with GCV 
alone or in combination with AZT. In addition, the effective dose at which 
50% of the mice survived (EDso) was determined for GCV alone or in 
combination with AZT using probit analysis (Finney, 1971). 

Stepwise linear regression combined with analysis ()f covariance to analyze drug 
combination interactions. In the statistical model used for the in vitro assays, 
an overall test for consistent deviation from additivity across the entire dose- 
response surface is first evaluated using stepwise linear regression. This phase 
of the analysis must be completed before a point-by-point analysis is 
performed. If evidence for consistent supra-additivity exists, the point-by- 
point comparisons can be performed directly, i.e., at an alpha level of 0.05. If a 
point-by-point analysis is desired, even in the face of no evidence for supra- 
additivity, then a Bonferroni correction for multiple comparisons is carried out 
using Dunn's Procedure and Fisher's LSD strategy (Kirk, 1982). These 
procedures adjust the alpha level downward,  i.e., 10 point-by-point  
comparisons would adjust the alpha down to 0.005 to be significant; all 
values above 0.005 would be accounted for by noise. In addition, the present 
statistical method contains a logic branch point to analyze the effects of drugs 
which on their own are ineffective. These additional analyses are also carried 
out over the entire dose-range, and are based upon ANCOVA and Dunn's 
procedure for multiple comparisons. 

Briefly, the procedure is as follows (Fig. 1): (i) Determine linearity and scales: 
The relationship between the responses and doses for each drug is determined. 
If it is not linear, an appropriate transformation for doses, for example, log~0 
dose, etc., is made for linearity. (ii) Determine the activity level of each drug 
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alone: The complete dose-response curve for each drug alone is examined to see 
if the drug is active by itself within the tested dose-range. (iii) If both drugs are 
active: A Stepwise Linear Regression is used for the additive model of  drug- 
drug interaction and is compared to a synergy model which also includes a term 
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Fig. 1. Flow chart for stepwise linear regression combined with analysis of covariance to analyze drug 
combination interactions. See Materials and Methods for further information. 
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to account for combination effects; a consistent supra-additive effect across the 
majority of  the active range indicates an evidence of synergy; (a) if the additive 
model is not rejected in favor of  the synergy model, individual points within the 
combination space can be tested for deviance from additivity, but the post hoc 
analysis must be adjusted using a Bonferroni Strategy to account for the 
problem of multiple comparisons; (b) if the additive model is rejected and the 
synergy or antagonism model is accepted, point-by-point comparisons may 
then be made without adjustment (Dunn's Procedure and Fisher's LSD 
strategy). (iv) If only one drug is active: The model can still be used to test for 
potentiat ion of  drug effects by performing an A N C O V A  to test for 
heterogeneity of slopes; (a) if one or more active drug slopes is significantly 
steeper than the control slope and if no differences in intercepts exist, then 
evidence of  potentiation exists; (b) if the slopes are the same and if the 
intercepts are different, then evidence of additivity exists; (c) if both slopes and 
intercepts are different, the results must be interpreted within the structure of 
the regression and ANCOVA. 

Results 

In vitro tests.  GCV alone had activity against human CMV (AD 169). The 
IC50 was 8 pM, and the IC90 was 18 /~M. AZT alone was essentially inactive, 
with an ICs0 and IC90 of > 800 #M. When the two drugs were combined, AZT 
had an additive effect on the reduction of plaques by GCV (Fig. 2a, P >  0.1, 
where this lack of  significance meant an additive interaction rather than 
synergism or antagonism). The same additive results were seen in a second test, 
in which the GCV ICs0 and IC90 were 9 ~M and 19 pM, respectively, and the 
AZT ICs0 and IC90 were 508 and > 800 pM, respectively (data not shown). 

Both GCV and AZT alone were slightly toxic to confluent MRC-5 cells, with 
< 1 8 %  reduction in the cellular metabolism of  MTT at the highest 
concentrations. In combination, additive effects on cell toxicity were observed 
at the higher concentrations (Fig. 2b, P >  0.1, where this lack of  significance 
meant an additive interaction). The same additive results were seen in a second 
test, with < 28% reduction in the cellular metabolism of MTT. In neither test 
were synergistic effects on cell toxicity apparent. Cell toxicity was determined in 
confluent cells in order to compare each drug's effect directly with its antiviral 
efficacy which was also determined in confluent monolayers. 

In order to minimize any experimental bias, the plaque test was compared 
with the confluent cytotoxicity test (Fig. 2c). When differences in antiviral 
activity and cytotoxicity using confluent cells were compared, the results were 
consistently biphasic. With GCV alone and in combination with the 25-200 pM 
concentrations of  AZT, a large increase in the slope of  the difference curve was 
seen with increasing doses, indicating that the inhibition of human CMV 
(AD169) increased rapidly with a minimal effect on cell toxicity. With GCV in 
combination with the 200-800 #M concentrations of  AZT, a slight decrease in 
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Fig. 2. (a) Antiviral effect of  GCV and AZT alone and in combination against human CMV (AD169) in 
MRC-5 cells, P C T C T -  % reduction in plaque count compared to virus control; (b) Cell toxicity effect of  
GCV and AZT alone and in combination on confluent MRC-5 cells, PCTOD = % reduction in optical 

density of  formazan compared to cell control. 
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Fig. 2. (c) Antiviral minus cell toxicity effects of  GCV and AZT alone and in combination against human 
CMV (AD169) in confluent M RC-5 cells, D E L T A -  % reduction in number  of  plaques minus % reduction 

in cellular metabolism of MTT. 

slope with a large offset at the intercept was seen, indicating that all of the virus 
had been inhibited and that only small reductions in the cellular metabolism of 
MTT had occurred. These results were consistent when the second antiviral test 
was compared with the second cell toxicity test (data not shown). In all cases P- 
values were < 0.05 when the slope or intercept for the reduction in plaques was 
compared with the slope or intercept for cell toxicity. Again, the results of  the 
analysis generated from the difference between antiviral activity and cell 
toxicity data indicated that the anti-CMV effects of the drug combinations 
were additive (P > 0.1). The activity of  GCV alone was increased approximately 
3-fold in the presence of  > 1 0 0  ~M AZT. 

Cell toxicity was determined in proliferating cells in addition to confluent 
cells since rapidly dividing cells are often more sensitive to the deleterious 
effects of  a drug. When examined in proliferating MRC-5 cells, additive effects 
were observed between the two drugs (Fig. 3). GCV was slightly toxic to 
proliferating MRC-5 cells, with < 1 6 %  reduction in cellular metabolism when 
a 5-30 pM concentration range was tested. AZT was moderately toxic with < 
46% reduction (25-800 ~tM range tested). Neither synergy nor antagonism was 
detected (P > 0.1). 

In an effort to ensure that the results obtained with CMV strain AD169 were 
not intrinsic to that strain, we obtained a primary clinical isolate of CMV 
(T8618) for testing. GCV alone was also active against this isolate of CMV 
(T8618). The ICs0 was 14 #M, while the IC90 was 22 pM. AZT alone was not 
active against the H C M V  isolate with both the ICs0 and IC9o> 800 /~M. The 
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Fig. 3. Ceil toxicity effect of  GCV and AZT alone and in combination on proliferating MRC-5 cells, 
PCTOD = % reduction in optical density of  formazan compared to cell control. 

results of the analysis generated from the plaque reduction assay as well as 
from the difference between antiviral activity and confluent cell toxicity 
indicated that the antiviral activity of GCV was potentiated when combined 
with AZT (Figs. 4a, b and c, P<0.05 where this significance indicated 
potentiation rather than antagonism or additivity). The activity of GCV alone 
was increased approximately 5 10-fold in the presence of > 5 0  pM AZT. 

In vivo tests.  In order to examine the effect of  the two drugs in vivo, mice were 
infected with murine CMV and the anti-CMV effects of GCV and AZT 
combinations examined. GCV alone had an EDs0 of 6 mg/kg against murine 
CMV (Table 1). When various doses of GCV were used in combination with 
AZT, the EDs0 for GCV remained essentially unchanged (5 mg/kg). In 
addition, AZT had no protective activity against murine CMV either alone or 
in combination with a marginally effective dose of GCV, with the EDs0 for 
AZT remaining at > 320 mg/kg. 

Discussion 

In the in vitro combination studies, AZT had an additive effect on the 
antiviral activity of GCV against human CMV (strain AD 169) and potentiated 
the activity of GCV against the clinical isolate of HCMV. No indication of 
antagonism was apparent in any of the assays. In addition, AZT did not 
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Fig. 4. (a) Antiviral effect of GCV and AZT alone and in combination against a clinical isolate of human 
CMV (T8618) in MRC-5 cells, P C T C T -  % reduction in plaque count compared to virus control; (b) Cell 
toxicity effect of GCV and AZT alone and in combination on confluent MRC-5 cells, P C T O D - %  
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Fig. 4. (c) Antiviral minus cell toxicity effects of  GCV and AZT alone and in combination against a clinical 
isolate of  human CMV in confluent MRC-5 cells, D E L T A -  % reduction in number  of  plaques minus % 
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adversely affect the in vivo antiviral activity of GCV against murine CMV at 
the doses tested. The similar results regarding lack of antagonism with both the 
laboratory strain of CMV (AD169) and the primary clinical isolate (T8618) 
demonstrate that these results generalize to more than just a single strain of 
human CMV. The reason that an additive effect was seen for the laboratory 
strain versus potentiation for the clinical isolate may be due to the fact that the 
laboratory strain was carried in culture; selective changes may have occurred 
from pass to pass. 

These in vitro results are in contrast to those of Prichard et al. (1991) and 
Tian et al. (1991). Using a limited three-dimensional method of analysis, 
Prichard et al. (1991) reported synergistic cytotoxicity between GCV and AZT. 
In addition, Tian et al. (1991) described certain individual combinations of 
GCV and AZT as being cytotoxically antagonistic. However, the methods 
utilized by Prichard et al. (1991) and Tian et al. (1991) did not take into account 
the entire drug combination response surface in their analyses. The Prichard 
and Shipman method first calculates the theoretical additive surface, which is 
subtracted from the experimental surface to reveal regions of greater (or 
smaller) than expected additivity. This theoretical additive surface is calculated 
based on a series of assumptions which must be made about additivity of the 
two drugs, and has to be predicted beyond the ICs0 by using the equations in 
Prichard and Shipman's model. Even if one were to assume non-additive drug-  
drug effects, the method still requires extrapolation. Such extrapolation will 
severely impact the adequacy of the analysis. By using the present linearized 
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TABLE 1 

Survival of mice treated with different 
murine CMV infection ~' 

doses of GCV or AZT alone and in combination against a 

Treatment regimen b Response to treatment 

GCV (mg/kg) AZT (mg/kg) No. survivors/totaff 

EDs0 alone or in combination 

GCV (mg/kg) AZT (mg/kg) 

Untreated Control 4/20 
1 0 3/20 
3 0 8/20 
9 0 17/20 d 

27 0 20)20 d 

1 320 11/20 d'c 
3 320 7/20 
9 320 16/20 d 

27 320 20/20 d 

0 32 7/20 
0 100 0/20 
0 32O 1/20 

3 32 5/19 
3 100 9/19 
3 320 8/20 

> 320 

>320 

*~Mice were treated with various concentrations of GCV or AZT to determine the EDs0 alone and 
with the marginally effective dose of each agent (GCV, 3 mg/kg; AZT, 320 mg/kg) combined with 
various concentrations of  the other to determine the EDso in combination. 
bDoses are expressed in mg/kg per day. GCV was given subcutaneously twice daily in two equal 
doses 6 h apart. AZT was given intraperitoneally three times daily in three equal doses 3 h apart. All 
treatments started 6 h after challenge and continued for 4 more days. 
CAnimals were held for 14 days after infection, and remaining mice were healthy at that time. 
dp < 0.05, compared with saline-treated control, Fisher exact probability. 
~P <0.05, compared with same dose of GCV alone, Fisher exact probability. 

regression model as well as a nonlinear regression model (Greco et al., 1990) 
across the entire dose-response surface in our analysis, our results suggest that 
no antagonism between GCV and AZT exists. In every instance, both the 
linearized and non-linearized regression models gave the same conclusions. By 
avoiding the assumptions made by Prichard and Shipman (1990), as well as by 
Tian et al. (1991), the present analyses are necessarily more conservative and 
consequently reduce the false-positive rate. 

Other current techniques for analyzing drug combination interactions such 
as the isobologram (Loewe, 1953) and the combination index method (Chou 
and Talalay, 1981) usually look at drug drug combination therapy on a point- 
by-point basis or across a range of  given dose ratios, without first verifying an 
overall consistent response across the entire drug-drug response surface. 
Comparing such techniques with a non-linear regression model has shown 
flaws in these methods. For example, Syracuse and Greco (1986) did a Monte- 
Carlo simulation study to compare the method of Chou and Talalay (1981) 
with Greco's nonlinear Universal Response Surface method. In this simulation 
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study, different amounts of true additivity with varying amounts of true noise 
were pre-programmed to generate test data and the results were then analyzed 
by both methods. The results of this simulation study showed that Greco's 
nonlinear regression model was correct a majority of the time, while Chou and 
Talalay's method often gave ambiguous results, yielding a mixed conclusion of 
both antagonism and synergism. The only case where the Chou and Talalay 
method performed as well as the Syracuse and Greco method was for the model 
in which the dose-response curves for drug 1 and drug 2 were parallel (same 
slopes). Finding mixed results in the face of a single (but noisy) true result 
means that in practice the false-positive rate is inflated, probably as a result of  
selective sampling and system noise. 

Including cytotoxicity analyses in statistical equations dealing with 
combination studies can also reduce false-positive results. Certain drugs 
appeared to increase the efficacy of GCV when the 3-dimensional antiviral 
plaque assay by itself was analyzed, whereas they were seen to have no effect 
when cytotoxicity was factored into the analysis. The effect of  GCV in 
combination with trimethoprim/sulfamethoxazole (TMP/SMX) against CMV 
is a good example (Freitas et al., 1993). 

In addition to the different statistical analyses used in the various drug 
combination studies, discrepancies in the results may also be related to the 
different cytoxicity assays used. For example, Prichard et al. (1991) used total 
protein stains in exponentially growing cells and plating efficiency studies, 
while we chose the MTT assay, which measures mitochondrial metabolism. 

Several researchers have noticed hematological toxicity problems when GCV 
and AZT were given concurrently to AIDS patients (Jacobson et al., 1988; 
Hochster et al., 1990; Millar et al., 1990). Hochster et al. (1990) and Jacobson et 
al. (1988), both concluded that this toxicity was the result of  the 
myelosuppressive activity of each drug rather than being due to any 
pharmacodynamic interaction. Even though pharmacokinetic measurements 
were not performed directly in the in vivo test, the additive results seen in the in 
vitro drug combination studies suggest that no change in pharmacodynamic 
variables of either drug has occurred with coadministration. 

The myelosuppressive effects of both GCV and AZT make them difficult to 
use concurrently in the clinic. Recently, a new approach to combination 
therapy has been successful (Causey, 1991). The treatment involved an 
individual patient approach that monitored absolute granulocyte counts to 
provide a flexible dosing regimen for both GCV and AZT based on dose 
modification and interruption. In addition, ongoing clinical trials suggest that 
granulocyte-macrophage colony-stimulating factor (GM-CSF) combined with 
GCV against CMV retinitis leads to reduced neutropenia over patients 
receiving GCV alone (Grossberg et al., 1989; Hardy, 1991). If additional 
clinical studies demonstrate these types of regimens to be effective, the 
concomitant use of GCV and AZT would be possible in a larger patient 
population. 

The present results suggest that GCV can be used in combination with AZT, 
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while treating an opportunistic CMV infection of AIDS patients without 
compromising the efficacy of GCV against CMV. These data extend previous 
reports in which no detrimental interactions on antiviral efficacy were found 
between GCV in combination with ketoconazole against herpes simplex virus 
type 2 (HSV-2) (Pecyk et al., 1989) or between GCV in combination with 
foscarnet, amphotericin B, ketoconazole, dapsone, or TMP/SMX against 
CMV and/or HSV-2 (Freitas et al., 1989; Freitas et al., 1993). 

More recently, in an in vitro study by Medina et al. (1992), GCV was 
reported to reduce the anti-HIV activity of AZT. Unlike the present studies on 
CMV, Medina utilized fixed molar ratios of  AZT and GCV and the method of 
analysis consisted solely of combination indices; such limited studies could 
adversely impact the results as described previously for the combination index 
method. In addition, Medina et al. (1992) used trypan blue viability and total 
cellular protein assays to measure cytotoxicity. We are currently performing 
more detailed analysis of  combinations of  AZT and GCV on HIV in an effort 
to clarify these observations. 

Acknowledgements 

We thank Pat Lowry and Cai Moreno for technical assistance, and Ron 
Herman and Julien Verheyden for reviewing the manuscript. 

References 

Alley, M.C., Scudiero, D.A., Monks, A., Hursey, M.L., Czerwinski, M.J., Fine, D.L., Abbott, B.J., 
Mayo, J.G., Shoemaker, R.H. and Boyd, M.R. (1988) Feasibility of drug screening with panels 
of human tumor cell lines using a microculture tetrazolium assay. Cancer Res. 48, 589 601. 

Armstrong, D., Gold, J.W.M., Dryjanski, J., Whimby, E., Polsky, B., Hawkins, C., Brown, A.E., 
Bernard, E. and Kiehn, T.E. (1985) Treatment of infections in patients with the acquired 
immunodeficiency syndrome. Ann. Intern. Med. 103, 738 743. 

Buhles, W.C. Jr., Mastre, B.J., Tinker, A.J., Strand, V., Koretz, S.H. and the Syntex Collaborative 
Ganciclovir Treatment Study Group (1988) Ganciclovir treatment of life- or sight-threatening 
cytomegalovirus infection: experience in 314 immunocompromised patients. Rev. Infect. Dis. 
10(3) $495 $506. 

Causey, D. (1991) Concomitant ganciclovir and zidovudine treatment for cytomegalovirus retinitis 
in patients with HIV infection: an approach to treatment. J. Acquir. Immune Defic. Syndr. 4(1), 
S16 $21. 

Chou, T.C. and Talalay, P. (1981) Generalized equations for the analysis of inhibitions of Michaelis- 
Menten and higher-order kinetic systems with two or more mutually exclusive and nonexclusive 
inhibitors. Eur. J. Biochem. 115, 207 216. 

Collaborative DHPG Treatment Study Group (1986) Treatment of serious cytomegalovirus 
infections with 9-(1,3-dihydroxy-2-propoxymethyl)guanine in patients with AIDS and other 
immunodeficiencies. New Eng. J. Med. 314, 801 805. 

Dixon, W.J. and Massey, F.J. Jr. (1969) Introduction to Statistical Analysis, 3rd ed., pp. 222 236. 
McGraw Hill, San Francisco. 

Finney, D.J. (1971) Probit Analysis, 3rd ed., pp 333. Cambridge University Press, London. 
Fischl, M.A., Richmam D.D., Grieco, M.H., Gottlieb, M.S., Volberding, P.A., Laskin, O.L., 



315 

Leedom, J.M., Groopman, J.E., Mildvan, D., Schooley, R.T., Jackson, G.G., Durack, D.T,, 
King, D. and the AZT Collaborative Working Group (1987) The efficacy of azidothymidine 
(AZT) in the treatment of patients with AIDS and AIDS-related complex. N. Engl. J. Med. 317, 
185 191. 

Freitas, V.R., Fraser-Smith, E.B. and Matthews, T.R. (1989) Increased efficacy of ganciclovir in 
combination with foscarnet against cytomegalovirus and herpes simplex virus type 2 in vitro and 
in vivo. Antiviral Res. 12, 205 212. 

Freitas, V.R., Fraser-Smith, E.B. and Matthews, T.R. (1993) Efficacy of ganciclovir in combination 
with other antimicrobial agents against cytomegalovirus in vitro and in vivo. Antiviral Res. 20, 
1 12. 

Greco, W.R., Park, H.S. and Rustum, Y.M. (1990) Application of a new approach for the 
quantitation of drug synergism to the combination of cis-diamminedichloroplatinum and I-/~-D- 
arabinoturanosyl-cytosine. Cancer Res. 50, 5318-5327. 

Grossberg, H.S., Bonnem, E.M. and Buhles, W.C. (1989) GM-CSF with ganciclovir for the 
treatment of CMV retinitis in AIDS. N. Engl. J. Med. 320, 1560. 

Hardy, W.D. (1991) Combined ganciclovir and recombinant human granulocyte-macrophage 
colony-stimulating factor in the treatment of cytomegalovirus retinitis in AIDS patients. J. 
Acquir. Immun. Defic. Syndr. 4 (S1), $22 28. 

Hochster, H., Dieterich, D., Bozette, S., Reichman, R.C., Conner, J.D., Liebes, L., Sonke, R.L., 
Spector, S.A., Valentine, F., Pettinelli, C. and Richnian, D.D. (1990) Toxicity of combined 
ganciclovir and zidovudine for cytomegalovirus disease associated with AIDS. Ann. Int. Med. 
113, 111 117. 

Jacobson, M.A., DeMiranda, P., Gordon, S.M., Blum, M.R., Volberding, P. and Mills, J. (1988) 
Prolonged pancytopenia due to combined ganciclovir and zidovudine therapy. J. Infect. Dis. 
158, 489~490. 

Kirk, R.E. (1982) Experimental design: procedures for the behavioral sciences, 2nd ed. Brooks/Cole, 
Belmont, California. 

Loewe, S. (1953) The problem of synergism and antagonism of combined drugs. Arzneim-Forsch. 3, 
285 290. 

Maxwell, A.E. (1961) Analyzing Quantitative Data, pp. 13 23. Ballantyne and Co., London, 
Spottiswoode. 

Medina, D.J., Hsuing, G.D. and Mellors, J.W. (1992) Ganciclovir antagonizes the anti-human 
immunodeficiency virus type 1 activity of zidovudine and didanosine in vitro. Antimicrob. 
Agents Chemother. 36, 1127 1130. 

Millar, A.B., Miller, R.F., Patou, G., Mindel, A., Marsh, R. and Semple, S.J.G. (1990) Treatment of 
cytomegalovirus retinitis with zidovudine and ganciclovir in patients with AIDS: outcome and 
toxicity. Genitourin. Med. 66, 156-158. 

Mosmann, T. (1983) Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. J. lmmunol. Methods 65, 55 63. 

Pecyk, R.A., Fraser-Smith, E.B. and Matthews, T.R. (1989) Lack of antiviral activity of 
ketoconazole alone or in combination with the acyclic nucleoside ganciclovir against a herpes 
virus type 2 infection in mice. Acta. Virol. 33, 569 572. 

Prichard, M.N., Prichard, L.E., Baguley, W.A., Nassiri, M.R. and Shipman, C. Jr. (1991) Three- 
dimensional analysis of the synergistic cytotoxicity of ganciclovir and zidovudine. Antimicrob. 
Agents Chemother. 35, 106(~1065. 

Prichard, M.N. and Shipman, C. Jr. (1990) A three-dimensional model to analyze drug drug 
interactions. Antiviral Res. 14, 181-206. 

SAS User's Guide: Statistics (1989), 6th ed., SAS Institute, Cary, North Carolina. 
Syracuse, K.C. and Greco, W.R. (1986) Comparison between the method of Chou and Talalay and 

a new method for the assessment of the combined effects of drugs: a Monte Carlo simulation 
study. Proc. Biopharm. Sect. Am. Stat. Assoc. 127 132. 

Tian, P.Y., Crouch, J.Y. and Hsiung, G.D. (1991) Combined antiviral effect and cytotoxicity of 
ganciclovir and azidothymidine against cytomegalovirus infection in cultured cells. Abstracts 
from the International Conference on Antiviral Research, 134. 


