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The combined cytotoxicity of zidovudine and ganciclovir in three cell lines of human origin was examined.
The data were generated by a new rapid cell proliferation assay and a more sensitive plating efficiency assay.
A three-dimensional analytical approach was used to evaluate the drug-drug interactions, and the results were
compared with those obtained by two conventional methods of analysis. Synergistic cytotoxicity was observed
in all cell lines examined and by both assays. Moreover, this synergistic cytotoxicity was statistically significant
at physiologically relevant concentrations. It is not known whether these drug-drug interactions manifest
themselves in vivo as granulocytopenia or other untoward side effects. These results, however, indicate that
further investigation is warranted and that the coadministration of zidovudine and ganciclovir may be
contraindicated.

Cytomegalovirus retinitis is a common sequela of AIDS
and occurs in at least 25% of patients with human immuno-
deficiency virus disease (3, 15). Ganciclovir (DHPG) therapy
impedes the progress of this sight-threatening condition but
requires lifelong therapy to prevent recurrent infections (9,
13, 18), and neutropenia is seen in 30% of patients (17).
Zidovudine (AZT) is useful in treating AIDS (10, 29), but like
DHPG, it causes at least some bone marrow suppression in
most patients (23). Although the coadministration of AZT
with drugs which interfere with erythrocyte and leukocyte
number or function is not recommended (3a), the concomi-
tant administration may be inevitable because few alterna-
tives currently exist. Recently, clinical studies have sug-
gested that combination AZT and DHPG therapy causes
severe toxicity in patients, confirming initial concerns (14,
16, 21).
We examined the cytotoxicity of combinations of AZT

and DHPG in vitro and analyzed the drug-drug interactions
as part of a larger effort to evaluate and develop potent
combinations of antiviral drugs. The data were obtained in
three human cell lines, including one primary cell line.
Cytotoxicity was evaluated by two methods, a cellular
proliferation assay and a plating efficiency assay. The cellu-
lar proliferation assay was developed to measure efficiently
the cellular growth rate in the presence of many drug
combinations. The data obtained from this assay identified
concentrations of AZT and DHPG at which anomalous
effects were seen. These concentrations were then specifi-
cally targeted by a plating efficiency assay, which is a more
sensitive indicator of cytotoxicity. The data obtained from
both of these assays were analyzed by a new three-dimen-
sional (3-D) analytical method. The 3-D method was used
because it can identify concentrations at which synergistic or
antagonistic interactions occur, and then it is able to quan-
titate and statistically analyze the interactions (22). This
analysis revealed that AZT and DHPG are synergistically
cytotoxic in vitro. In addition, it demonstrated that the
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observed effects are statistically significant at physiologi-
cally relevant concentrations.

MATERIALS AND METHODS

Chemicals. AZT and DHPG were provided through the
courtesy of Sandra Lehrman of the Burroughs Wellcome Co.
and Thomas Matthews of Syntex Laboratories, respectively.

Cell culture. KB cells, an established line of human
epidermoid carcinoma cells, were grown in monolayers and
in suspension cultures as described previously (26). Primary
human foreskin fibroblasts (HFFs) and WI-38 cells, a human
embryonic diploid cell line, were grown in minimal essential
medium with Earle's salts (MEM[E]) supplemented with
10% fetal bovine serum. Cells were routinely passaged with
0.05% trypsin plus 0.02% EDTA in HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline
(HBS) (25).
Dye binding assay. A rapid method for quantitating cells in

96-well plates was developed and is similar to the methods
described by others (1, 19). To evaluate this method, KB
cells were grown in MEM(H) supplemented with reduced
(1%) calf serum for 24 h at 37°C in a humidified 3% C02-97%
air atmosphere. Twofold dilutions of these stationary-phase
cells were made in 96-well plates in the reduced-serum
medium and incubated for an additional 24 h to allow the
cells to adhere. The plates were washed with HBS, fixed
with 95% ethanol, and stained with 100 ,ul of 0.01% (wt/vol)
crystal violet in 20% (vol/vol) methanol. The unbound dye
was shaken out, and the plates were washed four times with
distilled water. The bound stain was eluted by adding 150 ,ul
of95% ethanol containing 1% (vol/vol) 1 N HCl to each well.
The optical densities (ODs) of the solutions containing the
eluted dye were determined directly in a microplate reader
(Bio-Tek Instruments, Inc., Winooski, Vt.) at 570 and 405
nm to correct for light scattering by the cell sheet. When the
experiments were conducted with WI-38 cells and HFFs,
fetal bovine serum was substituted for the calf serum.

Cell proliferation assay. The proliferation of KB cells was
measured by the dye-binding assay. Briefly, 2 x 103 KB cells
grown in MEM(E) supplemented with 10% calf serum were
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seeded in each well of quadruplicate 96-well plates (Costar
Corp., Cambridge, Mass.) and incubated for 24 h at 37°C in
a humidified 3% C02-97% air atmosphere to allow the cells
to adhere. Checkerboard dilutions of the drugs, including the
drugs used individually, then were added to the inner 60
wells of three plates in a 6-by-10 matrix. The remaining plate
was washed with HBS, fixed with 95% ethanol, and later
used to obtain the initial cell concentration. Plates were
incubated for an additional 48 h, washed with HBS, and
fixed as described above. The fixed plates, including the
plate fixed at 24 h, were stained with 0.01% (wt/vol) crystal
violet in 20% (vol/vol) methanol and washed four times with
distilled water, and the bound stain was eluted with 150 ,ul of
95% ethanol containing 1% (vol/vol) 1 N HCl. The ODs of
the solutions containing the eluted dye then were determined
directly in a microplate reader at 570 and 405 nm. The
proliferation of WI-38 cells and HFFs was quantitated in the
same manner with the following modifications. Cells grown
in MEM(E) supplemented with 10% fetal bovine serum were
harvested while they were still subconfluent and were
seeded at 5 x 103 cells per well in 96-well plates. The cells
were incubated for only 6 h to allow adherence before the
drugs were added. The plates then were incubated for 40 h,
fixed with 95% ethanol, rinsed with HBS, and stained as

described above. The experiments were conducted two or

more times in all cell lines and yielded similar results.
The population doubling time (PDT) for cells growing in

the presence of each drug combination was subsequently
calculated from the data by the equation PDT = 0.301 (t)/(log
ODO) - (log OD,), where t is equal to the elapsed time (in
hours) between fixing the initial plate at time 0 and drug-
containing plates at time t, ODo is equal to the OD values in
each well of the first plate fixed at time 0, and OD, is equal
to the average OD in triplicate wells after growing for t hours
in the presence of the drug.

Plating efficiency. Logarithmic-phase KB cells from sus-
pension cultures were diluted with MEM(E) supplemented
with 10% fetal bovine serum, and 500 to 650 cells were

seeded in plastic tissue culture dishes (150 by 25 mm;
Falcon, Oxnard, Calif.). The drugs, both alone and in
combination, were immediately added from stock solutions
which were prepared in the same medium. The plates were
incubated for 12 to 14 days at 37°C in a humidified 3%
C02-97% air atmosphere. The medium was then aspirated;
and the plates were rinsed with HBS, fixed in situ with
absolute methanol for 1 to 2 min, and stained with 0.1%
crystal violet in 20% (vol/vol) methanol. Clones of .1 mm in
diameter were scored and enumerated (24).
Synergy analysis. To characterize the drug-drug interac-

tions that were present, a new 3-D method was used (22).
Briefly, theoretical additive interactions were calculated
from the dose-response curves of the individual drugs. This
calculated additive surface, which represented predicted
cytotoxicity, was then subtracted from the experimental
surface to reveal regions of greater than expected cytotox-
icity (synergy). The resulting surface would appear as a
horizontal plane at 0% inhibition above the calculated addi-
tive surface if the interactions were merely additive. Any
peaks above this plane would be indicative of synergy.
Similarly, any depression in the plane would indicate antag-
onism.
The 95% confidence intervals around the experimental

dose-response surface were used to evaluate the data statis-
tically. If the lower 95% confidence limit of the experimental
data was still greater than the calculated additive surface, the
synergy was considered to be significant. Conversely, if the

upper 95% confidence limit of the experimental data was still
less than the calculated additive surface, the antagonism was
considered to be significant.
We used a Macintosh computer (Apple Computer, Inc.,

Cupertino, Calif.) with the spreadsheet Microsoft Excel
(Microsoft Corp., Redmond, Wash.) to perform the required
calculations and the graphics program Deltasoft (Deltapoint
Inc., Monterey, Calif.) to plot the resulting data. We also
used the IBM PC-compatible statistics and graphics program
Statgraphics (STSC, Inc., Rockville, Md.) to perform the
calculations and to graph the results. The Microsoft Excel
spreadsheet was programed to perform all the calculations
automatically. This spreadsheet calculates the theoretical
additive interactions and locates and quantitates synergistic
or antagonistic interactions that are significant at the 95 and
99% confidence levels.
To evaluate this new method of analysis, isobolograms

were plotted from the raw data and compared with our
results (9). The commercially available combination analysis
program by J. Chou and T.-C. Chou (Biosoft, Cambridge,
United Kingdom) also was used to analyze the data, and the
results were compared with the results from the 3-D analysis
(5-7).

RESULTS

To adequately evaluate drug-drug interactions, it is essen-
tial to thoroughly explore the biological effects of many
combinations over a wide range of concentrations. To facil-
itate the analysis of the interactions between AZT and
DHPG, we developed a rapid new cell proliferation assay.
This technique allowed us to determine in triplicate the
cytotoxicity of every drug combination in a 6-by-10 dilution
matrix. The data obtained in this manner were analyzed by a
new 3-D analytical method which not only characterized the
drug interactions but also identified the drug concentrations
at which these effects were observed. The regions where
these effects were observed were subsequently targeted by a

plating efficiency assay, which is a more sensitive indicator
of toxicity. This two-step approach allowed us to examine
rigorously and efficiently the synergistic cytotoxicity be-
tween AZT and DHPG.

Cell proliferation assay. The new dye-binding assay for
quantitating cells in 96-well plates yielded a linear relation-
ship between the number of KB cells and OD (data not
shown). The relationship was linear between 40 and 40,000
cells per well and was efficient enough to perform a large
number of assays. Similar results were obtained in both
primary HFFs and WI-38 cells (data not shown). The growth
rates derived from these data are considered to be sensitive
indicators of cytotoxicity.
The 3-D plot (Fig. 1) represents cell growth in the 6-by-10

dilution matrix and is expressed as the PDT of cells grown in
concentrations of AZT and DHPG represented by the x and
y axes, respectively. Figure 1 reveals that whereas 900 ,uM
AZT and 300 ,uM DHPG increase the PDT of KB cells by 3-
and 1.4-fold, respectively, the combination increases the
PDT by a factor of 20.

Synergy analysis. An isobologram of the proliferation data
was constructed (Fig. 2) (9, 20). This conventional plot
indicated that synergistic cytotoxicity was present. The shift
of the isobologram to the left of the predicted cytotoxicity,
which is represented by the dashed line, is indicative of
synergy. The limited amount of information obtainable by
the isobologram method, however, led us to use a more

powerful method of analysis.
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FIG. 1. PDTs of KB cells in the presence of increasing concen-
trations of DHPG and AZT.

When the data were rigorously analyzed by the 3-D model,
the synergistic cytotoxicity of AZT and DHPG was con-
firmed. The peak represents greater than expected cytotox-
icity and is located at the drug concentrations at which this
effect was seen (Fig. 3A). A contour plot of the 3-D synergy
plot (Fig. 3B) is also shown to facilitate the identification of
concentrations at which the synergistic cytotoxicity oc-
curred. The maximal synergistic cytotoxicity was seen at
concentrations of 2 to 30 ,uM AZT and 5 to 20 ,uM DHPG
(Fig. 3B). These synergistic interactions occurred at biolog-
ically relevant concentrations of c30 ,uM DHPG and c5.5
uM AZT (calculated from the Burroughs Wellcome Co.
package insert [3a] and the Syntex Laboratories, Inc. [Palo
Alto, Calif.], package insert [27a]). Although this effect was
less dramatic than that at higher drug concentrations, the
potentiation of cytotoxicity was nonetheless statistically
significant, as determined by the 95% confidence intervals
around the experimental surface.
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FIG. 2. Isobologram of the synergistic cytotoxicity between

AZT and DHPG in KB cells. The fractional inhibitory concentra-
tions (FICs) for both AZT and DHPG represent the concentrations
required to inhibit cell growth by 50%.
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FIG. 3. Synergistic cytotoxicity of DHPG and AZT determined

by KB cell growth. Theoretical additive cytotoxic effects were
subtracted from the observed effects to reveal synergistic interac-
tions and are expressed as percent inhibition on the z axis (A). A
contour plot of the 3-D figure is also shown (B). The region shown
in white contains significant synergistic cytotoxicity and occurs at
physiologically relevant concentrations of .30 ,uM DHPG and .5.5
p.M AZT.

The data were also analyzed by the combination index
method of Chou and Talalay (5-7) on the basis of the
mutually nonexclusive assumption. The results obtained
with three drug ratios, which is the maximum number
allowed by the program, are shown in Fig. 4. The constant
molar ratio requirement imposed by the program restricts
analysis to diagonal lines across the dose-response surface.
The AZT:DHPG molar ratio of 0.013, which resulted in a
diagonal line that was to the left of the region of synergy
shown in Fig. 3B, shows some synergistic cytotoxicity at
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FIG. 4. Combination index analysis of the combined cytotoxicity

between DHPG and AZT. A combination index value of <1 would
be indicative of synergy, while a value of >1 would be indicative of
antagonism. Fixed molar ratios are indicated.

low effect levels (fraction affected) and gradually becomes
additive at higher values. The molar ratio of 0.37 resulted in
a diagonal which intersected the region of intense synergy
we identified in Fig. 3B and displayed potent synergy at all
effect levels. Molar ratios of 30 and above resulted in
diagonals which were to the right of the region of synergy
and indicate marked antagonism. The antagonism identified
by a molar ratio of 90 was so intense that it could not be
plotted with the data in Fig. 4 and is not shown. The
apparent antagonism identified by the Chou and Talalay
method (5-7) can be seen as a depression in the lower right
corner of Fig. 3B. The combination index method was
unable to analyze the data statistically, which makes inter-
pretation of the results questionable. The 3-D analysis re-
vealed that this antagonism was statistically insignificant.
These results demonstrate that the combination index

method currently used by many investigators can be mis-
leading and must be plotted at many different molar ratios in
an attempt to reveal the full extent of the interactions
involved. Even when multiple molar ratios were plotted,
however, it was difficult to obtain any coherent relationship
among them (Fig. 4). Results from analyzing the data ob-
tained by the combination index method are often ambigu-
ous and should be reported with caution (2, 12).
The experiments were repeated in primary HFFs and

WI-38 cells, a human embryonic diploid cell line. Combina-
tions of DHPG and AZT were shown again to interact in a
synergistic manner, producing more than expected cytotox-
icity (data not shown).

Plating efficiency. To analyze the areas of interest identi-
fied by the proliferation assay more thoroughly, a plating
efficiency assay was performed. The experiment, designed in
a 4-by-4 matrix, focused on concentrations that were seen as
synergistically cytotoxic by the cell proliferation assay. This
more sensitive assay revealed synergy at the same concen-
trations identified by the cell proliferation assay (Fig. 5A).
The combination of AZT and DHPG produced >40% more
inhibition than that which was predicted, and maximal
effects were seen at concentrations of 2 to 20 p,M AZT and
10 to 50 ,uM DHPG. Again, these effects were seen at
physiologically meaningful concentrations (Fig. SB).
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FIG. 5. Synergistic cytotoxicity of DHPG and AZT determined
by KB cell plating efficiency. Theoretical additive cytotoxic effects
were subtracted from the observed inhibition of colony formation to
reveal synergistic interactions and are expressed as percent inhibi-
tion on the z axis (A). A contour plot of the 3-D figure is also shown
(B).

DISCUSSION

Both AZT and DHPG are efficacious antiviral drugs and
are useful in treating human immunodeficiency virus and
cytomegalovirus infections, respectively. Both drugs, how-
ever, have significant bone marrow toxicity when admin-
istered independently and, theoretically, should not be ad-
ministered concurrently. Unfortunately, large numbers of
patients with AIDS being treated with AZT develop cyto-
megalovirus retinitis. The potential toxicity of the drug
interactions between AZT and DHPG must be balanced with
the potential therapeutic benefits (14, 16, 21).
To evaluate the interactions between AZT and DHPG, we
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used a new analytical method for evaluating these drug-drug
interactions. This 3-D concept, unlike other currently used
analytical methods, allowed us both to evaluate the interac-
tions and to determine the concentrations of drugs at which
the effects were observed (22). A rapid assay was initially
used to identify regions of synergy. Once these concentra-
tions were identified, they subsequently were examined by a

more sensitive assay to characterize the interactions. This
approach revealed that AZT and DHPG are synergistically
cytotoxic in vitro. Human hematopoietic progenitor cells
could be used for experiments of this type. The cell lines
used in these experiments are typically less susceptible to
drug toxicity than are hematopoietic progenitor cells. Con-
sequently, the drug toxicity measured in this manner should
be considered to be an underestimate of potential bone
marrow toxicity.
The recently developed 3-D analytical method used to

analyze the data is more accurate than the two-dimensional
combination index method of Chou and Talalay (5-7) in
three key respects. First, it does not require an experimental
design of fixed ratios of the two drugs. Because fixed drug
ratios examine effects along diagonal lines across the dose-
response surface, data gathered in this way could reveal
synergy, antagonism, or additivity, depending on the drug
ratios chosen by the investigator (Fig. 4). Second, it is easy

to interpret the data obtained from an analysis. The synergy

plot immediately reveals the quantity of both synergistic and
antagonistic interactions and identifies the drug concentra-
tions at which they are observed (Fig. 3). Finally, this new

method is able to evaluate statistically the results, unlike the
isobologram or the combination index method. Using the
3-D method, we were able to demonstrate that the combina-
tion of AZT and DHPG is synergistically cytotoxic in vitro
and that this synergy is statistically significant at physiolog-
ically relevant concentrations.
There are at least two plausible explanations for the

observed synergistic cytotoxicity. One explanation is that
the DNA repair enzyme, DNA polymerase ,3, is inhibited by
AZT triphosphate (AZT-TP) (28). When DHPG, a chain
terminator (4), is used alone, the modest amount of DNA
damage that occurs may be partially corrected by the repair
enzyme. The inhibition of DNA polymerase P by AZT,
however, may compromise the ability of the cell to tolerate
DHPG. One other report in the literature asserted that
AZT-TP has no affect on DNA polymerase 3, but the
concentrations of AZT-TP used were insufficient to observe
the effect seen by White and coworkers (28). The inhibition
of DNA polymerase by AZT-TP has been confirmed
recently (21a).

Deoxynucleotide triphosphate pool perturbations also
could account for the synergistic affect. AZT has been
shown to markedly decrease dGTP pools in several cell lines
(11). As DHPG triphosphate competes with dGTP for cellu-
lar polymerases, the increased ratio of DHPG triphosphate:
dGTP could increase the probability of cellular DNA chain
termination (3, 16, 27).
We conclude that combinations of AZT and DHPG inter-

act adversely in vitro and that the interactions occur at
physiologically relevant concentrations. It is not known
whether these drug-drug interactions manifest themselves in
vivo as granulocytopenia, neutropenia, anemia, or other
untoward side effects. However, these results indicate that
further investigation is warranted and that the coadministra-
tion of these drugs may be contraindicated.
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