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Abstract Purpose: Often the best method of integrat-
ing chemotherapeutic agents is unknown. Recently
there has been interest in the use of combinations of the
topoisomerase Il inhibitors and the topoisomerase I in-
hibitors as these agents have shown individual activity
in malignancies such as non-small-cell lung cancer.
This study examined the interaction of the topoiso-
merase II inhibitor etoposide with the topoisomerase I
inhibitor topotecan (Tpt) in V79 cells (hamster lung
fibroblast cells) to determine the optimal method of
delivering these agents. Methods and results: Cell sur-
vival was assessed by colony formation. Synergistic
interactions were assessed by the median effect prin-
ciple in which a combination index (CI) of less than one
suggests a synergistic interaction. The V79 cells were
exposed to sequential 24-h incubations with the two
chemotherapeutic agents. Initially, equitoxic doses of
the two agents were delivered (ie. 0.0275 pg/ml of
topotecan alone or 0.089 ng/ml of etoposide alone re-
sulting in a surviving fraction of 70%; Tpt:etoposide
ratio 1:3.2). It was determined that a sequence-depen-
dent synergistic interaction (CI < 1) resulted at a lower
level of cytotoxicity if the etoposide exposure followed
the Tpt exposure compared to the opposite sequence.
This same effect was seen after treatment of cells with
various concentration (pug/ml) ratios of Tpt:etoposide
(1:4.0, 1:1, 2.5:1). Conclusions: These results suggest
that maximum synergy occurs for the delivery of etopo-
side following Tpt exposure (compared to the opposite
sequence) and these findings may have important clini-
cal implications.
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Introduction

The topoisomerase Il-reactive agents are commonly
used for the treatment of a variety of malignancies, and
include the epipodophyllotoxins (etoposide, VM-26)
and the intercalators (m-AMSA, doxorubicin). These
agents stabilize the formation of a complex between the
enzyme topoisomerase Il and DNA (cleavable com-
plexes) and this stabilized complex is believed to be
a critical event in the pathway leading to cytotoxicity
[5, 7, 17]. Recently, several topoisomerase I-reactive
agents (camptothecin, topotecan, CPT-11) have been
shown to have significant cytotoxic activity in various
malignancies and are currently being investigated in
multiple clinical trials [1, 9, 13]. The topoisomerase
I-reactive agents stabilize a complex between the en-
zyme topoisomerase I and DNA (cleavable complex)
and, like the stabilized DNA topoisomerase II com-
plex, this event is believed to be critical for cytotoxicity
[15, 16].

Since topoisomerase I and topoisomerase II are in-
volved in different catalytic processes (relaxation of
torsionally strained DNA by allowing single-strand
DNA passage or double-strand DNA passage, respec-
tively), investigations were initiated to determine
whether simultaneous administration of these agents
could result in additive or synergistic cytotoxicity. In
fact, early investigations suggested that the simulta-
neous administration of these agents may result in
a less than additive effect and it was hypothesized that
the inhibition of DNA or RNA synthesis by one of the
agents may inhibit the transformation of the stabilized
cleavable complex induced by the other agent into
a lethal event [4, 11, 15]. However, it has been demon-
strated that the sequential administration of topoiso-
merase [- and topoisomerase Il-reactive agents can
result in additive or synergistic interactions [4, 12].

Currently, the optimal method of sequencing these
agents is unknown and may have important clinical
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ramifications as studies exploring combinations of
these agents are ongoing [8, 10]. This study was per-
formed to explore this question utilizing V79 hamster
lung fibroblast cells exposed to different sequences of
the topoisomerase I inhibitor, topotecan, and the
topoisomerase Il inhibitor, etoposide. The potential
synergistic nature of the drug interactions were as-
sessed by the method of Chow and Talalay [6]. Briefly,
this technique allows for the linearization of cell sur-
vival data. Following the linearization of the data,
calculations can be made to determine the expected
contribution of an agent to the overall cytotoxicity of
a combination of various agents. A combination index
(CI) can be calculated at various levels of cytotoxicity
and a value less than one suggests a synergistic interac-
tion. The potential benefits and shortcomings of the
application of this model to the interaction of
topoisomerase I- and topoisomerase II-reactive agents
are discussed.

Materials and methods

Cell culture

Hamster lung fibroblasts (V79) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with nonessential amino
acids, penicillin, streptomycin and 10% heat-inactivated (56 °C for
30 min) fetal bovine serum as previously described [5] The protein
concentration of this medium was 3.8 g/l. Cells were maintained at
37°C in a humidified atmosphere of 5% CO, and 95% air. Cells
grown in this manner had a doubling time of approximately 10 h.

Drug treatment

Etoposide (Bristol Laboratories, Evansville, lowa) for clinical use
(100 mg/5 ml) was diluted in phosphate-buffered saline (PBS) to
a concentration of 1 mg/ml and stored in polypropylene freezing
tubes at — 70°C. Topotecan was diluted in PBS and stored in
polypropylene freezing tubes at a concentration of 100 pg/ml and at
—70°C.

Cell survival

Log phase V79 cells were exposed to etoposide or topotecan for 24 h
either alone or in sequential fashion. The cells were washed twice
with PBS between drug exposures for the sequential treatments.
After treatment, the medium was aspirated, monolayers were
washed with PBS, and cells were detached with PBS containing
0.03% trypsin and 0.27 mM EDTA. Appropriate controls of drug
alone were performed in all cases. Cells were plated in triplicate in
60 mm x 10 mm tissue culture dishes in numbers sufficient to yield
20-200 colonies. Dilutions were performed in triplicate. Colony
formation was then assessed after incubation for 6—7 days by pre-
viously described methods [5]. Briefly, the cells were fixed with
methanol-acetic acid and stained with crystal violet. Colonies con-
taining more than 50 cells were counted. Individual experiments
were performed in triplicate and standard errors were typically less
than 15% of the mean and are contained within the size of the
symbols unless otherwise shown. All experiments were repeated
at least three times, with the results shown representing single
experiments.

Median effect principle analysis to assess synergy

Experiments were performed at a fixed ratio of topotecan to etopo-
side, and the data were analyzed according to the median effect
principle as described by Chou and Talalay [6]. Median effect plots
were created by using the equation log[(1 — SF)/SF] = m[log(D/Dp)],
in which SF is the surviving fraction, D is the concentration of drug,
D, is the concentration of drug required to produce the median
effect (50% SF), and m is a Hill-type coefficient that describes the
sigmoidicity of the survival curve. A plot of y =log[(1/SF) — 1]
versus x = log(D) was constructed to linearize the dose-response
data with a slope m and y intercept of — log(Dy,). In all cases the
data resulted in a linear plot with regression coefficients > 0.9. This
level of correlation is required to appropriately use this model to
assess synergy. The interaction of the two chemotherapeutic agents
was then quantitated by the calculation of the CI according to the
equation:

CI = Dy/Dxi + D2/Dx; + n(D1)(D2)/(Dx1)(Dsx2)
D,y = Dpi(1/SF — 1)t/m

D,z = Dpa(1/SF — 1)'/m>

Dyi.2 = Dpi.2(1/SF — 1)t/m2

D; = D, ; (fraction of mixture that is agent 1)
D, = D, (fraction of mixture that is agent 2)

n = 0 for mutually exclusive interactions and 1 for mutually
nonexclusive interactions

The CI was calculated for surviving fractions of 0.75, 0.3, 0.1, 0.03,
0.01, 0.003, 0.001, 0.0003, and 0.0001. A CI versus surviving fraction
plot was then constructed. The model suggests an antagonistic
relationship between the agents when the CI value was greater than
1 and an additive relation with a value of 1. A synergism interaction
was suggested for CI values less than 1. The above form of the
equation is for mutually nonexclusive agents and tends to overesti-
mate antagonism and underestimate synergism as compared to the
formula for mutually exclusive agents in which the final term of the
equation is dropped [6]. Since this issue regarding the mechanism of
the topoisomerase I-reactive agents and topoisomerase II-reactive
agents is not resolved, the calculation was performed with and
without the last term.

Results

V79 hamster lung fibroblast cells were used to test the
appropriate sequencing of topotecan and etoposide. It
is known that brief exposures (<4 h) to the topoiso-
merase I-reactive agents result in dose-dependent
cytotoxicity that often plateaus at low levels of
cytotoxicity. This effect has been attributed to the
S phase specificity of these agents as well as the satura-
bility of the stabilized complexes [4, 5]. Therefore, 24-h
exposure times were used for the experiments of
topotecan alone or etoposide alone. The drug concen-
trations that were utilized are comparable to the
plasma concentrations that may be obtained at 12-24 h
after clinical treatments with commonly used bolus
regimens [8-10, 13]. Subsequently, combination ex-
periments were performed with etoposide (24 h) fol-
lowed by topotecan (24 h), or topotecan (24 h) followed
by etoposide (24 h). As stipulated by the mathematical



modeling technique of Chou and Talalay, the sequen-
tial experiments were performed using fixed ratios of
etoposide to topotecan. Additionally, appropriate con-
trols of early drug exposure (the first 24 h of 48-h
experiments) alone and late drug exposure (the second
24 h of 48-h experiments) alone were performed for the
combination drug experiments. The dose-response
curves for the individual agents (topotecan or etopo-
side) given alone for 24 h are shown in Fig. 1.

Subsequently, the combination experiments (etopo-
side followed by topotecan or topotecan followed by
etoposide) were performed in the following fixed ratios
of topotecan to etoposide: 1:4, 1:2.5, 1:1 and 2.5:1.
Experiments were performed for all drug ratios at least
three times. The data from these cell survival experi-
ments were fitted by the linearizing median effect equa-
tion and median effect plots were constructed for each
drug alone and the various combination treatments as
described in Materials and methods. CI values were
then calculated for the above conditions. Figure 2 illus-
trates the CI values for the combination of topotecan
followed by etoposide or etoposide followed by
topotecan delivered at a fixed ratio of topotecan to
etoposide of 1:4. The combination of topotecan fol-
lowed by etoposide resulted in lower CI values at all
levels of cytotoxicity compared to the opposite se-
quence, and this result and the shape of the CI versus
surviving fraction graphs were consistent for all the
ratios (mentioned above) of topotecan to etoposide
explored (data not shown).

Discussion

These results suggest that cytotoxicity may be greater
using etoposide after topotecan than using the opposite
sequence of administration. These results should be
confirmed in vivo and may play a role in the design of
future clinical trials. Recently, Bertrand et al. explored
the interaction of camptothecin (another topoiso-
merase I-reactive compound) and etoposide in HT-29
human colon cancer cells [4]. Although formal math-
ematical modeling was not employed and the authors
merely concluded that sequential treatment (either se-
quence) resulted in greater cell kill compared to simul-
taneous treatment, examination of the cell survival data
presented suggests greater cytotoxicity for the sequence
of camptothecin followed by etoposide compared to
the opposite sequence. The study by Kim et al. [12]
may suggest a possible mechanistic link for the results
of our study as they found that topoisomerase II
mRNA is increased 24 h after CPT-11 (another
topoisomerase I-reactive compound) exposure. Further
work will be necessary to decipher the mechanism of
the interaction of the topoisomerase I- and topoiso-
merase II-reactive agents as well as the clinical ramifi-
cations of these results.
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Fig. 1 Topotecan (closed circles) and etoposide (open circles) result-
ed in dose-dependent cytotoxicity in V79 hamster lung fibroblast
cells (top abscissa concentration of topotecan, bottom abscissa con-
centration of etoposide). Cells were exposed to the drug for 24 h,
washed twice with phosphate buffered saline and subsequently as-
sessed for colony formation
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Fig. 2 Synergistic interactions (CI < 1) occurred at a lower level of
cytotoxicity when V79 cells were exposed to topotecan followed by
etoposide (open circles) compared to the opposite sequence (closed
circles) for a topotecanto etoposide ratio of 1:4. Cells were exposed
to the individual drugs alone or in combinations of sequential 24-h
exposures, washed twice with phosphate buffered saline (in between
drug exposures and at the completion of the exposure) and assessed
for cell survival by colony formation. CI values were calculated by
the method of Chou and Talalay [6]. Dotted lines indicate the
mutually exclusive assumption and the solid lines indicate the mu-
tually nonexclusive assumption. An example of the surviving frac-
tions of the cells following exposure to the individual agents alone
and in combination from a single experiment (in triplicate) is as
follows: topotecan (0.1 pg/ml) 24h, 0.046 + 0.001; etoposide
(0.4 pg/ml) 0.0885 + 0.007; topotecan 24 h followed by etoposide
24 h, 0.00049 + 0.00018; etoposide 24 h followed by topotecan 24 h
0.002 + 0.001

The distribution of the CI values with respect to
surviving fraction (Fig. 2) deserves further comment.
Although these results suggest greater synergy with
increasing levels of cytotoxicity for either sequential
combination of the two chemotherapeutic agents,
the significance of the increasingly antagonistic
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relationship (for both sequences of administration) as
the level of cytotoxicity is reduced remains unclear.
A similar phenomenon has been demonstrated when
the median effect principle has been used to analyze the
interactions of numerous other chemotherapeutic
agents, and it is possible that these combinations result
in antagonism at lower levels of cytotoxicity or, alter-
natively, this consistent finding may represent an in-
ability of the model to adequately characterize the
lower levels of cytotoxicity [2, 3, 14]. It is of note that
antagonism was seen at low levels of cytotoxicity even
for median effect experiments in which all concentra-
tions of both agents given alone resulted in less than
50% cytotoxicity. However, the magnitude of the an-
tagonism was reduced when just this portion of the
curve was examined (data not shown). The complete
interpretation of this type of mathematical modeling
with respect to the level of cytotoxicity will require
a better understanding of the mechanism of interaction
of the specific agents under investigation. However, this
study does show that the CI values for the sequence of
topotecan followed by etoposide are reduced compared
to the opposite sequence of administration at all levels
of cytotoxicity.
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