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Abstract Purpose: Isobologram analysis has been wide-
ly used for evaluating the combined effect of two anti-
tumor drugs in vitro as a pre-clinical screening test. In
this study, we tried to extend two-dimensional isobolo-
gram analysis to three dimensions for evaluating the
effects of a three-drug combination. Methods: We se-
lected three anticancer agents, cisplatin, vinorelbine and
irinotecan. Each of them has been classified as having
good single-agent activity against non-small-cell lung
cancer (NSCLC). Human NSCLC cell lines (EBC-1, PC-3,
RERF-LC-MS) were incubated for 4 days in the presence
of the three drugs and cytotoxic activities were deter-
mined by a tetrazolium-based colorimetric assay (MTT
assay). The data were analyzed by three dimensional
isobologram analysis. Results: The effects of the three
drugs were additive against EBC-1 (a squamous cell
carcinoma cell line), subadditive against PC-3 (an aden-
ocarcinoma cell line) and from subadditive to supraad-
ditive against RERF-LC-MS (an adenocarcinoma cell
line). Conclusions: Our findings suggest that the effects
of cisplatin, vinorelbine and irinotecan incombination
are additive against NSCLC in vitro. These results
encourage clinical trials of the three agents in combina-
tion chemotherapy for the treatment of NSCLC.
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Introduction

Numerous systemic combination chemotherapy pro-
grams have been tested in patients with advanced
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non-small-cell lung cancer (NSCLC) during the past
two decades. No regimen has produced a significant
survival improvement or changed the natural history of
patients with advanced NSCLC [10]. However, the
combination of cisplatin (CDDP) and vindesine or
vinblastine for advanced NSCLC has been widely
studied, and a survival benefit has been observed
[20-22]. Recently, newer anticancer agents have dem-
onstrated some activity. A new derivative of cam-
ptothecin, 7-ethyl-10-[4-(1-pi-peridino)-1-piperidino]
carbonyloxycamptothecin (irinotecan), has been re-
ported to have a high antitumor activity in patients
with advanced NSCLC [9, 13]. A new semisynthetic
vinca alkaloid, vinorelbine (NVB), has also been added
to the group of active antitumor agents [6, 7]. Further,
in clinical trials, the combination of CDDP and
irinotecan or CDDP and NVB for advanced NSCLC
has been reported to be beneficial [3, 16, 18]. It
was therefore considered worthwhile to evaluate the
combination of CDDP, NVB and irinotecan for ad-
vanced NSCLC. We report an in vitro study of this
combination.

Isobologram analysis has been widely used for evalu-
ating the combined effect of two antitumor drugs in
vitro [14, 23, 24]. We extended two-dimensional iso-
bologram analysis to three dimensions for evaluating
the combined effect of the three drugs.

Materials and methods

Cell lines

The human NSCLC cell lines EBC-1 (squamous cell carcinoma),
PC-3 (adenocarcinoma) and RERF-LC-MS (adenocarcinoma) were
obtained from the Japanese Cancer Resources Bank (JCRB). These
cell lines were maintained in Eagle’s minimal essential medium
(MEM) supplemented with 1% nonessential amino acids, 1% L-
glutamine, 1% sodium pyruvate, 1% penicillin-streptomycin and
10% fetal calf serum (FCS).
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Chemicals

CDDP was provided by Bristol-Myers-Squibb Co., Tokyo, Japan.
NVB was provided by Kyowa Hakko Kogyo Co. Ltd., Shizuoka,
Japan. SN-38 (7-ethyl-10-hydroxycamptothecin) was provided by
Yakult Honshya Co. Ltd., Tokyo, Japan. SN-38 is an active meta-
bolite of irinotecan [13]. CDDP and NVB were dissolved in physio-
logical saline at a concentration of 2 mM, respectively, and SN-38
was dissolved in physiological saline at a concentration of 1 mg/ml.
Drugs were diluted to the designated concentrations with culture
medium.

Cell growth inhibition and MTT assay

Growing cells in the logarithmic phase were harvested and resusp-
ended to a final concentration of 1.6 x 10° cells/ml (EBC-1, PC-3) or
4 x 10* cells/ml (RERF-LC-MS) in fresh medium with 10% FCS.
Cell suspensions (50 pl) were dispensed into 96-well tissue culture
plates. Each plate had one 12-well control row containing medium
alone and one 12-well control row containing cells without chemo-
therapeutic agents. After incubation at 37 °C for 24 h, solutions of
the three drugs at various concentrations were added into 96-well
tissue culture plates. The layout of the three-drug combinations on
the 96-well plates is shown in Fig. 1. After 4 days exposure to the
chemotherapeutic agents, viable cell growth was determined using
a tetrazolium-based colorimetric assay (MTT assay) [19]. The assay
is dependent on the cellular reduction of a tetrazolium salt, 3-(4, 5-
diethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by the
mitochondrial dehydrogenase of viable cells to blue formazan which
can be measured spectrophotometrically. A final concentration of
0.5 mg/ml MTT was added to each well. After 3—4 h incubation at
37°C with MTT, the unreacted MTT and medium were removed
and 150 pl dimethyl sulfoxide (DMSO) was added to solubilize the
MTT formazan.

After shaking the plates, the optical density (OD) of each well was
measured with a microplate spectrophotometer (EAR 400 AT, SLT-
Labinstruments, Salzburg, Austria) equipped with a 540-nm filter. The

spectrophotometer was calibrated at 0 absorbance using wells that
contained only medium and MTT. The OD of wells containing cells
and MTT (maximum dye reduction) was used as control. The percent
cytotoxicity was calculated from the following equation: % cytotoxic-
ity = [1 — (OD drug-treated)/(OD control)] x 100. All tests were
performed on six samples and mean values were calculated. Each
experiment was repeated at least four times. Drug concentrations
producing 50% inhibition of cell growth (IDso) were estimated from
a graph drawn by the curve-fitting program NGRAPH (NEC Fun-
damental Research Laboratories, Tsukuba, Japan).

Isobologram analysis

The effect of combining two agents on the IDs, was analyzed using
an improved isobologram method described previously [14, 23, 24].
Based on the dose-response curves of two agents, three isoeffect
lines, mode I, mode II, and mode II,, were drawn (Fig. 2). Two
isoeffect lines which surrounded the maximum area (mode I and
mode II, in Fig. 2) were selected. Three sets of isoeffect lines for two
agents (drug A vs drug B, drug A vs drug C, and drug B vs drug C)
were then constructed with three-dimensional coordinates (Fig. 3).
The three-dimensional coordinates of the isoeffect lines and surfaces
(inner surface and outer surface) were drawn with a three-dimen-
sional computer aided design (CAD) graphics system. The space
surrounded by six isoeffect lines and five surfaces was defined as the
envelope of additivity corresponding to the envelope of additivity in
two-dimensional isobologram analysis (Figs. 2, 3). Each point from
the three-drug combination experiment was then plotted on the
three-dimensional isobologram. When each point of a drug combi-
nation fell within the space of the envelope of additivity (Ad), the
combination was regarded as additive. When each point fell in the
space surrounded by the inner surface of the envelope of additivity
and the three axes of the coordinates (Su), the combination was-
regarded was supraadditive. When each point fell in the space
between the outer surface of the envelope and the cube produced
from the 1.0 position on the three axes (Sb), the combination was
regarded as subadditive. When each point was outside the cube (Pr),
the combination was considered to be mutually protective.
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Fig. 2 An isobologram of the combination of drug A and drug B.
Mode I, Mode IIa and Mode IIb lines are isoeffect lines drawn from
the data from the dose response curves of drug A and drug B
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Fig. 3 Three-dimensional isobologram. Three sets of isoeffect lines

for two agents (drug A vs drug B, drug A vs drug C, and drug B vs
drug C) were constructed in three-dimensional coordinate system

Results
Cytotoxicity of CDDP, NVB and SN-38 in vitro

The cytotoxicity of CDDP, NVB and SN-38 in vitro
was assayed against NSCLC cell lines. Single-agent
IDs, values of these drugs against each of the cell line
are shown in Table 1. RERF-LC-MS was much more
sensitive to CDDP than EBC-1 and PC-3. In contrast,
EBC-1 was much more sensitive to SN-38 than PC-3
and RERF-LC-MS. As for NVB, the values of IDs
among these cell lines were not so different.

Isobologram analysis for the three-drug combinations

Figure 4 shows the dose response curves of CDDP,
NBV and SN-38 against NSCLC cell lines. Cell
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Table 1 1D, values of CDDP, NVB and SN-38 in non-small cell-
lung cancer cell lines. Each value is the mean + SEM of at least four
independent experiments

D,

Cell line CDDP (uM) NVB (M)  SN-38 (nM)
EBC-1 134+ 18 117 + 1.0 22402
PC-3 46+03 13.6 + 1.6 124403
RERF-LC-MS 12402 7.6 + 0.9 81.4 + 6.1
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Fig. 4 a—c Dose response curves of three drugs (CDDP, NVB and
SN-38) against three human NSCLC cell lines. The growth of cells as
a percentage of the growth of control cells were plotted on a log scale
versus drug concentrations relative to the IDso on a linear scale
(a EBC-1, b PC-3, ¢ RERF-LC-MS)

survival was plotted on a log scale versus relative
concentration of each drug on a linear scale. The relative
concentration was defined as the drug concentration
divided by the IDso concentration for the particular
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cell line. Based on these dose response curves, isoeffect
lines were drawn. Figure 5 shows the isoeffect lines for
EBC-1 based on the representative results from Fig. 4a.
After three-dimensional coordinates of these isoeffect
lines were constructed, the data points from the three-
drug combination experiments were plotted. Figure 6a
shows the three-dimensional isobologram for the cell
line EBC-1. The data points fell in the envelope of
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Fig. 5 a—c Isoeffect lines (IDs() against the EBC-1 cell line for two
agents out of CDDP, NVB and SN-38. These isoeffect lines were
drawn from the data shown in Fig. 4a (a CDDP vs NVB, b CDDP
vs SN-38, ¢ NVB vs SN-38)

additivity. This suggests that simultaneous and con-
tinuous exposure to CDDP, NVB and SN-38 for EBC-
1 produced an additive effect. Figure 6b shows the
effect of the three-drug combinations for PC-3. The
data points fell in the subadditive area. As for RERF-
LC-MS, the envelope of additivity was so narrow that
the data points were scattered from the supraadditive
to the subadditive area (Fig. 6¢). These isobologram
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Fig.6 a—c Three-dimensionalisobolograms (IDs,) of combinations
of CDDP, NVB and SN-38. a Combined effect against EBC-1 cells
(the data points fell in the envelope of additivity); b combined effect
against PC-3 cells (the data points fell in the area of subadditivity);
¢ combined effect against RERF-LC-MS cells (the data points were
scattered from the supraadditive to the subadditive area)



patterns of the drug combinations were reproduced at
least three times from independent experiments on each
cell line.

Discussion

In most clinical settings, two or more antineoplastic
agents are used for chemotherapy of NSCLC because
no single agent is likely to be curative [10]. Isobolo-
gram analysis has been widely used for evaluating the
combined effect of two drugs in vitro. However, evalu-
ation of three-drug combinations in vitro as a preclini-
cal screening test has rarely been reported. We evalu-
ated the effects of a three-drug combination against
human NSCLC cell lines in vitro. We modified the
isobologram analysis from two agents to three agents.
The concept of this isobologram analysis for three
drugs was to extend the two-dimensional analysis to
three dimensions. Although the method designed for
this study was more complex than two-dimensional
isobologram analysis, it could be a useful and impor-
tant method in the selection of chemotherapeutic
agents for the treatment of NSCLC patients.

Recently, various approaches to the assessment of
drug interactions in in vitro systems have been initially
reviewed by Greco et al. [12]. In the review, they
mentioned the similarities and differences between the
improved isobologram analysis of Steel and Peckham
[23] and various other approaches used in in vitro
assessment of drug interactions. They suggested that
no-interaction null-reference models for the Steel-Peck-
ham approach are based on the Bliss independence
reference model [4] (mode I), and another model (mode
IT) which is not the same as the Loewe additivity model
[17] used by many other approaches such as the classi-
cal isobologram approaches by Loewe and Muischnek
[17] and Elion et al. [8], the interaction index and the
mutually exclusive model method of Berenbaum [1, 2],
and the median-effect method of Chou and Talalay [5].
Greco et al. [12] also pointed out that the envelope of
additivity in the improved isobologram in the method
of Steel and Peckham is not a statistical interval, and
the method lacks the variability resulting from experi-
mental data. We thus repeated the three-dimensional
isobologram experiment independently at least three-
times, confirming that the isobologram patterns of the
three-drug combination were reproduced.

We selected three anticancer agents, CDDP, NVB
and irinotecan. Each of them has been shown to have
good single-agent activity against NSCLC. The effect
of the combination of SN-38 and CDDP against the
hematopoietic cell line MOLT-3 has been assessed
by isobologram analysis. It was shown that simulta-
neous and continuous exposure to SN-38 and CDDP
for 3 days has a supraadditive effect (synergy) [15].
In contrast, isobologram analysis has shown that

203

simultaneous exposure of the NSCLC cell line PC-12
to NVB and CDDP for 24 h has a protective effect
(antagonism) [11]. However, the results obtained from
phase II clinical trials indicate that combination
chemotherapy with CDDP and NVB or CDDP and
irinotecan is very promising for the treatment of
NSCLC [3, 16, 18]. The present study showed that
the effects of the combination of CDDP, NVB and
SN-38 were additive against EBC-1, subadditive
against PC-3 and from subadditive to supraadditive
against RERF-LC-MS. Our findings suggest that con-
tinuous and simultaneous exposure to CDDP, NVB
and irinotecan has an additive effect against NSCLC.
Although experimental results obtained from in vitro
systems do not always correlate with clinical results
with drug combinations, the effect of this three-drug
combination showed more than a subadditive effect,
and did not show an antagonistic effect in vitro. These
results encourage clinical trials using these three agents
in combination chemotherapy for the treatment of
NSCLC.
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