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In vitro and in vivo Effects of Cisplatin and Etoposide in Combination on Small Cell

Lung Cancer Cell Lines
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The effects of cisplatin (CDDP) and etoposide (ETP) in combination were evaluated in vifro and in
vive using small cell lung cancer cell lines, The combination effects in vifro were investigated using
isobologram analysis. Used together, CDDP and ETP showed a synergistic effect against cell growth
on only 1 cell line (SBC-3), additive effects on § (SBC-2, SBC-5, Lul30, Lul34AH, Lul35T and
H69) and an antagonistic effect on 1 (SBC-1). In the in vivo experiment, nude mice were inoculated
with SBC-1, SBC-3 and SBC-5 cells. Two or 5 mg/kg CDDP and 10 or 30 mg/kg ETP were
administered intraperitoneally alone and simultaneously in combination to nude mice, The irn vive
effects of the combination were determined by comparing the observed growth ratio in mice treated
with the combination with the expected value of this ratio calculated based on the assumption that the
effects of the drmgs were simply additive. According to this definition, synergistic effects were
observed against all 3 tumors. Thus, the in vivo and in vitro effects differed. The toxicity of the
combination therapy, which was analyzed by estimating the body weight change of mice, was no
higher than that of CDDP or ETP alone. These results suggest that the excellent clinical effeets of
CDDP and ETP combination therapy may be attributable not to drug interaction at the cellular level

but to the feasibility of combined use of them at full doses without overlapping side effects.
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Combination therapy with cisplatin (CDDP) and eto-
poside (ETP) plays a central role in the chemotherapy
of lung cancer, malignant lymphoma and testicular
cancer.'™ This combination has been used as a standard
therapy for small cell lung cancer (SCLC) since the mid-
1980s, due to its high anti-tumor activity and few side
effects and, at present, no other combination is superior
to it. The response rates with CDDP and ETP alone are
only 10-15% and 40-60%, respectively, in patients with
SCLC. However, the response rate with a combination of
these two drugs is 85-100%, especially in patients with
untreated SCLC, which suggests they have synergistic
effects. The reason for the good results with such combi-
nation therapy still remains unclear. We have evaluated
the in vifro and in vivo anti-tumor effects of CDDP and
ETP in combination using SCLC cell lines and the pos-
sible synergistic mechanism involved is discussed.

MATERIALS AND METHODS

Tumor cell lines Eight SCLC cell lines (SBC-1, SBC-2,
SBC-3, SBC-5, Lul30, Lul34AH, Lul35T and H69Y)
were used; SBC-1, -2, -3 and -5 were established at
Okayama University (Okayama), Lul30, Lui34AH and
Lul35T at the National Cancer Center Research Insti-
tute (Tokyo) and H69 at the National Cancer Institute
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(USA). The cells were propagated in RPMI-1640
medium (Nikken Biomedical Laboratories, Kyoto) sup-
plemented with 10% fetal bovine serum (FBS, Gibco),
penicillin (100 units/ml) and streptomycin (100 2g/ml)
in an atmosphere of 5% COQO; in a highly humidified
incubator at 37°C. The cell numbers were counted using
a microcell counter (CC-108, TOA, Tokyo).

Animals Male, 6-week-old athymic nude mice (BALB/c-
nu/nu) purchased from Charles River Japan Inc.
(Yokohama) were used in this experiment. They were
maintained under aseptic conditions with filtered air and
sterilized food, water, bedding and cages.

MTT assay In order to measure the anti-tumor activity
of the CDDP and ETP combination against the 8 cell
lines in vitro, a chemosensitivity test was performed using
the MTT assay, as described by Mosmann.” Exponen-
tially growing cells were harvested by centrifugation and
single-cell suspensions were obtained by mechanical dis-
aggregation. These suspensions were diluted to the
required seeding concentrations with RPMI-FBS, plated
(100 1 per well) in 96-well microculture plates (Falcon),
and incubated at 37°C in a 5% CO; incubator for 24 h,
Drug solutions were added as follows. Aliquots of
RPMI-FBS (100 z#l) were added to the control wells,
aliquots of 50 ul RPMI-FBS + 50 4l CDDP or ETP of
the required concentration were added to single-drug
wells and aliquots of 50 «l each of CDDP and ETP were
added simultaneously to drug-combination wells, The



duration of cell exposure to the drugs was determined
according to the time required for 5-fold cell growth of
each culture. After drug treatment, 20 pl of 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
{MTT: Sigma Chemical Co., USA) at a concentration of
5 mg/ml in phosphate-buffered saline was added to each
well and the plates were incubated for 4 h at 37°C. The
plates were centrifuged for 20 min at 2,000 rpm, the
media were removed by decanting and blotting, and 200
41 of dimethyl sulfoxide (DMSO: Wako Pure Chemical
Industries, Ltd., Osaka) was added to each well. The
plates were agitated on an orbital shaker for 5 min to
dissolve the formazan grains and the absorbance (A)
of the contents of each well was measured at 560 and
630 nm using a scanning microplate spectrophotometer
(Flow Laboratories Japan Inc., Tokyo). Cytotoxicity
was defined as the cell survival fraction, which was
determined by using the following formula: survival
fraction (%) = [(A of treated cells — A of medium) /
(A of control cells — A of medium)] X 100. Dose-
response curves for CDDP and ETP alone and in com-
bination were obtained by semilogarithmic plotting. The
ICs, value was defined as the drug concentration needed
to reduce the absorbance by 50% and was determined
graphically from the dose-response curve. This experi-
ment was performed in duplicate at least 3 times for each
cell line.

Analysis of the effects of the combination in vifro The in
vitro effects of the CDDP and ETP combination were
analyzed using the isobologram method.%” The 1Cs
values of CDDP and ETP alone were determined from
the dose-response curves in single-drug treatment of each
cell line, obtained by using the MTT assay, and their
959% confidence limits were calculated. From the dose-
response curve for the combination, the ICs, of ETP at
each CDDP concentration and that of CDDP at each
ETP concentration (i.e., the concentration of each drug
showing a 50% cytotoxic effect when used in combina-
tion with the other) were determined. The data were
graphed by plotting the ICs5 with 959 confidence limits
for CDDP on the x axis and that for ETP on the y axis
and the ICy and the upper and lower 95% confidence
limit values for the two drugs were each connected with
diagonal lines (Fig. 1). The extent of drug interaction
was determined by plotting the concentration of each
drug that showed 50% cytotoxic effect on this graph.
When this peint fell in the area enclosed by the lines
connecting the upper and lower 95% confidence limits of
both drugs (shaded region) the effect of combined use
was defined as additive, when it fell below the line
connecting the lower 95% confidence limits the effect
was defined as synergistic, and when it was above the line
connecting the upper 95% confidence limits the effect
was considered to be antagonistic.
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In vive evaluation of therapeutic effects Exponentially
growing tumor cells (107) were inoculated subcutane-
ously into the backs of nude mice. When each tumor
had grown to a diameter of 2 cm, it was removed asepti-
cally and minced into fragments in physiological saline
in Petri dishes. A 50 gl aliquot was inoculated subcuta-
neously into the backs of nude mice using an 18G needle.
Two weeks later, the drugs, dissolved in physiological
saline, were injected intraperitoneally.

The SBC-1, SBC-3 and SBC-5 cell lines were used to
generate tumors, In our preliminary experiment, CDDP
or ETP alone was administered to nude mice (4 per
group). One or 2 mice inoculated with each tumor died
during the 3-week observation period when given 8 mg/kg
CDDP and 60 mg/kg ETP, respectively. However,
no mice given 5 mg/kg CDDP or 30 mg/kg ETP died.
Therefore, these were considered to be the maximum
acceptable doses (MAD) in nude mice. In the in vivo
experiment, 2 and 5 mg/kg CDDP and 10 and 30 mg/kg
ETP, dissolved in physiological saline, were administered
intraperitonezlly alone or simultaneously. There were 6
mice in each treatment group and 11-19 in the untreated
control groups.

In order to evaluate the treatment effects, the esti-
mated tumor volume before and 7, 14 and 21 days after
drug administration was calculated from the tumor length
(L, mm) and width (W, mm) using the following equa-
tion; (LXW?)/2 (mm®). The mean tumor volume on
each day for each treatment group was compared with
that of the control group.

‘Animal body weights were measured immediately

before and 2 weeks after treatment. The actual body
weight was obtained by subtracting the mean tumor
weight of each group from the mean whole body weight
of its group. The percent change in body weights 2 weeks
after treatment, relative to the pretreatment weights,
was calculated.
Analysis of the in vive effects of the combination The in
vivo effects of these drugs in combination were evaluated
as follows. The ratio of the mean tumor volume in each
treatment group to that in the control group was calcu-
lated 7, 14 and 21 days after drug administration. Next,
the expected tumor growth ratio with the combination
therapy was calculated using the equation below and this
was considered to be the expected tumor growth ratio if
the effects of the two drugs were simply additive. An
actual tumor growth ratio below this value in the com-
bination therapy group indicated the drugs were syner-
gistic and a ratio above it indicated their effects were
antagonistic.

Expected tumor growth ratio with combination therapy
~ mean tumor volume in CDDP group that in ETP group
mean tumor volume in control group that in control group
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RESULTS

In vitro effects of CDDP and ETP cembination therapy
against 8 SCLC cell lines Fig. 1 shows the isobologram
analysis of the combined effects of CDDP and ETP on 3
SCLC cell lines (SBC-1, SBC-3 and SBC-5) with ICy,
values of each drug obtained from MTT assay results.
The use of these two drugs in combination had a syner-
gistic effect on the cell growth of SBC-3, an additive
effect on SBC-5 and an antagonistic effect on SBC-1.
Similar analysis of the other 5 cell lines (SBC-2, Lul30,

SBC-1

Lul34AH, Lul35T and H69) showed that this combina-
tion had additive effects on all these cell lines.® These
results suggest that in vitro combination therapy can not
necessarily demonstrate a synergistic effect of these two
drugs against SCLC cell lines,

In vive effects of CDDP and ETP combination therapy
against human tumor xenografts Nude mice were in-
oculated with SBC-1, SBC-3 and SBC-5 cells, against
which different in vitro effects of the CDDP and ETP
combination had been observed (antagonistic, synergistic
and additive, respectively), and the effects of each drug
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Fig. 1. Isobologram analysis of combined effects of CDDP and ETP on 3 SCLC cell lines, The ICs, points of CDDP and ETP
are plotted on the x and y axes along with their 95% confidence limits, and the ICs, and the upper and lower 95% confidence
limit values for the two drugs are each connected with diagonal lines. The degree of drug interaction is determined by plotting
the concentration of each drug showing a 50% cytotoxic effect on this graph. When this point is situated in the area enclosed by
the lines connecting the upper and lower 95% confidence limits of both drugs (shaded region), the effect of combined use is
defined as additive. When it falls below the line connecting the lower 95% confidence limits, the effect is defined as synergistic

and when it is above the line connecting the upper 95% confidence limits, the effect is defined as antagonistic.

Table 1.

Effect of CDDP, ETP or Their Combination Therapy on the Growth of SBC-1 Cells

Tumor volume (mm®)

Compound (mg/kg) l\g:lc;e Days after treatment
] T 14 21

Controls 11 12.6=4.6 81.9+55.8 362.21+194.1 1047.6+550.4
CDDP (2) 6 13.0%8.7 75.3£66.6 271.8£250.4 892.51844.8
CDDP (5) 6 13.7+11.4 67.0167.0 247.3+274.5 875.31956.,9
ETP (10) 6 11.9+58 75.623.4 276.8111.3 1127.4£483.8
ETP (30) 6 11.2+59 54,3+44.8 177.3£161.4 694.7+722.5
CDDP (2)+ETP (10) 6 12.51+13.4 29.21+36.2 152.41229.1 621.31+757.7
CDDP (2)+ETP (30) 6 11.9£3.7 22.0£20.9* 109.4=120.3% 423.8+351.8*
CDDP (5)+ETP (10) 6 11.9+3.0 43167 7.2£9, 1% 68.8t63.6*
CDDP (5)+ETP (30) 6 13.1+3.0 5.6 6.4%F 10.7+ 8. 7% 69.1 58 3%

Data represent mean values+SE.
%k P<0.05, k%% P<0.001 vs. control value.
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Table II. Effect of CDDP, ETP or Their Combination Therapy on the Growth of SBC-3 Cells

M Tumor volume (mm’)

Compound (mg/kg) (:;e Days after treatment
¢ 7 14 21

Controls 13 1154 £367 33912983 645111985 125054267
CDDP (2) 6 1233+332 36081954 71421+2091 12975+2361
CDDP (5) 6 1080384 2985881 59661777 115634556
ETP (10) 6 1123£216 37751114 7123-£2252 1423914086
ETP (30) 6 1257+414 406711841 65572165 912013028
CDDP (2)+ETP (10) 5 1259384 28231785 53461+ 1139 99572227
CDDP (2)-+ETP (30) 6 1156+416 1426t 816% 36961+2583* 6060 1+4148*
CDDP (5)+ETP (10) 6 1102+383 1036 529 *+* 388911623 7994 £3439*
CDDP (5)+ETP (30) 6 1213t429 3352647 13851174 342612984 %+

Data represent mean values +SE.
% P<0.05, *% P<0.005, %*k*x P<0.001 vs, control value.

Table III.  Effect of CDDP, ETP or Their Combination Therapy on the Growth of SBC-5 Cells

. Tumor volume (mm?)

Compound {mg/kg) h?:;e Days after treatment
0 7 14 21

Controls 19 185.3+64.4 701.8£229.4 1073.21436.9 1451.3+615.6
CDDP (2) 6 207.1£47.1 744.11254.3 1202.8-443.7 1583.0+729.3
CDDP (5) 6 202.1£30.3 641.7:208.0 932.5:+398.9 1227.8£335.6
ETP (10) 6 202.7£55.1 662.41+220.1 1088.8£310.8 1335.8+409.2
ETP (30) 6 194.81+62.4 505.4+248.1 729.0£330.2 1011.8+427.1
CDDP (2) +ETP (10) 6 181.3+56.4 375.61206.0% 516.81226.3** 729.3£476.5%
CDDP (2)+ETP (30) 6 181.1440.8 252,1176.8%%* 264.6 £ 149.8%  230.61-122.8%*
CDDP (5)+ETP (10) 6 185.6+29.3 286.0= 141,27 3254F177.5%*  311.0E157.9%*
CDDP (5)+ETP (30) 6 201.6294.3 162.8+69.4 171.3:578,7* 203.91 83 9%+

Data represent mean values +SE.
* P<0.05, kx P<0.005, *k:#¥ P<0.001 vs. control value.

Dose (mg/kg) Days after treatment
Tumor CDDP ETP 7 14 21
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Fig. 2. Comparison of the observed and expected tumor growth ratio of SBC-1, SBC-3 and SBC-5 tumors in combination with
CDDP and ETP. Closed bars represent the observed growth ratio in the presence of the combination of CDDP and ETP. Open

bars represent the expecied growth ratic in the case of simple additivity.
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Fig. 3. Effects of the administration of CDDP and ETP alone
or in combination on the body weight of mice inoculated
with SBC-1, SBC-3 and SBC-5 cells.

alone and in combination in vive were evaluated (Tables
I, II and III). Neither CDDP nor ETP alone showed
significant effects against any tumor. However, the com-
bination inhibited tumor growth, and the inhibition was
particularly marked with 2 mg/kg CDDP plus 30 mg/kg
ETP, 5 mg/kg CDDP plus 10 mg/kg ETP and 5 mg/kg
CDDP plus 30 mg/kg ETP.

The expected tumor growth ratio, based on the as-
sumption that the effects of the two drugs were additive,
was determined by calculating the ratio of tumor growth
in the groups treated with each dose of CDDP and ETP
alone to that of the control group and multiplying them
together. The observed tumor growth ratios in the com-
bination therapy groups were evaluated 7, 14 and 21 days
after drug administration (Fig. 2).

In the mice inoculated with SBC-3 cells, against which
the combination therapy showed synergistic effects in
vitro, synergistic anti-tumor effects were observed 7, 14
and 21 days after drug administration. The CDDP and
ETP combination also had synergistic effects in vivo
against SBC-5 and SBC-1, which contrasted with the
additive and antagonistic effects respectively observed in
vitro. Thus, regardless of the in vitro effects of this com-
bination, irn vivo combination therapy with CDDP and
ETP demonstrated synergistic effects against all three
inoculated tumors. In particular, marked anti-tumor
effects were observed in the groups treated with 5 mg/kg
CDDP or 30 mg/kg ETP, which suggests that substantial
synergistic effects may be observed with high-dose combi-
nation therapy.
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With these doses, all the mice in the treatment groups
survived during the experiments. Changes in body weight
reflect the overall toxicity of the treatment. The body
weight of mice treated with the combination of 5 mg/kg
CDDP and 30 mg/kg ETP the (MADs for nude mice of
each drug) was not reduced during 2 weeks after the
treatment (Fig. 3). Indeed, the percent increase in the
body weight was rather greater in this combination group
than in the single drug treatment group of 5 mg/kg
CDDP or 30 mg/kg ETP. These results indicate that the
toxic effects of CDDP and ETP in combination are
minimal and less than additive on mice inoculated with
tumors.

DISCUSSION

The simultaneous in vitro CDDP and ETP ccmbina-
tion had synergistic anti-tumor effects only on the SBC-3
cell line, while it showed additive or less effects on the
other 7 lines. Despite the marked clinical efficacy of
CDDP and ETP combination therapy in patients with
SCLC, few workers have demonstrated synergistic effects
of this combination irn vitro. On the contraty, the hypoth-
esis proposed by Tsai et al.¥) that this combination has no
synergistic effect at the cellular level has been generally
accepted. Our ir vitro results support this hypothesis.

It is not appropriate to speculate on the mechanism
responsible for the clinical effects of combination therapy
on the basis of in vitro experimental results alone, as the
mechanism whereby the drugs interact in vivo is unclear
and experimental conditions in vifro differ markedly from
those in vivo. In order to assess the clinical effects of
combination therapy with two drugs, evaluation should
be carried out using an in vive system.

Therefore, we evaluated the in vivo anti-tumor effects
of CDDP and ETP combination therapy in nude mice
inoculated with SBC-1, SBC-3 and SBC-5 cells, against
which this combination showed different effects in vitro
(antagonistic, synergistic and additive, respectively).
There is no generally accepted established method for the
evaluation of the effects of combination therapy in vivo
and the methods used in different studies vary. The
definition of synergy we adopted was that the observed
growth ratio in the combination therapy group was lower
than the value expected if their effects were simply addi-
tive, which was calculated by multiplying the growth
ratio of the CDDP-treated to the control group by that of
the ETP-treated to the control group.!”® According to
this definition, in vivo combination therapy with CDDP
and ETP had synergistic effects not only against SBC-3,
as it did in vitro, but also against SBC-5 and SBC-1,
which differed from the additive and antagonistic effects
respectively observed in vitro. The observed growth ratios
were markedly lower than the expected simple additive



values in the SBC-l-inoculated groups treated with 5
mg/kg CDDP -} 10 mg/kg ETP and 5 mg/kg CDDP +-30
mg/kg ETP, even though this combination showed
antagonistic effects against SBC-1 cells in vitro. Thus, the
in vivo and in vitro effects differed.

In the in vifro system, synergistic effects of the two
drugs were observed in only 1 (SBC-3) of the 8 cell lines.
Previously, we suggested that the biochemical mecha-
nism responsible for the synergistic effects of these two
drugs against SBC-3 was enhancement of the DNA
topoisomerase IT inhibitory activity of ETP by CDDP."
However, the fact that the in vivo and in vitro effects
differed suggests that the in vivo synergistic effects of the
combination therapy are caused not by biochemical mod-
ulation but by pharmacokinetic changes. Some workers
have suggested that the beneficial effects of the combina-
tion therapy with CDDP and ETP are duc to a decrease
in ETP clearance as a result of rapid renal function
deterioration following CDDP administration.”'” Re-
cently, Pitiiger et al.'® observed an increase in the AUC
value and decreases in t1/2a and t1/28 values, systemic
clearance and the volume of distribution at the steady
state (Vdy) of ETP in patients who received ETP after
CDDP administration, and they suggested that inhibition
of ETP clearance by CDDP was the primary cause of
the in vive synergistic effects of these drugs. The results
of our study have confirmed that these two drugs have
synergistic anti-tumor effects in nude mice inoculated
with various tumor cells. These results support the hy-
pothesis that changes in the pharmacokinetics of ETP as
a result of CDDP administration are responsible for the
potent anti-tumor effects of this combination therapy. It
is important to establish whether such pharmacokinetic
changes are observed or not in mice treated with these
drugs in combination. Unfortunately, it is difficult to
analyze the pharmacokinetics in combination therapy in
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