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ABSTRACT

Both cisplatin (CDDP) and leucovorin (I A i have been shown to en
hance cytotoxicity of 5-Duorouracil (FUra) against murine and human

neoplasms by increasing intracellular reduced folate concentrations. We
were interested in their use in a combination to inhibit non-small cell lung

cancer (NSCLC) cell growth and therefore conducted an in vitro study to
investigate the cytotoxic activities of combinations of CDDP plus FUra,
with and without IA (20 UMi, against seven NSCLC cell lines. A tetrazo-

MIIIIIassay with application of the classical Â¡sobÃ³lemethod was used to test
drug combinations. We found that IA enhanced FUra but not CDDP
cytotoxicity and that the degree of enhancement was negatively correlated
with the effect of FUra. There was an overall additive combination effect
of CDDP plus FUra, although there may be synergy at higher effect levels.
There was synergy to a combination of CDDP, FUra, and I.V. presumably
primarily related to the synergistic effects of adding IA to FUra. In
summary, I.V and CDDP enhanced FUra cytotoxicity in a complementary
fashion and there was clear synergy of a combination of CDDP, FUra, and
IA against a panel of NSCLC cell lines. Our in vitro results provide a
rationale for controlled clinical studies of this three-drug regimen in pa

tients with NSCLC.

INTRODUCTION

Few malignancies have been as frustrating to medical oncologists
as has NSCLC.3 This is compounded by the high incidence of the

disease, its frequently disseminated stage at presentation, and a me
dian survival that is best measured in weeks or months for all but the
few patients presenting with highly localized and surgically accessible
disease. Most chemotherapeutic drugs, both single agents and com
binations of drugs, are not particularly active against this tumor. To
improve the likelihood of response, response duration, and survival, it
is clear that more active drugs or drug combinations are required.
FUra, a fluorinated pyrimidine widely used in the treatment of a
variety of solid tumors, when used alone produces an objective re
sponse in 14-18% of patients with NSCLC (I). FUra has also been

combined with other chemotherapeutic agents with response rates of
33-58% ( 1). CDDP, another agent with broad activity against a variety

of human tumors, has been shown to potentiate FUra cytotoxicity
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[ri.Ã¯-diammmcdichloroplatinuin(!l)|; LV. leucovorin |5-formyltetrahydrofolale|; FUra.
5-fluorouracil; MTT, 3-(4.5-dimethylthia/ol-2-yl)-2,5-diphenyltetraÂ¿olÂ¡um bromide; TS.
thymidylate synthase; FdUMP. fluorodcoxyuridine monophosphate; CH;THF. 5.10-me-
thylenetctrahydrofolate; R5. RPM1 1640 supplemented with 5r<i fetal bovine serum; 1CÂ«,.

IC^o. and IC7CI.concentrations of drug which produced 30. 50. and 709Ã•reduction in
control ahsorhance. respectively; FL. FUra + LV; CL. CDDP + LV; CF. CDDP + FUra;
CFL. CDDP + FUra + LV. F|L|. C|L| and CF|L| dala were calculated by using the wells
with LV 120 UM|alone as control. They were used to express the cytoioxic effects of FUra.
CDDP, and CDDP + FUra in the presence of LV. respectively.

against both murine and human neoplasms (2-4). When studied

against LI210 leukemia in mice, CDDP plus FUra, each of which
alone only modestly prolonged median survival, resulted in a 60%
disease-free long-term survival (2). Sridhar et cil., using a human

pancreatic tumor cell line, have demonstrated that CDDP followed
after I or 24 h by FUra results in additive tumor inhibition. However,
the reversed sequence of the drugs, with exposure to CDDP following
FUra. produces an antagonistic effect resulting in significantly less
inhibition of tumor growth than exposure to FUra alone (3). Using a
human ovarian carcinoma line. Scanlon el al. (4) have also shown that
low concentrations of CDDP followed by FUra are more cytotoxic
than the reverse sequence or either drug alone. Their in vitro studies
have demonstrated that an initial 30-min exposure to CDDP increased
the intracellular pools of CH2THF and tetrahydrofolate 2.5-fold and

suggested the observed enhanced effect of FUra to be due to increased
intracellular reduced folate concentrations following the administra
tion of CDDP. At the clinical level, several uncontrolled phase II
studies (5-8) and randomi/ed trials (9. 10) have been reported pri

marily in colon, head and neck, and genitourinary tract cancers, as
well as NSCLC. The results, although promising in some studies, do
not allow definitive claims regarding the clinical applicability of the
synergy concept.

Recently, attempts to improve the therapeutic effectiveness of FUra
have focused on the scientific principles of biochemical modulation:
alteration of tumor cell metabolism to produce selective enhancement
of cytotoxicity. One of the current biochemical modulation ap
proaches is the use of LV to enhance the activity of FUra. The
rationale for this combination is based upon the observation that
reduced folates can increase FUra cytotoxicity by forming and main
taining a stable ternary complex with the FUra metabolite FdUMP and
the target enzyme TS (11. 12). The stabilized complex theoretically
increases the block in DNA synthesis, thus enhancing cytotoxicity.
Clinically, this concept has been successfully applied in the treatment
of patients with a variety of cancers, including colon, breast, and
stomach cancers. Several randomized studies, primarily in colorectal
cancer, have reported improved response rates in patients treated with
FUra and LV compared with patients treated with FUra alone (9,
13-16) and some studies have reported improved survival of patients

treated with FUra and LV (15. 16).
Both CDDP and LV interact with FUra by increasing intracellular

reduced folate levels and thereby the inhibition of TS. Therefore, the
addition of LV and CDDP to FUra may increase the activity of FUra.
Recently, nonrandomized clinical trials of FUra combined with CDDP
and LV have been reported to demonstrate substantive rates of objec
tive regression in patients with advanced head and neck tumors
(17-20). Previously, we have reported that LV can enhance fluorinated
pyrimidine-induced cytotoxicity against lung cancer cell lines (21).

Thus far. there is no laboratory evidence to confirm the superiority of
this 3-drug regimen. We now report the combination effects of CDDP

and FUra with and without LV in a panel of NSCLC cell lines.
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COMBINATION EFFECTS OF CDDP AND FURA WITH AND WITHOUT LV

MATERIAL AND METHODS

Cell Lines

Seven NSCLC cell lines (adenocarcinomas NCI-H23, NCI-H838, NCI-
H1437; squamous cell carcinoma NCI-H226; adenosquamous cell carcinoma
NCI-HI25: large cell carcinomas NCI-H460 and NCI-HI334) were studied.

All lines were established from previously untreated patients and were grown
in RPMI 1640 (GIBCO) supplemented with 10% fetal bovine serum and
adapted in R5 for more than 6 months before this study.

Trypsin-EDTA was used to make single cell suspensions after cultures were
washed with phosphate-buffered saline. Trypsin was naturalized with R5 and

cells were resuspended in R5 for cytotoxic assays. Cells were then plated at the
appropriate seeding density, individualized for each cell line, in 140 UMme
dium into 96-well microtiter plates and incubated for 24 h at 37Â°Cin a 5% CO2

atmosphere in order to allow recovery from trypsinization before cytotoxic
assays began. All cell lines were in logarithmic phase of growth at the time of
the MTT assay.

Study Design and MTT Assay

There were 17 plates prepared for each cell line per test. One of the plates
was used to determine the dose-response relation of LV alone at concentrations

of 5,10, 20. 30, 50, 100, 300, 1000, and 3000 UM.Previous studies in murine
sarcoma 180, human carcinoma Hep-2, and murine leukemia LI210 suggested

that maximal stabilization of the ternary complex of reduced folate with
FdUMP and TS and potentiation of FUra cytotoxicity were achieved at a total
LV concentration of 20 UM(22). We have previously reported that this clinically
achievable level of LV can enhance cytotoxic effects of FUra and 5-fluorode-

oxyuridine in a panel of human lung cancer cell lines (21). Therefore, all assays
using LV in combination with CDDP and FUra were performed at 20 UMonly.
The remaining 16 plates were divided into a CF group and a CFL group, 8
plates of each (Fig. 1). Over these plates, each had one 8-well blank column
with media alone and two 8-well control columns with cells but no drug. For
the 8 plates of CF group, each had a 8-well column with single agent CDDP.
The remaining 8-well columns contained a constant concentration of CDDP
plus increasing concentrations of FUra in 0.5- or 1-log increments from col

umn to column. Over a series of 7 plates, the concentration of CDDP was

CL9OLL

ÃœPlateÂ«I.II.III.IV.V.VI.VII.Vili.Control00000000CDDPA12345670CDDP+FUra

orFUrala

Ib lc Id le IfIg2a

2b 2c 2d 2e 2f2g3a

3b 3c 3d 3e 3f3g4a

4b 4c 4d 4e 4f4gSa

5b Se 5d 5e 5f5g6a

6b 6c 6d 6e 6f6g7a

7b 7c 7d 7e 7f7ga

b c d e f g |

02OLL<_>Plate*IX.X.XI.XII.XIII.XIVXV.XV]Control00000000LVLLLLLLLLCDDP\.LV

\'L

;2L3L

''â€¢4L

;5L

;6L7L

;LCDDP+

FUra+LV or FUra +LVlaL

IbL IcL IdL IcL IfLIgL2aL

2bL 2cL 2dL 2eL 2fL2gL3aL

3bL 3cL 3dL 3eL 3fL3gL4aL

4bL 4cL 4dL 4cL 4fL4gL5aL

5bL 5cL 5dL 5eL 5fL5gL6aL

6bL 6cL 6dL 6eL 6fL6gL7aL

7bL 7cL 7dL 7eL 7fL7gLaL

bL cL dL eL IL gL

increased in 0.5-log increments from plate to plate. An eighth plate was used

for single drug controls with increasing concentrations of single agent FUra
from column to column. Each drug was tested to cover the entire dose-response

curves whenever possible, as determined by preliminary testing. For the 8
plates of the CFL group, the study design was the same as those of CF group
but 20 UMLV was added to every drug-testing well. In addition, each plate had
one 8-well LV control column with cells and single agent LV (20 UM).With this

design, 16 survival curves were generated from every set of 8 plates.
The day after the cells were plated into the microtiter wells, medium and

drugs were added as follows. Sixty ul of R5 were added to no-drug control

wells: 40 ul of R5 and 20 ul of drug were added to single drug wells (CDDP,
FUra, LV); 20 pi of R5 and 20 ul of each drug were added to 2-drug combi
nation wells (CL, FL, CF) and 20 ul of each drug were added to 3-drug

combination wells (CFL). CDDP and LV were added I h and 30 min before
FUra, respectively. FUra (Roche Laboratories, Nutley, NJ) was diluted with
R5; LV (Lederle. Inc., Wayne. N.J.) and CDDP (David Bull Laboratories,
Mulgrave. Victoria, Australia) were dissolved with distilled water and phos
phate-buffered saline, respectively, to 100 ITIMsolution and then subsequently

diluted with R5.
After addition of drugs, the microtiter plates were incubated for 96 h. Cell

survival was then determined by a MTT colorimetrie assay (23). The percent
age of control absorbance was considered to be the surviving fraction of cells
and the lCm, IC50, and IC70 values were calculated for all the plates using the
wells with cells but no drug as control. For the plates of the CFL group, the
values were additionally calculated using the wells with single agent LV as
control. Data points calculated from the testing wells of CL, FL, and CFL
regimens by the latter way represented the cytotoxic effects of CDDP. FUra,
and CDDP + FUra in the presence of LV. They were signified as C[L], F[L],
and CF[L], respectively, for this evaluation. The experiment was performed in
quadruplicate on each of the cell lines. The ICTO.ICW, and IC70 values of the
four tests as well as their mean values were calculated.

Data Analysis

LV Cytotoxicity and Its Effects on FUra and CDDP. The Wilcoxon
signed rank test was applied to analyze the effect of LV alone (20 UM)and it
was used to compare the cytotoxic effects of CDDP and FUra with and without
LV (FUra versus FL, FUra versus F[L]; CDDP versus CL. CDDP versus C[L]).
To evaluate the degree of enhancement of LV on the cytotoxic effects of FUra
and CDDP between two different effect levels, the ratio of 1C values without
LV to those in the presence of LV (F/F[L) and C/C[L]) were also compared by
the Wilcoxon signed rank test. All tests are two sided and significance is
assumed for P < 0.05.

CF Cytotoxicity and the Effect of LV on It. The classical isobole method
of Berenbaum (24) was used to determine the in vitro combination effects of
CDDP and FUra with and without LV. With this method, data points above the
straight diagonal line of additive effect in the isobole signify antagonism and
those below the diagonal signify synergy.

We used the combination index (CI) to compare the cytotoxic effects of CF.
CFL, and CF[L]. The CI was defined as the sum of the relative doses (e.g., ICW
units) of each drug which yield an isoeffect (e.g., a inhibition of 0.3) when
added together.

CI =
Dose of CDDP dose of FUra dose of LV

1 1
1C value of CDDP 1C value of FUra 1C value of LV

I I Single Drag; Â£â„¢"jj2 -Drug Combination; I I 3-Drug Combination

Fig. 1. Study design, ÃŒ-7,drug concentrations of CDDP; a-g, drug concentrations of
FUra; /., leucovorin, 20 uM/well (see "Materials and Methods" for detail).

Here, dose of CDDP, dose of FUra, and dose of LV (zero UMfor CF and CF[L],
20 UMfor CFL) added together yield an isoeffect (e.g., 30%) cell kill (For
example, the 1CÂ»values of single agent CDDP, FUra, and LV of the cell line
NC1-H226 were 2.2, 38. and 274 U.M.respectively. The same effect could be

achieved by adding CDDP 1.06 MM.FUra 4.0 (JM, and LV 20 UMtogether.
Therefore, the CI in this experimental point was 0.66 = [1.06/2.2] -I- (4/38] +

[20/274]). Each experiment generates a set of CI values for a particular effect
level because of the fact that there are multiple drug concentrations within the
assay range that achieve the same isoeffect. Four experimental replications
provide quadruplicate CI values for each member of the set. These four values
were averaged to produce a single set of CI values for a particular cell line,
drug combination, and effect level. The mean CI value for this set is reported
as the summary measure.
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COMBINATION EFFECTS OF CDDP AND FURA WITH AND WITHOUT LV

Table 1 Effects of leucovorin (LV, 20 fiu) alone and on cytoloxic effects of FUra and CDDP against non-small cell lung cancer cell lines at different effect levels "

LV (20 MM)alone
Cell line (% control absorbance)*H23

97 .4Â±0.3H125

101.0Â±0.7H226

95.6 Â±0.7H460

83.4Â±1.1H838

96.4 Â±0.6H

1334 93.0Â±0.8HI437

91.6Â±l.2Effect

level"

(%)30

SO
7030

507030

SO7030

SO7030

SO7030

SO7030

SO70FUra

alone''2.93

Â±0.37''

27.3 Â±7.6
2IOÂ±240.29

Â±0.04
1.27 Â±0.38
66.5Â±27.142.3

Â±9.2
198 Â±66
930 Â±830.91

Â±0.12
l.64Â±0.17
3.24 Â±0.430.61

Â±0.068.
10 Â±0.67

107Â±91.09

Â±0.07
4.08 Â±0.39
660 Â±1300.02

Â±0.01
4. 13 Â±0.80
420 Â±25FUra

concentration(MM)FL"2.15

Â±0.16
7.85 Â±0.64
201Â±340.04

Â±0.01
0.16 Â±0.04
62.3 Â±34.34.63

Â±0.67
139 Â±50
820 Â±870.37

Â±0.02
0.61 Â±0.02
1.I6Â±O.I30.14

Â±0.04
4.25 Â±1.50
103 Â±170.45

Â±0.02
1.61Â±0.19342

Â±870.002

Â±0.001
1.47Â±1.07
403 Â±33F[L1'2.38

Â±0.25
9.50 Â±0.29
220 Â±330.04

Â±0.01
0.30 Â±0.17
48.5 Â±30.95.90

Â±1.07165
Â±67

870 Â±880.52

Â±0.03
0.79 Â±0.06
1.68Â±0.260.19

Â±0.06
5.53 Â±2.40III

Â±170.63

Â±0.062.43
Â±0.48

788 Â±307().(X)6

Â±0.002
4.68 Â±1.33
568 Â±94CDDPCDDP

alone*0.72

Â±0.06
2.15Â±0.3I
4.40 Â±0.550.17

Â±0.01
0.43 Â±0.03
1.61Â±0.182.23

Â±0.27
6.20 Â±0.83
I3.4Â±1.40.22

Â±0.01
0.44 Â±0.02
0.80 Â±0.031.71

Â±0.16
3.90 Â±0.19
7.40 Â±0.421.50

Â±0.28
4.36 Â±0.84
14.7 Â±3.51.39

Â±0.09
6.43 Â±0.13
14.9 Â±0.4concentrationCL*0.72

Â±0.06
2.13 Â±0.29
4.45 Â±0.590.18

Â±0.01
0.41 Â±0.02
1.46Â±0.101.53

Â±0.324.98
Â±0.52

12.3Â±1.00.13

Â±0.02
0.36 Â±0.05
0.69 Â±0.041.48

Â±0.20
3.28 Â±0.31
6.60 Â±0.341.15

Â±0.15
3.35 Â±0.39
12.6Â±1.61.03

Â±0.23
5.25 Â±0.76
14.6 + 0.7(MM)C[L]'0.81

Â±0.09
2.3.3 Â±0.32
4.65 Â±0.560.17

Â±0.010.40
Â±0.02

1.45 Â±0.061.80

Â±0.245.40
Â±0.47

ll.6Â±1.10.22

Â±0.03
0.45 Â±0.03
0.82 Â±0.051.53

Â±0.173.34
Â±0.23

7.0 Â±0.301.48Â±O.I4

4.26 Â±0.60
14.2Â±2.11.51

Â±0.107.25
Â±0.28

15.3 Â±0.5
" Expressed as percentage of decrease of control absorbance.
* Data obtained by using the wells with no drug as control; FL. FUra + LV; CL. CDDP + LV.
' Data obtained by using the wells with LV (20 MM)alone as control. F|L| and C|L] are signified to represent the effects of FUra and CDDP in the presence of LV. respectively.
'' Mean Â±SEM of 4 assays.

Upper and lower bounds of 1.05 and 0.95 were selected as being of interest
so that mean CI values greater than 1.05 or less than 0.95 are interpreted as
being suggestive of antagonism and synergy, respectively. Sign tests were
performed on each set of CI values, in order to formally evaluate whether

synergy or antagonism was evident for particular cell line, drug combination
and effect levels. In addition. Wilcoxon signed rank tests were computed to
evaluate whether significant differences in the cell line means occurred (o)
between effect levels, (b) between drug regimens, and (c) as compared to a null
hypothesized CI of I. All tests are two-sided and significance is assumed if

P < 0.05.

RESULTS

LV Alone (20 UM) Had a Minimal, but Statistically Significant
Cytotoxicity. The cytotoxicity of LV was dose dependent. The mean
IC50 (Â± SEM) of the seven cell lines was 863 Â±36 UM(range,
590-1100 UM).The mean absorbances (Â±SEM) of the control wells

and the wells with 20 UMLV alone were 1.074 Â±0.061 and 0.994 Â±
0.051, respectively. A Wilcoxon signed rank test applied to survival in
the presence of LV as reported in the second column of Table I
indicates these are significantly less than 100% (P < 0.03). Therefore,
20 UMLV had a slight, but statistically significant inhibitory effect on
cell growth (mean percentage of inhibition, 5.9 Â±2.1) (Table 1).

LV Enhanced FUra Cytotoxicity but Not CDDP Cytotoxicity.
The cytotoxic effects of FUra and CDDP without and with LV are
listed in Table I. In vitro, FL and CL were statistically significantly
more cytotoxic than FUra and CDDP, respectively, as compared by the
values of mean 1C at all three observed effect levels (P < 0.05).
However, when the effect of LV was segregated by calculating the
data with LV alone as control, ICFUra versus lCF[lial 30 and 50%
effect levels (P = 0.018 and 0.028, respectively) but neither ICFUra

versus ICF!M at 70% effect level nor ICCDDp versus ICC|Li at any of
the three effect levels was significant. Thus, LV enhanced FUra at
lower and middle effect levels but had no effect on the cytotoxicity of
CDDP. The values (mean Â±SEM) of the concentration ratio of F/F[L]
at 30, 50, and 70% effect levels were 3.69 Â±0.96, 2.06 Â±0.44, and
1.12 Â±0.15, respectively. LV enhanced FUra cytotoxicity much more

at the 30 and 50% effect levels and very little at the 70% effect level,
yielding a negative correlation between the effect of FUra and the
degree of LV enhancement (R = -0.998. P < 0.02 by simple corre

lation) (Fig. 2). Fig. 2 also shows that LV had no effect on CDDP
cytotoxicity for the observed effect levels. All the mean C/C[L] values
were close to 1.0.

CF Regimen Tended to Be Additive. The mean CI values of CF,
CFL, and CF[L) are shown in Table 2. The combination effects of the
CF regimen were not consistent among the cell lines. Wilcoxon signed
rank tests were used to evaluate whether the set of Cls for the seven
cell lines at each effect level were suggestive of a departure from
additivity. These tests were not significant at any effect level indicat
ing consistent additivity for this drug regimen (Table 2). However, the
CF regimen was more cytotoxic at a higher (70%) effect level (Fig. 3).

P=0.028

(0
rr

I
S'S
<D

Â£o
O

F/F[L] C/C[L]

Fig. 2. Effects of LV on the cytoioxic effects of FUra and CDDP at different effect
levels evaluated by the ratio of 1C values without LV to those with LV (F/F|L] and
C/C|L|). LV enhanced FUra cytotoxicity much more at lower (30%) and middle (50%)
effect levels and very little at high (70%) effect level. LV had no effect on cytotoxicity of
CDDP. For F|L] and C[L], data were calculated by using the wells with LV (20 MM)alone
as control. They were used to express the cytotoxic effects of FUra and CDDP in the
presence of LV. respectively. Bars. SEM.
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COMBINATION EFFECTS OF CDDP AND FURA WITH AND WITHOUT LV

Table 2 Mean combination index (CI) values

CelllineH23

H125
H226
H460
H838
H1334
H 1437Regimen"

MeanCF

CF
CF (
CF
CF
CF
CF (.21

.14
).83
.07
.03
.10

).76nÂ»6

6
7
5
7
5
630%Interval

r Test''MeanA

*S

(

S * (.14

.03
).90
.16
.00
.01

).81n9

7
9
7
9
g
9Effect

levelJOÂ«Interval

TestAS

*A
*S

*Mean1.06

0.79
0.83
1.07
0.91
0.74
0.85n12

9
9
7
9

13
1270%IntervalA

S
S
AS

SsTest*

**Â£

Group result' l .02 Â±0.06 NS l.01 Â±0.05 NS 0.89 Â±0.05 NS

H23H
125H226H46()H838H

1334H
1437Group

resultH23H

125H226H4Â«)H838H

1334H
1437Group

resultCFLCFL

(CFL
(CFL
(CFL
(CFL
(CFL
(CF[L]CF[L]CF[L]CF[L]CF[L|CF|L]CF[L].10

61.71
5).57
6).70
5).58
6).67
5).45
40.68

Â±0.08.22

6.15
5.26
7.25
5.21
6.13
6.02
51.18

Â±0.03ASSSSSss.AAAAAA-A.__*-*â€”-P

=0.028*â€”*-â€”*-/>

= 0.0180.740.580.760.650.680.610.420.631.191.040.971.211.281.040.831.08g695g77Â±0.0476116979Â±0.06SSSSSSSS,

P=A-AA

'A-S

'N1.020.440.740.660.810.590.83ÃŒ.018

0.731.000.840.87Â»

1.21'
0.900.860.84S

0.9312996101212Â±0.0712910791212Â±0.05ASSASSSS,

P =(-SsASssS,

N).028S
" CF, CFL: these data were calculated by using the wells with no drug as control. CF[L] was signified to represent the interaction between CDDP and FUra in the presence of LV

of which data were calculated by using the wells with single agent LV as control.
h Number of data points.
1 A, S, and -, antagonism, synergy, and additivity, respectively, based on null interval of 0.95-1.05.
d * and -, sign test p < 0.05 and not significant, respectively.
*"Mean CI value of 7 cases; mean Â±SEM; statistic significance is tested by the Wilcoxon signed rank test; NS, no significance.

2.0-1

1.5-

o'Â¿I.
m
c
.o

o
Ã¼

30 % Inhibition 50% Inhibition 70% Inhibition

Â¡
P=0.028

P=0.028

P=0.018

Fig. 3. Mean CI (combination index, see text) values of CF and CFL at different effect
levels. CF|L] was signified to represent the interaction between CDDP and FUra in the
presence of LV of which data were calculated by using the wells with single agent LV as
control. The results of statistic analyses to evaluate the differences between effect levels
and between drug regimens are demonstrated. There was an overall additive combination
effect of CF. although the regimen was more cytotoxic at a higher effect level. While
CF[L] was less active at low (antagonistic, see Table 2) and middle effect levels (but not
at a relatively higher effect level), this effect was masked by a much higher degree of
enhancement of LV on the cytotoxicity of FUra and there was clear synergy to a combi
nation of CFL through the effect level studied. Bars, SEM. Shaded horizontal band, the
area of additivity based on null interval of 0.95-1.05.

LV Enhanced CF Cytotoxicity through the Effect Levels Stud
ied. The CFL regimen demonstrated synergy consistently throughout
the effect levels of this study (P < 0.05 at each effect level by

Wilcoxon signed rank test comparing cell line CI means to 1) (Table
2). Note, however, that the sign tests evaluating departures from
additivity for each cell line separately are generally nonsignificant at
the 30% effect level but do achieve significance at the high effect
levels. This is likely due to low statistical power with the smaller
sample sizes contributing to the means at the lowest effect level for
which greater cytotoxicity generates fewer data points. Hence, the
sign tests should be interpreted in conjunction with the interval mea
sure of 0.95-1.05. In addition, for each of the three effect levels, the

CFL means were significantly lower than those for CF (Fig. 3).
Less Active Interaction between CDDP and FUra at Lower and

Middle Effect Levels in the Presence of LV. In the presence of LV.
the interaction of CDDP and FUra (CF[L]) was less active than CF
regimen at 30 and 50% effect levels (P = 0.018). In contrast, the

results of drug interaction were very similar between the CF[L] eval
uation and the CF regimen at the 70% effect level (P not significant)
(Fig. 3). In the presence of LV, the interaction between CDDP and
FUra was antagonistic at the low effect level (P < 0.018) (Table 2)
and it was almost not influenced by LV at the high effect level
(Fig. 3).

Graphic presentations of the cytotoxicity of FUra, CDDP, CDDP
plus FUra, with and without LV against the cell line NCI-H226 are

shown in Fig. 4.

DISCUSSION

Synergy between drugs in a multiagent regimen could be of poten
tial clinical utility if the supraadditive effects were greater for tumor
cells than for normal critical tissues. There is still controversy over
which method is best for detecting true in vitro synergy between drug
combinations (25). The most commonly used method is the classic
isobologram (24). Others have proposed a modification of this tech
nique for combinations of agents with dissimilar dose-response curves
(26). It uses an envelope of additivity, or "envelope of uncertainty" to
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Fig. 4. Effects of LV on the cytotoxicities of FUra.
CDDP. and CDDP + FUra in the lung squamous cell
carcinoma cell line NCI-H226. The dose-response curves

and the data points for constructing Â¡sobÃ³leswere derived

from the mean values of the survival fractions of the four
replicate tests. (A. left I Dose-response curves of FUra and

FUra + LV. LV enhanced FUra cytotoxicily at lower
effect level. (A, righi] Dose-response curves of CDDP

and CDDP + LV. LV had no effect on CDDP cytotoxicity.

(ÃŸ) Isobolograms of CF, CFL. and CF|L| at 30. 50, and
70% effect levels. In this cell line, the mean CI values of
CF regimen were less than 0.95 through the effect levels

studied (statistically synergistic at 50% and 70% effect
levels. Table 2) (B, left. O). which were enhanced more
by addition of LV (fl. righi, â€¢¿�). At the 30% effect level,
although the interaction between CDDP and FUra
was clear antagonistic in the presence of LV (B. left top.
â€¢¿�i (Table 2). this effect was masked by a much higher
degree of enhancement of LV on the cytotoxicity of FUra
(B. ricin lofi. â€¢¿�).The interaction of CDDP and FUra was
not affected by LV at all at middle and high effect levels
(B, left militile and hnltimi). Abbreviations are the same as

in Fig. 3.
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try to account tor uncertainty surrounding the possibilities that drug
actions are identical or completely independent. Using the semiauto-
mated tetrazolium-based colorimetrie (MTT) assay, we have applied

the concept of an envelope of additivity in a previous publication on
etoposide-cisplatin interactions (27). We have also used both the clas

sic isobologram and the Steel modification to determine the impact of
schedule of administration on the combination effects of methotrexate
and FUra (28). However, based on the concept of the envelope of
additivity, it is difficult to develop an objective analysis to compare
the combination effects of different multiagent regimens. Therefore, in
this report, we used the classic isobole method and CI values to
analyze and compare the different combination effects between the
regimens tested.

In this study, using a panel of 7 human NSCLC cell lines we found
that LV enhanced FUra at lower effect levels; there was an overall
additive combination effect of CDDP plus FUra. although there may
be synergy at higher effect levels. There was synergy to a combination
of CDDP + FUra + LV, presumably primarily related to the syner
gistic effects of adding LV to FUra. Although the interaction between
CDDP and FUra in the presence of LV was less active at low and
middle effect levels (but not at a relatively higher effect level), this
effect was masked by a much higher degree of enhancement of LV on
the cytotoxicity of FUra.

It has been shown both in vitro and in vivo that the cytotoxicity of
FUra is increased by LV (11-16, 21). FUra penetrates rapidly into

cells where it is converted enzymatically to FdUMP. which is a potent
inhibitor of the enzyme TS. a critical enzyme in the tie novo synthesis
of thymidylate. The formation and stabilization of a tight covalent
ternary complex of TS-FdUMP-CH2THF is dependent on and directly

correlated with the presence and the concentration of the folate
CH2THF. The addition of LV. which forms an excess of CH.THF.
stabilizes the ternary complex and results in a marked reduction in the
amount of TS available to catalyze the conversion of dUMP to dTMP.
which is essential for normal DNA synthesis, thus enhancing cyto
toxicity (11, 12). In lung cancer, using a panel of small cell lung
cancer and NSCLC cell lines, we have previously demonstrated that
the cytotoxicity of fluorinated pyrimidine can be enhanced by LV
(21).

The antitumor activity of CDDP may be explained in part by DNA
cross-linking (29, 30). interactions with the cell surface nucleic acids

(31), or interactions with the plasma membrane (32, 33). Also, CDDP
can inhibit methionine uptake into tumor cells and cause perturbation
of the methionine pools (32, 33). Cells may respond by increasing
methionine biosynthesis and increasing the pools of folate cofactors
(changes in the methionine pools have been shown to alter the intra-
cellular concentration of reduced folates) (34). When CDDP is ad-
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ministrated before FUra, it does expand the CH2THF pool and in
crease the binding of FdUMP to TS. The resultant stabilization of the
TS-FdUMP-CH2THF ternary complex may be responsible for the

activity of the CDDP and FUra combination (4). Further, although
patients treated with FUra + LV and patients treated with CDDP +
FUra + LV have a similar serum level of LV, the patients treated with
CDDP + FUra + LV have a higher serum levels of 5-methyltetrahy-

drofolate which is a product of expanded CH2THF pools because of
the activity of CH2THF reducÃase.This difference possibly derives
from the coadministration of CDDP (17). With the reversed sequence,
FUra pretreatment before CDDP has been reported to be less active
(3, 4). By testing 2 NSCLC cell lines on different administration
schedules of FUra plus CDDP, our preliminary data have also dem
onstrated the same result (data not shown).

At the clinical level, an improvement in therapeutic index of FUra
by LV in the treatment of patients with advanced colorectal carcinoma
has been demonstrated since LV significantly improves the therapeutic
effect of FUra without an increase in toxicity as compared with FUra
alone (9). More recently, continuous infusion of CDDP, FUra, and LV
has been shown to be a highly active chemotherapy regimen that can
achieve clinical and pathologically confirmed complete responses in a
substantial proportion of patients with advanced, local-regional squa-
mous cell carcinoma of the head and neck (17-20) and early reports

of phase II trials on patients with NSCLC have also shown encour
aging results (35, 36). Because it appeared to have substantial activity
in this in vitro study, a combination of CDDP, FUra, and LV deserves
further clinical investigation in properly designed clinical trials in
patients with NSCLC. Our results suggest that CDDP plus FUra have
additive effects (and may be supraadditive at some effect levels) and
that LV has an independent supraadditive effect due to its demon
strated enhancement of FUra activity.
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