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Abstract Purpose: The combination of paclitaxel (PTX)
and cisplatin (DDP) shows good clinical efficacy against
ovarian cancer. In order to examine the potential cel-
lular basis for this, and provide leads as to how to op-
timize the combination, we examined the role of se-
quence of exposure to PTX and DDP on cell growth in
vitro. Methods: Four human ovarian carcinoma cell
lines, A121, A2780/WT, A2780/DX5B and A2780/CP3,
two human head and neck carcinoma cell lines, A253
and FaDu, and the human ileocecal carcinoma cell line,
HCT-8, were treated with PTX + DDP with seven
schedules: (A) 96 h exposure to PTX + DDP; (B) 24 h
PTX alone, then 72 h PTX + DDP; (C) 4 h DDP
alone, then 92 h PTX + DDP; (D) 24 h PTX alone, 4 h
DDP alone, then 68 h drug-free; (E) 4 h DDP alone,
24 h PTX alone, then 68 h drug-free; (F) 3 h PTX alone,
1 h DDP alone, then 92 h drug-free; and (G) 1 h DDP
alone, 3 h PTX alone, then 92 h drug-free. Each of 66
two-drug experiments included five plates (440 randomly
treated wells per experiment). Cell growth was measured
by the sulforhodamine B assay. The nature and the in-
tensity of the drug interactions were assessed by fitting a
seven-parameter model to data with weighted nonlinear
regression, enabling the estimation of an interaction
parameter, o, with its standard error. Results: Overall
there was very little departure from Loewe additivity: 43
experiments showed Loewe additivity, 10 showed Loewe
antagonism, and 13 showed slight Loewe synergy. In
vitro Loewe synergy was rare, was small when present,
and reproducible only for the A121 and HCT-8 cells
exposed to schedule D (24 h PTX prior to 4 h DDP).
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Isobolographic analysis showed complex combined-ac-
tion surfaces with regions of local Loewe synergy and
antagonism. Conclusion: It appears unlikely that the
good clinical efficacy of the combination is primarily
caused by a synergistic interaction at the cellular level.
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Introduction

Until the development of the taxanes, platinum-based
therapy was considered to be the most active in the
treatment of patients with ovarian cancer. Paclitaxel
(Taxol, PTX), isolated from the Pacific yew, Taxus
brevifolia, has demonstrated effectiveness against ad-
vanced and refractory carcinoma [37, 43]. Based upon
the interesting clinical activities of the individual agents
and a nonoverlapping spectrum of toxicity, cisplatin
(cis-diamminedichloroplatinum (II), DDP) and PTX
have been used together in several clinical trials. These
trials addressed the therapeutic benefit of the combina-
tion in ovarian [29], lung [21], breast [18], head and neck
[7], cervical [43] and gastrointestinal [1] carcinomas.
Based on higher response rates, longer time to progres-
sion and marked improvement in median survival, the
Gynecologic Oncology Group currently considers
PTX + DDP as the new standard regimen for patients
with advanced ovarian cancer [29]. Several factors may
account for the therapeutic synergy such as (a) selective
action of the combination against the malignant target
relative to normal tissue toxicity, and (b) the large cov-
erage of a heterogencous tumor cell population and
avoidance of cross-resistance as a result of the two
agents having different mechanisms of action.

In vitro synergy has been reported for exposure to
PTX prior to DDP, whereas the reverse sequence results
in antagonism [20, 31, 39, 45]. There is no clear evidence
for an intracellular origin of the schedule-dependent
interaction, but several hypotheses have been proposed.
Since exposure to DDP creates platinum—-DNA
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crosslinks, cells exhibit a phase G, block which might
antagonize the antimicrotubule effect of PTX [27]. DDP
could also interfere with the tubulin or the tubulin-as-
sociated proteins, therefore altering the tubulin binding
site for PTX [32]. Finally, in vitro synergy might arise
from a PTX-induced inhibition of the repair of DDP-
DNA adducts [31, 34].

This paper reports the growth-inhibitory effects of the
combination PTX + DDP performed on various drug-
sensitive and -resistant human carcinoma cell lines
continuously or sequentially exposed to the two drugs in
combination. Through a rigorous qualitative and
quantitative characterization of the two-drug interac-
tion, the following questions were addressed. Is synergy
at the cellular level possibly a major contributor to the
clinical efficacy of PTX and DDP? What are the shapes
of the in vitro combined-action response surfaces for
PTX and DDP for a set of human cell lines and drug
exposure schedules? Does drug resistance modify the in
vitro interaction between PTX and DDP. Finally, does
drug scheduling modulate the cellular response to the
combination?

Materials and methods

Chemicals

RPMI-1640 cell culture medium, phosphate-buffered saline (PBS)
and trypsin (0.05% in 0.53 mM ethylenediaminetetraacetic acid,
tetrasodium salt) were obtained from Gibco (Grand Island, N.Y.),
fetal calf serum (FCS) from Atlanta Biologicals (Norcross, G.) and
DDP from Sigma Chemical (St. Louis, M.). PTX was provided by
Bristol-Myers Squibb (Princeton, N.J.). Stock solution of PTX was
made in methanol. DDP was dissolved in saline at 7.5 mM. The
solubility of DDP was enhanced by warming the solution to 40 °C
[16].

Cell lines

The human ovarian cell line A121 [4] was cultured in RPMI-1640
medium including 5% FCS. The subline A2780/CP3 was selected
from the parental human ovarian carcinoma cell line A2780 [36] for
resistance to DDP [28]. The A2780/DX5B was cloned from the
doxorubicin-resistant subline, A2780/DX5 [19], and expressed the
multidrug resistance (MDR) phenotype. Parental and resistant
A2780 cells were grown in RPMI-1640 medium supplemented with
1% glutamine and 10% FCS. The human squamous carcinoma
cells of the head and neck, A253 [11] and FaDu [33] were main-
tained in RPMI-1640 medium supplemented with 10% FCS. The
human ileocecal adenocarcinoma cells HCT-8 were obtained from
the American Type Culture Collection (Rockville, M.) and cultured
in RPMI-1640 medium supplemented with 1 mAM sodium pyruvate
and 10% FCS. All the cell lines were maintained as monolayer
cultures in 25-cm? flasks, incubated at 37 °C in a humidified at-
mosphere containing 5% CO,. Cells were passed by trypsinization,
twice weekly. Cell cultures were routinely tested bimonthly for
mycoplasma, and found negative.

Growth inhibition assay

Exponentially growing cells were washed with PBS, trypsinized,
counted and seeded at a density of 100 cells/well (6-day growth
assay) or 200 cells/well (5-day growth assay) in 88 wells of 96-well
microtiter plates and allowed to attach for either 24 h or 48 h. The

eight remaining wells were filled with cell-free medium. Solutions of
PTX and DDP in medium were freshly prepared from concentrated
stock solution. Appropriate volumes were used to obtain drug
mixtures at the five ratios 1:1, 2:1, 1:2, 4:1 and 1:4 of the drugs at
their predicted 1Cs, values (e.g. a 1:1 ratio was prepared by mixing
an equal volume of PTX at its predicted ICsy with DDP at its
predicted I1Csp). (In subsequent experiments the mixture ratios were
calculated and are reported on an actual molar basis.) The agents
alone and their mixtures were serially diluted over a 10°fold range
of concentrations. Drug treatment of the cells was randomly
assigned on the plates to minimize biases [25]. A typical experiment
involved a stack of five 96-well plates with five replicates of each
drug treatment condition (440 total data points and 40 blank wells).

Based on clinical reports [42], seven different schedules of
exposure to the combination were investigated (Fig. 1). In schedule
A, cells were simultaneously exposed to PTX and DDP for 96 h. In
schedules B and C, cells were pretreated with PTX for 24 h, or DDP
for 4 h, before the administration of the other agent. For schedules
D, E, F and G, the exposure to PTX and DDP involved a drug-
removal step at the end of each drug-exposure period. Cells were
washed twice with RPMI-1640 medium, then exposed to drug-
containing or drug-free medium. Cell growth inhibition was
assessed on day 5 (A, B and C) or day 6 (D, E, F and G) by the
sulforhodamine B assay [40]. Briefly, plates were fixed with 10%
trichloracetic acid, washed with water and stained with sulforhod-
amine B. Unbound dye was removed with 1% acetic acid and
protein-bound dye was extracted with Tris base. The optical density
was read at 570 nm in a plate reader, and the data written to disk for
importation to Excel (version 5.0. Microsoft), and analysis by the
Universal Response Surface Approach [6, 8, 14, 15] described below.

Universal Response Surface Approach

By assuming the Hill model (Eq. 1) as the structural model for the
concentration-effect curve of each agent alone and the Loewe

A : 96h PTX + DDP

Seeding 24 120h - SRB

B : 24h PTX, then 72h PTX + DDP

Seeding 24 48 120h - SRB

C : 4h DDP, then 92h PTX + DDP

Seeding 24 120h - SRB
D : 24h PTX, 4h DDP, then 68h drug-free
=
Seeding 48 72 144h - SRB
E : 4h DDP, 24h PTX, then 68h drug-free
-]
Seeding 48 72 144h - SRB
F : 3h PTX, 1h DDP, then 92h drug-free
B
1
Seeding 48 144h - SRB
G : 1h DDP, 3h PTX, then 92h drug-free
]
i
Seeding 48 144h - SRB

Fig. 1 Seven schedules of in vitro exposure to the combination
PTX @ + DDP (W)



additivity model (Eq. 2), a Loewe synergism/Loewe antagonism
model (Eq. 3) was derived [14]. (For an extensive discussion of rival
nomenclature for drug combined action, see reference 15.) Equa-
tion 3 was fitted to the experimental data with iteratively re-
weighted nonlinear regression, enabling the estimation of an
interaction parameter, o, along with its standard error. The mag-
nitude of this parameter is directly related to the intensity of the
interaction and to the degree of bowing of the isobol. When o is
positive, Loewe synergy is indicated, whereas a negative value of o
reflects Loewe antagonism. The interaction is Loewe additive if the
95% confidence interval for o encompasses zero. In Eq. 1, E is the
measured effect, C is the concentration of drug, E.,, is the control
response, B is the background, ICs, is the concentration of drug
inducing a 50% inhibition of the maximal cell growth and m is the
slope parameter of the concentration-effect curve. Appropriate
weights for fitting Eq. 3 to the raw data were obtained from
modeling of the structure of the measurement error of the data with
Eq. 4. The weighting factor used is the reciprocal of the predicted
response raised to the power ¢3, where ¢5 is the slope of the log-log
relationship between variance s3 and mean X, for a set of repli-
cates [25]; a ¢3 slope equal to 2 would indicate a constant coefficient
of variation.
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Isobologram analysis

Individual fittings of the Hill model (Eq. 1) to experimental data
were performed for each concentration-effect curve for the single
agent alone and for each constant ratio mixture of PTX and DDP,
with iteratively reweighted nonlinear regression. Adapted from the
approach of Gessner [10], the ICs, values with accompanying 95%
confidence intervals were plotted on a normalized isobologram.
Plots were also made for the 10%, 25%, 75% and 90% effect levels.

Statistical software

The fitting of the nonlinear models to data was performed with
software written in FORTRAN by our group [15]. All graphs were
prepared with Sigmaplot (Jandel Scientific, San Rafael, Calif.).
Software was run on Pentium-based microcomputers.

Results

_ c\” In order to characterize the action of each agent alone,
(Econ B) . . o o .
E—B+ IC;; (Eq. 1) Eq. 1 was fitted to the growth inhibition data arising
14+ ( C ) from single drug exposure from each of 98 separate ex-
IC,, periments, and ICs, values (measure of potency) and
. C C, Ea. 2 slope parameters (measure of cellular heterogeneity in
- E B m;+ EB \ie (Eq. 2) drug response) were estimated. The ICs, estimates of
ICSOI(E;) " ICs02 (E = E) : PTX and DDP for various periods of exposure are
con” o plotted in Figs. 2A and 3A, respectively. To facilitate
{— C n C comparison of the differences in potency between the
- — agents, the same logarithmic scale was used for the
E-B \m E-B \m; R
ICsp,1 EE ICsp E E Y-axes of the two figures. PTX appears to be a highly
potent agent, active in the nanomolar range for long-
aCiC Eq. 3) term exposure, whereas the ICs, estimates for DDP are
+ T (Eq.3) P 0 ol
E-B\,, + ) in the micromolar range. The A2780/DX5B ovarian line
m 5 . . .
ICSOJICSO,Z( 7E) ' ’ was resistant to PTX, as was expected owing to a high
level of expression of the P-glycoprotein P-170. Relative
2 = $, XD Eq. 4) to the A2780/WT cells, the degree of resistance to PTX
A 28A q g
Fig. 2A,B Distribution of the A2780 A2780 A2780
ICs values (A) and slopes m (B) Al121 WT DX5B CP3 A253 FaDu HCT-8
for PTX as a function of the cell A 10000 -3 : ; . - 3
line and the duration of expo- 1000 - : : ]
sure to the agent. Each data E 3 : u : E
point is the parameter estimate S 100 3 ' : 3
from a separate study S o 107 : . . : 3
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Fig. 3A,B Distribution of the A2780 A2780 A2780
ICs, values (A) and slopes m (B) A121 WT DX5B CP3 A253 FaDu HCT-8
for DDP as a function of the A 10000 -3 T 3
cell line and the duration of 1000 -J : . .
exposure to the agent. Each S 3 : = : 3
data point is the parameter § 100 Fm . - e ) wp e k
estimate from a separate study =0 107 & ., - Y = &
§ S 1 ¥ s S : . o 4
A 7 3 ¥ % o ! : . : :
@ a0 0.1 . . .. . 3
S L E : : E
s 0014 ; : 3
Q0001 4 : 4
0.0001 : 4
0'00001 T T T . T T T . T T T - T T T - T T T . T T T . T T T .
1 4 9 1 4 9 1 4 9% 1 4 9% 1 4 9% 1 4 9% 1 96
B 0 . :
. . . . a0
2o 17, .':'. :,;--‘30 e g 3“::,: S el x Y LS
§7% 2 252 KR o< ;e : . E
= g - o % v : ] o u .
&y :
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S= 44 : E
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of the MDR derivative was about 150-fold. The HCT-8
colon cells were moderately resistant to PTX, with ICs,
values increased by a factor of 6.5 and 14 for the 24 h
and 96 h exposures, respectively. The head and neck
lines, A253 and FaDu, were slightly more sensitive to
PTX. Compared to A2780/WT, the potency of PTX for
the 96 h exposure was increased by a factor of 2.3 in the
FaDu cells and 1.5 in the A253 cells. DDP displayed
similar potencies for the same exposure time among the
various cell lines, except in the A2780/CP3. The resis-
tance of A2780/CP3 is a consequence of a higher intra-
cellular glutathione content, and an enhanced capacity
for DNA damage repair [28]. This cell line exhibited an
18-, 16- and 10-fold degree of resistance for DDP for the

100

10

0.1

Variance (x 1000)

0.01

FENRETTIT R AR ETTT SR AR T11T MR RT 11T B A WR T

0.001

T T T T

0.1 1
Mean

Fig. 4 Variance plot on log coordinates. Each symbol is the
average of a set of five replicates and is plotted against the
associated variance. The line was fitted to the log-transformed data
with unweighted linear regression

Exposure time (h)

1 h, 3 h and 96 h exposures, respectively. No cross-re-
sistance between PTX and DDP was noted.

Figures 2B and 3B display the estimated slope pa-
rameters m for PTX and DDP, respectively. The same
linear scale was used for the two figures. PTX tended to
induce a steeper cell growth inhibition curve (higher
absolute values of the estimate of m) as the duration of
exposure increased. This implies less heterogeneity of
drug effect at longer exposure times. In contrast, the
slope parameter estimates of the DDP-mediated growth
inhibition curves were similar for exposure times ranging
between 1 h and 96 h.

In order to assess the nature and the intensity of drug
interaction, Eq. 3 was fitted to the data from each
PTX + DDP experiment with iteratively reweighted
nonlinear regression. Figures 4-7 illustrate our general
data analysis approach for one representative experi-
ment: the growth inhibition of the A2780/CP3 cell line
exposed to the combination with schedule D. In Fig. 4,
the variance for each of 88 sets of five replicates is
plotted against the mean on log—log scales. A simple
straight line was fitted to the log-transformed data with
unweighted linear regression. The slope equal to 2.03
corresponds to the ¢3 parameter of Eq. 4. For fitting
Eq. 3, raw data were weighted by the reciprocal of the
predicted effect raised to the power 2.03. Figure 5 pre-
sents the three-dimensional concentration-effect surface
fitted to the entire set of data (440 data points). For
better visualization, the raw data were averaged
among replicates, divided by the control response
(Econ estimate) and expressed as the percentage of
inhibition of cell growth. The fishnet surface was simu-
lated from Eq. 3 with the best fitting parameters:
]ECon = 0742, ICSO, PTX — 5.46 IlM, mprx = —1.52,
IC50, DDP — 38.2 HM, mppp — —1.17, B = 0.0883 and
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Fig. 5 Three-dimensional concentration-effect surface modeling of
the combination PTX + DDP (schedule D) in A2780/CP3 cells.
Symbols are the means of five replicates expressed as the percentage
of the control response (E,, estimate). Solid points (@) are above
the surface; open points (O) fall below the surface. Vertical lines
connect each point to the surface. The predicted grid surface was
simulated from Eq. 3 with parameters: E.,, = 0.742, ICsy prx
= 5.46 l'lM, mprtx —1.52, IC50, DDP T 38.2 LLM, mppp
= -1.17, B = 0.0883 and o = 0.245

o = 0.245. The 95% confidence interval for o was
[-0.0474-0.538]. Since it encompassed zero, a Loewe
additive interaction was concluded. Figures 6 and 7 are
two-dimensional representations of the three-dimen-
sional surface displayed in Fig. 5. For Fig. 6, the surface
was cut along each fixed ratio of PTX:DDP and each of
the seven vertical slices was plotted versus the sum of the
concentrations of PTX and DDP (logarithmic concen-
tration scale). For Fig. 7, horizontal slices were made in

Fig. 7 Isobolographic plots at IC
10%, 50% and 90% inhibition 10
of cell growth. The points are
the observed ICx values

(X = 10, 50, 90) with accom- )
panying 95% confidence inter-
vals (line segments through the
points). The curves include the
theoretical Loewe additive is-
obol (straight diagonal line) and
the simulated isobol for o equal
to 0.245 (thick curved solid line)
with its 95% confidence enve-
lope (dotted lines)

[Cisplatin] / ICX
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Fig. 6 Two-dimensional representation of the interaction surface
displayed in Fig. 5. The cell growth inhibition induced by each
constant ratio of PTX:DDP is plotted against the sum of PTX and
DDP concentrations. Symbols are the experimental data points
expressed as the percentage of the control response (E.,, estimate).
The curves are the vertical slices through the 3-D surface of Fig. 5
for the agents alone and for the constant ratios of PTX:DDP of
1:375, 1:750, 1:1500, 1:3000 and 1:6000

the surface at 10%, 50% and 90% inhibition of cell
growth. The plots were normalized by division by the
ICx (X = 10, 50, 90) of PTX or DDP when given alone.
The points are the estimated normalized ICx values with
accompanying 95% confidence intervals. The curves are
the Loewe additivity reference line (straight diagonal
line) and the isobol simulated for o equal to 0.245 (thick
curved solid line). The dotted envelope is the 95%
confidence interval around the estimated isobol.
Results from 66 PTX + DDP combination experi-
ments are reported in Table 1. The estimate of the in-
teraction parameter o is reported with its standard error.
Overall, very few departures from Loewe additivity were
observed; 10 experiments yielded Loewe antagonism, 43
yielded Loewe additivity, and 13 yielded slight Loewe

IC 50 IC90

[Paclitaxel] / ICy



500

1900°0 + L8LO00—  ¥60°0 F ILSO 080°0 F L8900°0
aav NAS aav
€10°0 F LEVOO'O P1'0 F $C8°0 0S0°0 F PLEO—
aav NAS INV
700 F ¥61°0— 81°0 F 9¢S°0 €500°0 F <Cl0—
- - INV NAS - - LNV 8 LOH
810°0 F 6L10°0 L90°0 F ¥I1°0 £0°0 F+ $8C00°0—
aav aav aav
1€00°0 + 61¥00°0—  #I10°0 F LSCO0— _ _ _ _ £€€0'0 F S6£00°0
aav aav aav navd
6£0°0 F S0600°0 8L00 F €¢C0°0 0S0°0 F ¥CLO0
aav aav aav
910 F LEV'O 810 F L6970 9500°0 F+ €LT0°0—
NAS NAS - - - - LNV 15Y44
€r'o F LY1°0
aav
990°0 F ISLO0— 0 F 61€°0 ¥L0'0 F 0¥600°0
aav aav aav
6L°0 F 00T 8C°0 F IIL°0 0¥0°0 F LTIO0 SI'0 F S¥T0 0L00°0 F 8610°0— 010 F L¥P0°0 0100°0 F LS10°0— &dO
NAS NAS aav aav LNV aav LNV 08LcY
1100 F I€1°0- 9%00°0 F+ 8¥¥0°0— 8¢0°0 F 1010°0 6¥0°0 F €8L00°0 L10°0 F 8€C0°0— 170°0 F #€1°0 S10°0 F 9¥T0°0- acxa
INV LNV aav aav aav NAS aav 7744
$50°0 F $580°0— 690°0 F 99200 pagnuenb jou
aav aav LNV
§90°0 F 8CI'0 €00 F 87100 I1°0 F S€€°0 Sv00 F T8700°0—
aav aav NAS aav
€r'o F ¥91°0 I'c ¥ 951 0S0°0 F TTe0'0 290°0 F 06€°0— LEOO0 F ¥PI00— $S0°0 F ¢S10°0— €00 F L6¥00°0 IM
aav aav aav INV aav aav aav 08LCY
8L00°0 F ¥6L00°0— CI0 F €€L°0 8700 F 1¥10°0
aav NAS aav
L200 F ¥010°0— I1°0 F €79°0 LS00 F 8¥£00°0—
aav NAS aav
81°0 F 90L°0 LSO F LS6°0 1S0°0 F €860°0 €0 F or'l §20°0 F 668000 9L0°0 F 6L10°0 €€0'0 F ¥1500°0—
NAS aav aav NAS aav aav aav crv
D d el a 0) q \4

3[q®) Ay} JO [[90 SWEBS JY) UI UMOYS dIB SJudWLIadxa 91ed1da1 woly s)nsay © Id9joweled UOIORINUI AY) JO I0IId PIBRPUR]S F )RWISI ) AQ PamO[[o] ‘(LN F) WSIUOTeIUR IMI0T 10
(NAS) A319uAs amd0T (@ F) A1ADIPPE 9MI07T “3°9 ‘UON)OBIdIUI 3} JO uonedyIenb se pajuasaid are s)Nsal Y I, "UOHBUIGUIOD 3} 0} Pasodxd saul| [[90 UBWINY UIAJS Y} PUB Paje31IsaAUl
SO[NPAYIS UAAJS AU 0} uoneal ur ‘yoeorddy 2oejing osuodsay] [esIOATUN) AY) BIA ‘dA PUB X I1d USOM)2q UOIORINUI ) JO UONEZLIAOBIRYD dAlRINULND pue aanejend) [ dqel



Fig. 8A,B Sets of normalized
isobologram for 10%, 25%,
50%, 75% and 90% inhibition
of cell growth: A a Loewe A
antagonistic interaction (o

= —0.0273 £ 0.0056) for the
A253 line treated with schedule
C; B an example of Loewe
synergy (o0 = 1.40 £+ 0.23) for
the A121 line treated with
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IC;5 IC,,

schedule D. The points are the
observed Cx values (X = 10,
25, 50, 75, 90) with accompa-
nying 95% confidence intervals.
The straight diagonal line is the
theoretical Loewe additivity

line B

[Cisplatin] / ICx

synergy. Only 2 out of the 13 examples of significant
Loewe synergy had an o estimate greater than 1. In
general, the occasional observations of Loewe antago-
nism or Loewe synergy were not confirmed with repeat
experiments. The two exceptions to this generalization
were the cases of A121 cells exposed to schedule D, and
HCT-8 cells exposed to schedule D. Both cases showed
consistent small Loewe synergy in three replicate ex-
periments. There was no cell line which showed consis-
tent Loewe synergy or Loewe antagonism across all
incubation schedules. There were no striking differences
in the results among the parent A2780/WT cell line, the
PTX-resistant A2780/DX5B cell line, and the DDP-re-
sistant A2780/CP3 cell line. There was no incubation

Fig. 9A-C Sets of normalized
isobolograms for 10%, 25%,
50%, 75% and 90% inhibition
of cell growth featuring Loewe
additive combinations: A
A2780/WT cells treated with
schedule A

(o0 = —=0.00482 £ 0.045); B
A253 cells treated with schedule
A (e = 0.0724 + 0.050); C

IC,y

ICy

[Paclitaxel] / ICx

schedule which showed consistent Loewe synergy or
Loewe antagonism across all cell lines. The most
promising schedule seemed to be schedule D (24 h PTX
prior to 4 h DDP), which showed reproducible small
Loewe synergy with the A121 and HCT-8 cell lines.
For a better characterization of the interaction sur-
face, each experiment was explored through isobolo-
graphic examination. Isobols were plotted at 10%, 25%,
50%, 75% and 90% inhibition of cell growth. Figure 8A
shows a representative example of Loewe antagonism,
Fig. 8B shows an example of Loewe synergy and Fig. 9
shows three examples of Loewe additivity. The
treatment of the A253 line with schedule A induced
a clear Loewe antagonistic interaction all along the

ICs IG5 ICyy

A2780/WT cells treated with
schedule F

(o0 = 0.128 + 0.065). The
points are the observed ICx
values with accompanying 95%
confidence intervals. The
straight diagonal line is the
theoretical Loewe additivity

[Cisplatin] / ICy &

line

a

[Paclitaxel] / ICy
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Table 2 Qualitative and quantitative characterization of the in-
teractions PTX/PTX and DDP/DDP in the ovarian cell line A121,
via the Universal Response Surface Approach. Cells were exposed
to the combination with schedules A, D and E, in relation to the
three schedules investigated and the two combinations. The results

are presented as qualification of the interaction, e.g. Loewe ad-
ditivity (ADD), Loewe synergy (SYN) or Loewe antagonism
(ANT), followed by the estimate + standard error of the interac-
tion parameter o

A D E

PTX/PTX ADD SYN SYN
0.00495 £+ 0.054 0.106 £ 0.040 0.677 £ 0.24

SYN SYN
0.813 + 0.23 0.951 + 0.24

DDP/DDP SYN SYN SYN
0.152 £ 0.049 0.134 + 0.033 491 £ 1.1

ADD ANT

0.00655 + 0.016

—0.0889 £ 0.0065

concentration-effect surface (Fig. 8A). This Loewe an-
tagonism was confirmed with the URSA analysis
(0 = —=0.0273 £ 0.0056). For A121 cells treated with
schedule D (oo = 1.40 + 0.23), the combination yielded
unambiguous Loewe synergistic isobols only for the
higher effect levels (Fig. 8B), whereas at 10%, 25% and
50% of cell growth inhibition the combination induced a
complex interaction surface with local Loewe antago-
nism changing to Loewe additivity or local Loewe syn-
ergy. The three examples of overall Loewe additivity

shown in Fig. 9 include: A2780/WT, schedule A
(0 = —0.00482 + 0.045, Fig. 9A); A253, schedule A
(¢ = 0.0724 = 0.050, Fig. 9B); A2780/WT, schedule F
(o = 0.128 £ 0.065, Fig. 9C). The isobols seldom co-

incided with the theoretical Loewe additivity line. They
had complex combined-action surfaces with regions of
local Loewe antagonism and local Loewe synergy.
Typical patterns of isobolographic behavior were de-
scribed: (a) S-shape curve, implying local Loewe antag-
onism for DDP in excess associated with a Loewe
additive or a Loewe synergistic component when its
proportion in the mixture decreased (Fig. 9A); (b) re-
versed S-shape curve with local Loewe antagonism for
PTX in excess associated with a Loewe additive or a
Loewe synergistic component when its proportion
dropped; (c) pure Loewe synergistic isobol moving to the
Loewe antagonistic domain at high effect levels
(Fig. 9C); (d) Loewe antagonistic curve collapsing to-
ward the Loewe additivity line or even the Loewe syn-
ergistic region (Fig. 8A,B); and (e) near perfect Loewe
additivity line (Fig. 8B, IC;5 and ICy levels). No ob-
vious relationship between patterns of isobols, drugs,
cell lines or conditions of exposure to the combinations
could be drawn, as replicate experiments did not con-
sistently induce similar isobols.

To serve as a negative control for Loewe antagonism
or synergy, ten experiments were performed to investi-
gate the effect on the ovarian cell line A121 of either
PTX or DDP combined with itself. Only schedules A, D
and E were investigated. Results of the data analysis are
summarized in Table 2. The slight Loewe synergy
(o = 0.152 £ 0.049) observed for DDP combined with
itself for 96 h should, in principle, result only from di-
lution errors. The similar sham experiment performed

with PTX vyielded a true Loewe additive interaction,
o = 0.00495 £ 0.054. In contrast, the sequential com-
bination of PTX with itself (schedules D and E) was
Loewe synergistic (a0 ranged from 0.106 to 0.951), pos-
sibly implying that the pretreatment of the cells with
PTX induced cellular damage which could in turn have
promoted the action of the subsequent administration of
the drug. The sequential combination of DDP with itself
(schedules D and E) yielded inconsistent results.

Discussion

We considered how PTX and DDP might act together at
the cellular level. Studies conducted in vitro have dem-
onstrated that PTX has no effect on DDP uptake, on the
permeability of the plasma membrane for DDP or on
intracellular glutathione or metallothionein levels [20,
30, 39]. Also, PTX pretreatment results in no increase in
DDP-induced DNA interstrand and DNA-protein
crosslinks [39]. PTX-mediated cell-cycle perturbation
has been shown to occur, but only at drug concentra-
tions well above those required for synergy with DDP
[20]. Furthermore, DDP action is commonly considered
to be independent of cell-cycle distribution [35]. DDP
can possibly interfere with the cytochrome P450-de-
pendent metabolism of PTX, since platinum compounds
have been shown to modulate the activities of cyto-
chrome P450 mixed-function oxidases [24].

In vitro studies of the combination PTX + DDP
from other laboratories have yielded conflicting results,
as shown in Table 3. For simultaneous exposure to the
two drugs, synergy is seldom reported [2, 44]. The
combination has been described as either additive [3, 9,
12, 22, 39, 46] or antagonistic [22, 23, 45]. When cells are
treated with PTX prior to DDP, the interaction is either
synergistic [20, 30, 39, 45], additive [9, 22, 26, 30, 45] or
even antagonistic [9, 23]. Finally, when cells have been
exposed to DDP prior to PTX, synergy has never been
found. The combination is additive [9, 22, 23, 26, 30, 39]
or antagonistic [9, 22, 26, 45]. The differences reported
above for in vitro studies of the combination
PTX + DDP may arise from (a) a large diversity of
experimental settings, e.g. schedules investigated and
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Table 3 Current status of the literature data for the combination PTX + DDP. The table entries include the reference number, the
experimental settings and the results (SYN synergy, 4D D additivity, ANT antagonism) of the two-drug interaction

Reference Cell line PTX + DDP exposure Results
2 833 K (WT & 64CP10) PTX + DDP 96 h ADD-SYN
3 B16F10 PTX + DDP ADD
12 H69 MCF-7 PTX + DDP 1 h ADD
OCI-MY7 PTX + DDP 3 h ADD
PTX + DDP 24 h ADD
20 2008 (WT & C13) DDP 1 h prior PTX 20 h ANT
PTX 19 h prior PTX + DDP 1 h SYN
22 A549 MCF-7 PTX + DDP 24 h ADD-ANT
PA1 WiDr PTX 24 h prior DDP 24 h ADD
DDP 24 h prior PTX 24 h ADD-ANT
23 Ovarian specimen PTX + DDP 120 h ANT
DDP prior PTX ADD
PTX prior DDP ANT
26 A549 MCF-7 DDP 1 h prior PTX 24 h ADD-ANT
PTX 24 h prior DDP 1 h ADD
30 A2780 (WT & CP70) PTX + DDP 1 h prior PTX 23 h ADD
DDP 1 h prior PTX 24 h ADD
PTX 24 h prior DDP 1 h ADD-SYN
39 L1210 PTX + DDP 24 h ADD
DDP 30 min prior PTX 24 h ADD
PTX 24 h prior DDP 30 min SYN
44 Ovarian specimen PTX + DDP SYN-ANT-ADD
45 HM?2 HMS1 PTX + DDP2h ANT
DDP 2 h prior PTX 2 h ANT
PTX 2 h prior DDP 2 h ADD-SYN
46 NSCL PTX + DDP 96 h ADD

duration of exposure, cell lines, end-points of measure-
ment; (b) differences in the definition of the concept of
additivity, e.g. Bliss independence, Loewe additivity; and
(c) the subsequent variety in the methods of assessment
of the nature and the intensity of the drug interaction
[15], e.g. median effect analysis, isobologram by hand.
Our results showed that the combination
PTX + DDP was overall Loewe additive for all cell
lines and schedules. Similar results were obtained for
wildtype and resistant A2780 cells and little schedule
modulation was observed. Only for schedule D (24 h
PTX prior to 4 h DDP), for cell lines A121 and HCT-8,
was a departure from Loewe additivity reproducible.
For these six experiments, in vitro Loewe synergy was
very small (o ranging from 0.526 to 1.40). The isobolo-
graphic analysis showed a pure Loewe synergism only at
high response levels, IC;5 and 1Cyg. For 50% growth
inhibition and below, the combination was either
slightly Loewe antagonistic or Loewe additive. There-
fore, in vitro Loewe synergy was rare, small and only
reproducible in two out of seven cell lines, for one out of
seven schedules. Interestingly, a small but reproducible
intensity of Loewe synergy was obtained with the sham-
sequenced combination PTX + PTX, which confirms
the questionable importance of the Loewe synergy spo-
radically observed between PTX and DDP.
Surprisingly, for the 43 experiments which showed
Loewe additivity, the isobol analysis rarely led to the

straight line as expected from the Loewe additivity as-
sumption, but rather led to highly complex combined-
effect surfaces. It was critical to examine a large number
of experimental design points to optimize the charac-
terization of such complex surfaces. Several patterns of
isobols were observed as mentioned above. Replicate
experiments of a same drug exposure schedule in a same
cell line did not systematically yield the same shapes of
isobols. For instance, Fig. 8A,B shows two replicates of
the growth inhibition induced by the treatment of the
head and neck cells A253 with schedule A. As no con-
sistent pattern of isobols was found either for a partic-
ular schedule, or for a particular cell line, the clinical
implications of these in vitro findings remain unclear.
Furthermore, these in vitro results underscore the cau-
tion that investigators should take in interpreting any
interesting but unreproduced isobol. Objective quanti-
tative assessments of combined-action of replicated ex-
periments are essential.

In contrast to the combination PTX + DDP, other
combinations of agents, such as AraC + DDP [14],
trimetrexate + lometrexol [8] or trimetrexate + various
polyglutamylatable antifolates [6], have been shown by
our group with similar experimental methods [6] and the
same modeling methodology [6, 8, 14] to yield highly
reproducible Loewe synergy. The method is able to de-
tect small to extremely large levels of Loewe synergy.
Therefore, the lack of observed Loewe synergy found for
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PTX + DDP is unlikely to be a consequence of prob-
lems with our experimental or statistical methodology.

Single-drug therapy seldom cures cancer and combi-
nations are necessary to produce good clinical efficacy
[5]. Theoretically, the achievement of higher total dose
provides a maximal cell kill with respect to the toxicity.
If the combined agents have a nonoverlapping pattern of
organ toxicity, full dosage of each agent can be used and
the effectiveness of each drug is fully maintained. With
neutropenia and nephrotoxicity, respectively, as dose-
limiting toxicities, PTX and DDP fulfill this first re-
quirement, although clinically they are used at reduced
dosages when combined [13]. (Note that owing to a 33%
decrease in PTX total body clearance, and therefore an
enhanced myelosuppression if DDP precedes PTX, PTX
is clinically given first as a 3-h or 24-h infusion followed
by DDP [38].) A second rationale for combination
therapy is that initial resistance to a given single drug is
frequent; combining agents with different mechanisms of
action provides a broader coverage of an intrinsically
heterogeneous tumor cell population. The combination
PTX + DDP fulfills this second rationale. A third ra-
tionale is that the combination would reduce the prob-
ability of the development of new resistance resulting
from drug-induced mutation or selection of initially re-
sistant cells. The combination PTX + DDP again
qualifies. Finally, the combined agents may biochemi-
cally interact at the cellular level. This last point can be
studied in in vitro experiments such as those presented in
this report. The apparent decrease caused by anticancer
agents in the endpoint measured by in vitro tumor cell
growth inhibition assays is the combined result of cell
death, cytostasis and cell growth slowdown. In order to
tease out the contributions of these three components of
apparent growth inhibition, image analysis-based
methods are currently under development in our labo-
ratory and will provide insights on drug effect at the
individual colony level [41] and at the individual cell
level [17]. However, in vitro to in vivo extrapolation
should always be cautiously considered, since cancer
cells grown as a monolayer lack interactions with sur-
rounding tissue and blood which could alter the cellular
response to a particular drug or combination.

As the in vitro Loewe synergy reported in the present
study was small and poorly reproducible among several
cell lines treated with several clinically inspired sched-
ules, it is unlikely that the clinical efficacy of this com-
bination arises from an interaction at the cellular level. It
appears more likely that the therapeutic efficacy of the
combination PTX + DDP results from the achievement
of a high dosage of each agent arising from a nonover-
lapping spectrum of organ toxicity and results from a
wide coverage of an heterogeneous tumor cell popula-
tion.
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