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Abstract Purpose: To evaluate in vitro interactions of
carboplatin, gemcitabine and paclitaxel in molecularly
defined non-small-cell lung cancer lines. Materials and
methods: Three NSCLC lines, A549 (pl6-,p53 wt, Rb
wt), Calu-1 (p167, p53~, Rb™") and H596 (pl6 wt, p53
mut, Rb") were utilized. Cells were exposed to carbopl-
atin, gemcitabine and paclitaxel as individual drugs and
in two- and three-drug combinations with various
sequences of administration. Cytotoxicity was assessed
with the MTT assay. Interactions between the drugs
(additive, synergistic and antagonistic) were evaluated
by median effect analysis. Results: Gemcitabine and
carboplatin were synergistic in all three cell lines. In the
A549 line, this synergy was most pronounced when
gemcitabine preceded carboplatin. For three-drug com-
binations, paclitaxel was synergistic with gemcitabine
and carboplatin regardless of sequence of administra-
tion. Conclusions: In vitro modeling of gemcitabine and
carboplatin as well as gemcitabine/carboplatin and
paclitaxel demonstrates synergistic interaction regardless
of pl6, p53, or Rb status.
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Introduction

Of 150,000 patients who develop non-small-cell lung
cancer (NSCLC) in the United States in the next year, at
least 40% will present with metastatic disease, and the
vast majority of the remainder (>80%) will eventually

M.J. Edelman (IX)

University of Maryland Greenebaum Cancer Center,

22 South Greene Street, Baltimore, MD 21201-1595, USA
E-mail: medelman@umm.edu

Tel.: +1-410-3282703; Fax: + 1-410-3281975

H. Quam - B. Mullins
VA Northern California Health Care System,
CA, USA

develop metastases. The introduction of new chemo-
therapy agents such as gemcitabine, vinorelbine and
paclitaxel has improved the outlook for patients with
stage IV disease. Recent clinical studies evaluating
combinations of platinum agents with “newer” agents
(carboplatin/paclitaxel, cisplatin/gemcitabine, cisplatin/
vinorelbine) have shown improved median survivals to
8-10 months with I-year survival of 30-35%, and/or
reduced toxicity relative to older combinations [3, 12,
15]. In a recent four-arm trial of chemotherapy regi-
mens, the combination of cisplatin and gemcitabine
demonstrated the best results in terms of time to pro-
gression [13].

Although these results represent a therapeutic ad-
vance, only 10-15% of patients will survive 2 years and
there are few long-term survivors. Theoretically, three-
drug combinations (“triplets’”) should be superior to
current two-drug regimens. However, it has historically
been difficult to demonstrate that the addition of a third
drug to a standard two-drug combination improves
survival in NSCLC. Therefore, it is important prior to
embarking on such trials to determine whether there is a
reasonable possibility of success based upon known
mechanisms of activity as well as at least the demon-
stration of favorable preclinical interactions. Synergistic
interactions between cisplatin and gemcitabine were
anticipated based upon the known mechanisms of
activity and have been demonstrated in vitro [2, 14].
Carboplatin, though similar in many respects to cispla-
tin, has some differences in mechanism and activity and
has not been previously evaluated with gemcitabine [§].
Furthermore, the interaction of paclitaxel with this
combination in vitro is not known.

Paclitaxel’s mechanism of action includes G,/M
phase arrest through prevention of microtubule disas-
sembly as well as phosphorylation and consequent in-
activation of the antiapoptotic gene product, bcl-2 [11].
As a consequence of bcl-2 phosphorylation, increased
cell death due to the DNA-damaging effects of the
gemcitabine/carboplatin combination might be ex-
pected. However, prior treatment with paclitaxel might
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result in cell cycle arrest at the G,/M checkpoint and a
consequent reduction of incorporation of gemcitabine
and/or carboplatin into DNA, resulting in decreased
activity. Thus, this in vitro study was undertaken to
explore whether there is evidence of synergy between
carboplatin and gemcitabine and whether paclitaxel is
synergistic with this combination, and to determine
whether sequence of administration is important for
these three drugs. In addition, given the known influence
of the p53 and Rb gene products upon susceptibility to
cell cycle arrest and apoptosis from DNA-damaging and
antimicrotubule agents, molecularly defined cell lines
were utilized in this study to determine if there was any
relationship between activity and potential synergy and
the presence or absence of functional p53 and/or Rb
genes.

Materials and methods

Cytotoxicity analysis

A modified MTT assay was employed to determine drug cytotox-
icity [5]. The cell lines utilized were A549, Calu-1, and H596. The
known molecular characteristics of these cell lines are indicated in
Table 1. All cell lines were grown in RPMI-1640 supplemented
with 5% FCS at 37°C in an atmosphere containing 5% CO,.
Subconfluent cultures were trypsinized and seeded at 5000 cells/
well in 96-well plates. Cells were allowed to adhere for 18 h, then
exposed to drug dissolved in medium for 24 h, washed and exposed
to the second drug. After 24 h the drug-containing medium was
removed, the cells washed and drug-free medium added. When
control wells were 70-90% confluent, MTT was added, the plates
were incubated for 2 h and then the medium was removed, 175 ul
DMSO was added, the plates agitated for 15 min and the optical
density read at 540 nm. Optical density readings for experiments
were compared with previously obtained standard curves (four-
parameter analysis) to determine the cell numbers per well (fraction
unaffected, Fu). There were five wells per drug concentration. The
fraction of cells affected (Fa) was derived from the expression 1—
Fu. The 50% inhibitory concentrations for each cell line (ICsq) was
determined from an initial group of experiments. These values were
then utilized to determine the ratio of carboplatin and gemcitabine
in subsequent experiments. Single-drug controls were also done
with each experiment. Carboplatin and paclitaxel were obtained
from Bristol-Myers Squibb (Princeton, N.J.). Gemcitabine was
obtained from Lilly Oncology (Indianapolis, Ind.). All experiments
were done in duplicate and repeated at least three times. Mean
values were then obtained. Thus, each data point represents at least
six separate determinations.

Data analysis

The results from all experiments were pooled and mean values
obtained for each data point. Median effect analysis using the

Table 1 Molecular characteristics of cell lines (w¢ wild type, mut
mutated)

Cell line plé6 p33 Rb
A549 Null Wt Wt
Calul Null Null Wt
H596 Wt Mut Null

combination index (CI) was employed to determine whether the
drugs interacted synergistically, additively or antagonistically [4].

This method of determining synergy derives from the mass
action law and is independent of mechanism. The median effect
equation is given by: Fa/Fu=(D/Dm)m where Fa is the fraction
affected, Fu is the fraction unaffected, D is the dose, Dm is the
median effect dose and m is the coefficient signifying the shape of
the dose response curve (m=1 hyperbolic, m>1 sigmoidal and
m <1 negatively sigmoidal). The shape of the curve is easily de-
termined from a plot of dose and effect, and rearrangement allows
calculation of Dm, also known as the 50% inhibitory concentra-
tion, ICsy. Median effect analysis determines whether two (or more)
agents interact in an additive, superadditive (synergistic) or an-
tagonistic manner.

The CI is defined by the following equation:

_ D1 (D)2

T (Dx)1  (Dx)2

in which (D)1 is the dose necessary for a particular effect in the
combination, (Dx)1 is the dose of the same drug which will produce
the identical level of effect by itself, (D)2 is the dose of a second
drug which will produce a particular effect in the combination and
(Dx)2 is the dose of the second drug which will produce the same
level of effect by itself. For true combinations, a CI of >1 would
imply antagonism and a CI of <1 would indicate synergy. It
should be noted that that the CI may vary across drug concen-
trations, so that a particular combination may be antagonistic at
one set of concentrations, additive at a second and synergistic at a
third. In this eventuality, the clinically significant effect is usually at
the higher drug concentrations. Simplifying this analysis is a
computer program (Calcusyn, Biosoft) which provides a CI plot
and allows easy computation of Dm (ICsy). The strength of this
analysis is that it allows determination of synergy irrespective of
exact mechanism and therefore if synergy is found for a cell line
with one set of molecular characteristics, e.g. deleted p53, and not
in another then the interaction was due to the molecular difference.

The equation cited above is for mutually exclusive drugs, i.e.
those with the same mode of action. A third term, (D)I1(D)2/
(Dx)1(Dx)2, is added if the assumption is that the drugs are mu-
tually nonexclusive, i.e. have completely different modes of action.
The mutually nonexclusive assumption is therefore more rigorous
in its definition of synergy and was employed in these studies.

Results

The results of single-drug experiments are displayed in
Table 2. In Fig. 1 the results of two- and three-drug
combination experiments are graphically presented. CI
values <1 indicate synergistic interaction. Interactions
at Fa levels > 0.5 are generally the most relevant. In the
A549 cell line, all sequences of gemcitabine and car-
boplatin demonstrated some degree of synergy. The

Table 2 Carboplatin, gemcitabine and paclitaxel
effects (r = correlation coefficient)

single-drug

Cell line Drug ICso (£95%) r
A549 Carboplatin 27 (20-37) uM 0.98
Gemcitabine 11 (8-17) nM 0.96
Paclitaxel 1.8 (1.2-2.6) nM 0.97
Calu-1 Carboplatin 36 (26-50) pM 0.97
Gemcitabine 18 (12-26) nM 0.96
Paclitaxel 6 (4-10) nM 0.95
H596 Carboplatin 2.9 (1.6-5.2) uM 0.92
Gemcitabine 10 (8-13) nM 0.99
Paclitaxel 1.4 (1.1-1.8) nM 0.99
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Fig. 1 CI plots: CI<1 synergism, CI=1 additivity, CI>1 anta-
gonism (C carboplatin, G gemcitabine, T paclitaxel; Fa fraction
affected)

most profound degree of synergy was demonstrated for
the sequence of gemcitabine preceding carboplatin and
the least for when the two drugs were combined simul-
taneously. In all cell lines, either gemcitabine and car-
boplatin preceding the administration of paclitaxel or
the reverse sequence was synergistic. Of note, the
simultaneous administration of gemcitabine and
carboplatin in the Calu-1 line was, at best, additive. In

contrast this combination was clearly synergistic in both
the A549 and H596 lines. Given the molecular profiles of
the different cell lines (Table 1), a possible explanation is
that the simultaneous combination requires either an
intact p53 pathway or an intact pl6 pathway to exert
cytotoxicity. However, this explanation would fail to
account for the clear synergism when the two drugs were
administered sequentially. More likely, concurrent ad-
ministration in this particular cell line failed to allow
optimal interaction of the two drugs to produce DNA
damage. Simultaneous administration of all three drugs
was not evaluated.
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Discussion

Synergistic interactions between cisplatin and anti-
metabolites such as cytarabine and gemcitabine have
been attributed to numerous mechanisms including in-
hibitory effects of cisplatin on ribonucleotide reductase
leading to depletion of dCTP pools, DNA distortions
and other mechanisms [1, 7]. This series of experiments
demonstrates interactions between carboplatin and
gemcitabine similar to those seen for cisplatin and
gemcitabine and extends those findings by demonstrat-
ing that synergy occurs despite (and to some extent may
even be enhanced by) the presence of mutations com-
monly found in lung cancer. Synergistic interaction of
carboplatin and gemcitabine with paclitaxel was also
demonstrated and also appeared to be unaffected by the
presence of pl6, pS3 or Rb abnormalities. Although cell
lines with defined molecular abnormalities were
employed in this study, these were lines derived from
different tumors and therefore almost certainly differed
in other genes. Future studies employing cell lines which
differ in only a single gene are planned.

With the plethora of new agents currently available,
preclinical studies may be helpful in designing clinical
trials by indicating promising combinations as well as
potential antagonistic relationships between drugs. This
study provides a strong rationale for the three-drug
combination of carboplatin, gemcitabine and paclitaxel.
Phase I and II studies employing these three drugs
concurrently have recently been reported [9, 10]. A
strategy of planned sequential administration of the
three drugs, in which the combination of carboplatin
and gemcitabine is followed by paclitaxel, has also been
reported and was partially based upon this in vitro
evaluation [6].
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