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Abstract Purpose: The safety and efficacy of weekly
chemotherapy with paclitaxel and carboplatin for the
treatment of patients with refractory or relapsed small-
cell lung cancer (SCLC) were evaluated. Patients and
methods: Paclitaxel (100 mg/m?) and carboplatin (with a
target area under the concentration versus time curve of
2 mg min/ml using the Calvert formula) were adminis-
tered to patients with previously- treated SCLC on days
1 and 8 at every 3—4 weeks. Resulis: A total of 29 pa-
tients (pts) [male/female, 26/3 pts; median age 62.7 years
(43-74); performance status 0/1/2, 9/10/10 pts] were
enrolled between March 2000 and June 2002. The mean
number of cycles administered per pt was 3 (1-7). The
overall response rate was 69% (95% confidence interval
52-86%), and 83% (15/18) in sensitive pts and 45% (5/
11) in refractory pts (P<0.01). The overall median
survival time was 29.6 weeks with a 1-year survival rate
of 37% {[34.1 weeks in sensitive pts and 23.1 weeks in
refractory pts (P=0.085), 46.9 weeks in PS 0-1 and
16.3 weeks in PS 2 (P<0.001)]. The median time to
progressive disease was 16.4 weeks [21.7 weeks in sen-
sitive pts and 15.3 weeks in refractory pts (P=0.32)].
Hematologic toxicities observed included grade 23 neu-
tropenia in 55%, grade 23 anemia in 36%, and grade >3
thrombocytopenia in 3%. Non-hematologic toxicities
were mild except for grade 3 diarrhea in three pts and
grade 3 pneumonitis in one pt. Conclusion: Weekly
chemotherapy with paclitaxel and carboplatin was well-
tolerated and gave a high-response rate in pts with
refractory or relapsed small-cell lung cancer.
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Introduction

Small-cell lung cancer (SCLC) accounts for 15-20% of
the total number of lung cancer patients. It grows
more rapidly and shows a higher incidence of remote
metastasis than non-small-cell lung cancer (NSCLCQ).
It is apparently more sensitive to chemotherapy and
radiotherapy than NSCLC, but is cured only in a
small number of patients and recurs in a great
majority of them. Recurrent SCLC is less responsive
to chemotherapy, and the median survival time from
recurrence to death is 2-3 months [3]. Chemotherapy
has been reported to contribute to the improvement of
symptoms and prolongation of the survival time in
patients with recurrent SCLC [2, 6]. In general, first-
line chemotherapy is conducted for sensitive disease
(relapse 290 days after completion of first-line che-
motherapy). For refractory disease (relapse during
first-line chemotherapy or less than 90 days after
completion of initial chemotherapy), however, salvage
chemotherapy is undertaken due to the lack of a
standard chemotherapy regimen. However, no stan-
dard chemotherapy has been established for recurrent
SCLC [17].

In recent years, a number of institutions have
undertaken weekly chemotherapy for lung cancer and
reported the outcome [11, 14]. Weekly chemotherapy is
being reported to be useful for recurrent SCLC as well
[1, 4,7, 10]. It is considered to be more suitable than the
standard chemotherapy conducted every 3-4 weeks for
recurrent cases with impaired bone marrow due to initial
chemotherapy because it uses smaller doses of anti-
cancer drugs in each administration cycle and it is pos-
sible to titrate their doses after starting the treatment
depending on hemotoxicity and the patients’ physical
condition. )
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When used alone, paclitaxel was reported to produce
good therapeutic results in patients with refractory
SCLC with a response rate of 29% and a median sur-
vival time of 100 days [15]. When coadministered with
carboplatin, paclitaxel showed even better results with a
response rate of 73.5% and a median survival time of
31 weeks [5]. This report prompted us to conduct the
present study to evaluate the efficacy and safety of
weekly chemotherapy using carboplatin and paclitaxel
in recurrent SCLC patients.

Patients and methods
Patient selection

All patients with histologically or cytologically con-
firmed SCLC with documented progression after che-
motherapy were eligible for this phase II trial. Patients
with either limited- or extensive-stage disease were al-
lowed. The trial was initiated after a rest period of at
least 4 weeks following previous chemotherapy (2 weeks
in the case of radiotherapy). Patients were required to
have recovered completely from prior therapy, with no
ongoing toxicity greater than grade 1.

Other eligibility criteria included expected survival of
12 weeks, age < 75 years, Eastern cooperative oncology
group performance score of 0-2, measurable lesions, and
adequate hematological function. Primary refractory
disease was defined as relapse during first-line chemo-
therapy or less than 90 days after completing initial
chemotherapy, and sensitive disease was defined as re-
lapse 290 days after completion of first-line chemother-
apy.

The ethical committee of the Tochigi cancer center
approved the protocols. Written informed consent stat-
ing that the patient was aware of the investigational
nature of this treatment regimen was obtained in every
case.

Treatment

Paclitaxel was administered at a dose of 100 mg/m?
intravenously during a 1-h infusion on days land 8 of
the treatment cycle. Carboplatin was given at a dose
designed to give an area under the curve (AUC) of 2 on
days 1 and 8 with the use of the Calvert formula:
2 X (creatinine clearance +25). Prior to each treatment,
patients were given 50 mg diphenhydramine orally, and
an H2 blocker intravenously along with 16 mg dexa-
methasone Intrvenously administered antiemetics,
3 mg graniston, were used. The length of each chemo-
therapy cycle was 21 days. Patients who experienced
grade 4 leukopenia or neutropenia that lasted for three
days or more , or who experienced grade 4 thrombocy-
topenia, reversible grade 2 neurotoxicity, or liver dys-
function, received reduced doses of both paclitaxel and
carboplatin (paclitaxel 80 mg/m?, carboplatin AUCI.5)
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for the next cycle. If non-hematologic toxicities of grade
3 or more occurred, treatment was stopped. Subsequent
courses of chemotherapy were started after 3-4 weeks
when the leukocyte count was 3,000/mm? or more, the
neutrophil count 1,500/mm?® or more, the platelet count
75,000/mm?> or more, serum creatinine less than 1.5 mg/
dl, GOT and GPT less than twice the upper limit of the
normal range, and neurotoxicity was grade 1 or less. If
these variables did not return to adequate levels by the
first day of the next course of chemotherapy, treatment
was withheld until full recovery. If more than 6 weeks
passed from the time of the last treatment before these
criteria were satisfied, or if more than dose reduction
were indicated, the patient was taken off the study at
that time, but still included in the analysis.

Evaluation of response and toxicity

Pretreatment evaluation included medical history,
physical examination, complete blood count, bone
marrow examination, serum biochemical analyses, chest
roentgenogram, electrocardiogram, and urinalysis. All
patients underwent radionuclide bone scan, bone
marrow aspiration or biopsy, magnetic resonance or
computerized tomography (CT) of the brain, and CT of
thorax and abdomen. Complete blood count, biochem-
ical tests, serum electrolytes, urinalysis, and chest
roentgenograms were obtained weekly during this phase
II trial.

Response and toxicity were evaluated on the basis of
tumor images obtained by CT and other techniques,
laboratory data and subjective/objective symptoms be-
fore, during, and after administration of the study drugs
and during the period from completion of treatment to
final analysis. Measurable disease parameters were
determined every 4 weeks by various means such as CT.
Evaluation was made in compliance with response
evaluation criteria in solid tumors (RECIST) guidelines
[16] for anti-tumor activity, and with NCI common
toxicity criteria Version 2 for safety. Patients were
withdrawn from the study if evidence of tumor pro-
gression was observed. The Institutional Ethical Review
Committee approved the study.

Statistical analyses

Time to progression was measured as a period from the
start of this treatment to the identifiable time for pro-
gression. Survival time was measured from the start of
the present treatment until death or last follow-up. The
Kaplan—-Meier method was used to calculate survival
curves. Survival differences between subgroups were
compared using the log-rank test. The chi-square test
was used to compare the percentage of patients in each
group.

Primary endpoints were response rate and toxicity;
secondary endpoints were survival and time to pro-
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gression. We chose a 50% response rate as a desirable
target level and a 25% response rate as an undesirable
target. Our design had a power in excess of 95% and less
than 20% type I error, requiring 26 patients. Consider-
ing the percentage of probable dropout cases, 29
patients were required.

Results
Patient characteristics

Twenty-nine patients were enrolled in this study from
March 2000 to June 2002. All patients were assessed for
toxicity, response and survival. Characteristics of the 29
patients are listed in Table 1. There were 11 refractory
cases and 18 sensitive cases against the first-line che-
motherapy.

Efficacy of treatment

The mean number of cycles administered per patient was
three, and ranged from one to seven. There were no
cycles of dose reduction. One patient achieved a com-
plete response (CR) and 19 patients showed partial re-
sponse (PR). Overall response rate was 69% (20/29)
[95% confidence interval (CI) 52-86%]. The response
rate was 83% (15/18, 95% CI: 66-100%) in sensitive
cases and 45% (5/11, 95% CI: 16-75%) in refractory
cases, with significant differences between the two
groups (P <0.01). The median time to progressive dis-
ease was 16.4 weeks [21.7 weeks in sensitive pts and
15.3 weeks in refractory pts (P=0.32)]. The overall
median survival time was 29.6 weeks (Fig. 1) with no
significant  differences  between  sensitive  cases
(34.1 weeks) and refractory cases (23.1 weeks)
(P=0.085). The median survival time differed signifi-
cantly between PS 0 or 1 patients (46.9 weeks) and PS 2
patients (16.3 weeks) (P <0.001). The l-year survival
rate was 38% (11/29).

Toxicities

Table 2 lists the toxicities observed during this study.
Hematological and blood biochemical reactions in-
cluded a high incidence of leukopenia and neutropenia,
leukopenia, and neutropenia of grade 3 or higher oc-
curred in 55 and 55%, respectively. All neutropenia
patients recovered upon treatment with G-CSF. Anemia
and thrombocytopenia of grade 3 or higher occurred in
27 and 3%, respectively. Subjective and objective
symptoms observed included grade 3 diarrhea in three
patients who all showed improvement after administra-
tion of anti-cholinergic drugs, and grade 3 pneumonitis
in one, who showed rapid recovery following adminis-
tration of steroids. Other subjective and objective
symptoms observed were of grade 2 or less and included

nausea in 34%, vomiting in 10%, alopecia in 59%,
neuropathy in 28%, and flushing in 17%. All of these
toxicities disappeared or improved by symptomatic
treatment. There were no toxic deaths.

Discussion

No standard chemotherapy for recurrent SCLC has
been established since only two Phase III clinical studies
have been reported to date on chemotherapy for this
disease [13, 17]. In contrast, many studies have been
undertaken on salvage chemotherapy for recurrent
SCLC, with monotherapy with new third-generation
anti-cancer agents and platinum-based multi-drug che-
motherapy being the mainstay in recent years {1, 4, 5, 8—
10, 14, 15]. Some institutions administer anti-cancer
drugs on a weekly basis (weekly chemotherapy) {1, 4, 7,
10]. This treatment regimen makes it possible to titrate
the dose of anti-cancer drugs depending on adverse
reactions and the patients’ physical condition after
starting the treatment by dividing the dose into some
installments.

The results reported with weekly chemotherapy are
summarized in Table 3 [1, 4, 7, 10]. While the study by
Goto et al. [4] included only sensitive cases, all other
studies included 35-64% of refractory cases. The overall
response rate ranged between 31% and 88%: 37-91% in
sensitive cases and 23-83% in refractory cases. No study,
apart from ours, reported any significant difference be-
tween sensitive and refractory cases. The overall median
survival time was 6.1-11.8 months with no significant
differences between sensitive and refractory cases [10]. In
our study, the median survival time was 46.9 weeks in PS
0 or 1 patients and 16.3 weeks in PS 2 patients
(P <0.001). Naka et al. {10] reported significant differ-
ences between PS 0 or 1 patients (6.9 months) and PS 2
patients (3.8 months) [10]. Hemotoxicity was the main
adverse reaction in all studies. Thrombocytopenia was
milder in our study than in other studies. Diarrhea also
showed a high incidence in regimens including CPT-11.

Groen et al. [5] reported therapeutic results similar to
ours with carboplatin and paclitaxel therapy: overall
response rate of 73.5% and overall median survival time
of 31 weeks. They administered carboplatin and paclit-
axel at AUC 7 and 175 mg/m?, respectively at an
interval of 3 weeks. These doses were 1.7 and 0.88 times
that obtained by us. . The main adverse reaction was
hemotoxicity in both studies, but thrombocytopenia was
milder in our study. In the study by Groen et al., 22 and
4 of 34 patients received RBC transfusions and platelet
transfusions, respectively [5].

In a phase I1I trial, which compared topotecan versus
cyclophosphamide, doxorubicin and vincristine (CAV) in
patients with recurrent SCLC [17], the response rate was
24.3 and 18.3%, respectively; time to progression 13.3 and
12.3 weeks; median survival time 25.0 and 24.7 weeks; 1-
year survival rate 14.2 and 14.4%. In our study, the re-
sponse rate was 69%, time to progression 16.4 weeks,
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Table 1 Patient characteristics

Eligible patients 29
Gender

Male 26
Female 3

Age (years)

Median 63
Range 43-74
Performance status

0 9

1 10

2 10
Disease extent at relapse

Limited disease 7
Extensive disease 22

Relapse type
Refractory case 11
Sensitive relapse case 18

Prior therapy

Chemotherapy alone 21
Chemotherapy and irradiation 8

Prior chemotherapy regime

CBDCA +ETOP 3
CDDP + ETOP(PE) 1
CODE +PE 1
CDDP+ CPT-11(P]) 9
CDDP + ETOP + CPT-11 3
PE+PI 2

Response to prior chemotherapy

Complete response 4

Partial response 21
Stable disease 3

Progressive disease 1

CBDCA carboplatin, ETOP etoposide, CDDP cisplatin, CODE
cisplatin/vincristine/doxorubicin/etoposide, CPT-11 irinotecan

median survival time 29.6 weeks, and 1-year survival rate
37%, and our study showed better therapeutic perfor-
mance in terms of all four parameters although ours was a
pilot study and direct comparisons cannot be made.

Table 2 Toxicities (n=29)
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Median survival time: 29.6 Weeks
1-year survival rate: 38%

Proportion surviving
'4;
1

200 300 400 500 600

Survival time (days)

0 100

Fig. 1 Kaplan—-Meier estimated overall survival curves. Median
survival time, 29.6 weeks; 1-year survival rate, 38%

In Japan, cisplatin and irinotecan chemotherapy is
the standard therapy for untreated patients in extensive
SCLC. Only 8 of 40 patients in the study by Goto et al.
[4] and 14 of 29 in our study received irinotecan-based
regimens in initial therapy, and no other weekly che-
motherapy studies included in Table 3 used such regi-
mens. Carboplatin and paclitaxel combination
chemotherapy appears rational in patients with recur-
rence following initial therapy with cisplatin and irino-
tecan because the two regimens are not cross resistant.

Conclusion

Weekly chemotherapy with paclitaxel and carboplatin
is tolerable and an active regimen for patients with
refractory or relapsed SCLC. It is to be recommended
as a candidate regimen in planning a phase III clinical
study in refractory or relapsed SCLC, and this regi-
men will ultimately be evaluated in a phase III clinical
study.

Grade (common toxicity criteria)

Grade <3 (%)

1 2

(W3}
e

Leukopenia
Neutropenia
Anemia
Thrombocytopenia
Diarrhea
Pneumonitis
Nausea
Vomiting
Fatigue
Alopecia
Neuropathy
Flushing
Edema
Arthralgia
Rash
Arrythmia
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Table 3 Weekly chemotherapy studies for relapsed small-cell lung cancer

References Regimen No. of pts % of ref pts (%) RR RR in sen pts (%) RR in ref pts (%) MST (months)
7 CODE 17 35 88 91 83 8.2
10 CPT-11/CBDCA 28 46 31 37 23 6.1
1 CPT-11/CDDP 25 64 80 78 81 7.9
4 CPT-11/CDDP/ETOP 40 0 78 I8 - 11.8
Present study CBDCA/PTX 29 38 69 83 45 7.4

pis patients, ref refractory, sen sensitive, RR response rate, MST median survival time, CODE cisplatin/vincristine/doxorubicin/etoposide,
CPT-11 irinotecan, ETOP etoposide, CDDP cisplatin, PTX paclitaxel, CBDCA carboplatin
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Abstract

Background: To evaluate the efficacy and safety of com-
bination chemotherapy of cisplatin {(5-day continuous in-
fusion) and docetaxel for the treatment of previously un-
treated patients with advanced non-small-cell lung
cancer (NSCLC). Materials and Methods: Eligible pa-
tients had an ECOG performance status of 0-2 with mea-
surable NSCLC. Patients received continuous infusion
cisplatin 20 mg/m?%day on 5 days and bolus docetaxel
60 mg/m?/day (day 1; PiD therapy) at a 4-week interval.
Results: Forty-three patients were enrolled. The mean
number of cycles administered per patient was 2, and
ranged from 1 to 4. The response rate was 49% (95%
confidence interval, 33.9-63.8%). The median survival
time was 47 weeks and the 1-year survival rate was 47%.
The major toxic effects were grade 3 or 4, neutropenia
(88%), leukopenia (81%), thrombocytopenia (14%) and
anemia (42%). There were no treatment-related deaths.
Conclusion: PiD therapy was a well-tolerated and active
regimen for patients with advanced NSCLC. The major
toxicity was neutropenia.

- Copyright © 2005 S. Karger AG, Basel

Introduction

Unresectable non-small-cell lung cancer (NSCLC) is
known to have an extremely poor prognosis, and its stan-
dard treatment remains to be established. The most com-
mon chemotherapy for NSCLC is a combination treat-
ment consisting of 2 or 3 drugs including cisplatin (CDDP)
as akey drug. The combination treatments have response
rates of 30-50%, and have been proven to prolong sur-
vival time in clinical stages I1I [1] and IV [2, 3]; however,
the response is only limited.

In recent years, new anticancer drugs have been devel-
oped and used for the treatment of NSCLC. Docetaxel is
anew hemisynthetic anticancer agent originating from its
precursor, 10-deacytylbaccatin III, extracted from the
needle leaves of the European yew tree, Taxus baccata L.
Docetaxel affects microtubules, and shows its cytotoxic-
ity by prematurely stabilizing mitotic microtubules. In
phase II clinical studies for the treatment of NSCLC car-
ried out in Europe and the USA, docetaxel showed a re-
sponse rate of about 30% in previously untreated patients
with a better survival time [4, 5]. A major side effect of
docetaxel is dose-dependent edema that is proportional
to bone marrow suppression. Since hypersensitivity is
particularly limiting, it is worth noting that docetaxel can
be given by intravenous infusion in a short period of time
without any pretreatment.
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In the Japan phase I study, dose-limiting toxicity of
docetaxel was found to be leukopenia (neutropenia), and
its recommended dose was set at 60 mg/m? [6]. In the
multicenter phase II clinical study for the treatment of
NSCLC carried out in Japan, a response rate of 19% was
shown in untreated patients with predominant toxicities
of leukopenia and neutropenia [7].

Currently, cisplatin is the active agent for treating
NSCLC, and combination chemotherapy consisting of 2
or 3 drugs based on CDDP is a major strategy [8]. CDDP
can be administered by short-term intravenous infusion,
a divided dosage method, continuous administration,
and other methods [9, 10]. CDDP cytotoxicity is en-
hanced by prolonged exposure to low doses of this drug
in in vitro studies [11, 12]. Belliveau et al. [13] reported
that the area under the concentration-time curve (AUC)
achieved for non-protein-bound CDDP was twice as high
after 5-day continuous infusion than that observed when
an equivalent dose of CDDP was given by short-term bo-
lus infusion. These findings suggest that continuous infu-
sion of CDDP might improve the therapeutic efficacy as
compared with that resulting from conventional short-
term bolus infusion. However, compared with short-term
intravenous infusion, 5-day continuous infusion makes
inpatient hospitalization for at least 5 days necessary, and
the duration of confinement for the purpose of infusion
is lengthy and therefore onerous for the patient. The ef-
ficacy and safety of a continuous infusion lasting 5 days
(24 h a day) were confirmed in our facility and some oth-
er facilities [10, 14-16]. In addition, combination chemo-
therapy of infusional CDDP with vindesine or CPT-11
was found to have high response rates in treating NSCLC
[17,18].

Cisplatin and docetaxel show nonsynergistic and ad-
ditive effects in vitro, no cross-resistance and have a rel-
atively nonoverlapping toxicity profile [19]. Therefore,
the development of docetaxel in combination with cis-
platin is warranted. We conducted a phase II study of
docetaxel and infusional cisplatin, in patients with previ-
ously untreated advanced NSCLC, and evaluated antitu-
mor activity and the safety of this therapy.

Patients and Methods

Patient Selection

All patients with histologically or cytologically confirmed ad-
vanced NSCLC were eligible for this phase II trial. The subjects of
this study were patients in clinical stage IV or in stage III with un-
resectable disease or in whom radiotherapy with curative intent is
not possible. Patients with unresectable disease or in whom radio-

Docetaxel plus Infusional CDDP for
Non-Small-Ceil Lung Cancer

therapy with curative intent is not possible include those with pleu-
ral effusion and dissemination, those with intrapulmonary metas-
tasis within the ipsilateral lobe, those in whom the irradiation field
exceeds one half of one lung, those with metastasis to the contra-
lateral hilar lymph nodes, and those with reduced lung function.
None of the patients had received prior therapy. Other eligibility
criteria included an expected survival of 12 weeks, age <75 years,
Eastern Cooperative Oncology Group performance score of 0-2,
measurable lesions, adequate hematological function (WBC
=4,000/mm?®, platelet count = 100,000/mm?, hemoglobin =10 g/
dl), renal function (serum creatinine < 1.5 mg/dl, creatinine clear-
ance =60 ml/min), and hepatic function (total serum bilirubin
= 1.5 mg/dl, glutamic oxaloacetic transaminase and glutamic py-
ruvic transaminase less than twice the normal range). The cthical
committee of the Tochigi Cancer Center approved the protocols.
Written informed consent was obtained in every case stating that
the patient was aware of the investigational nature of this treatment
regimen. Pretreatment evaluation included medical history, physi-
cal examination, complete blood count, bone marrow examination,
serum biochemical analyses, chest roentgenogram, electrocardio-
gram, and urinalysis. All patients underwent a radionuclide bone
scan, and computerized tomography of the brain, thorax and abdo-
men. Complete blood count, biochemical tests, serum electrolytes,
urinalysis, and chest roentgenograms were obtained weekly during
this phase II trial. Tests of measurable disease parameters such as
computerized tomography were repeated every 4 weeks. Staging
was according to the 4th edition of the UICC TNM classification.

Treatment

All patients were admitted to the Tochigi Cancer Center Hos-
pital during this trial. The anticancer drug regimen consisted of a
combined administration of docetaxel plus infusional cisplatin.
Docetaxel was supplied, in concentrated form, in a sterile vial that
contained 80 mg of the drug in 2 ml of polysorbate 80. Docetaxel
(Taxotere; Aventis) 60 mg/m? was diluted in 250 ml of 5% glucose,
and was infused over a 1-hour period on day 1. Three hours after
completion of the docetaxel infusion, 20 mg/m? of cisplatin was
given daily for 5 days by continuous intravenous infusion. One
third of the daily dosc was administered every 8 h dissolved in
800 ml of physiological saline [14]. The course was repeated every
4 weeks. Anticmetic drugs used were granisetron (3 mg/body/day,
bolus infusion for 5 days), metoclopramide (3 mg/kg/day, continu-
ous infusion for 5 days), methylprednisolone (125 mg bolus infu-
sion every 8 h, days 1-5), diphenhydramine (30 mg orally, days
1~7) and alprazolam (1.2 mg orally, days 1-7) [15, 16]. In the first
course, no routine premedication was given for hypersensitivity
reactions or fluid retention. The reason for this was that the inci-
dence of these events was low at the dose of docetaxel (60 mg/m?)
administered in the present study [7]. However, if hypersensitivity
reactions or fluid retention occurred, premedications such as cor-
ticosteroids or antiallergic agents were allowed in the subsequent
courses. Recombinant human granulocyte colony-stimulating fac-
tor was administered when leukopenia/neutropenia of grade 4 oc-
curred.

Patients were treated with at least two cycles of therapy unless
disease progression or unacceptable toxicity was encountered or the
patients did not wish to continue. Patients who experienced grade
4 leukopenia or neutropenia that lasted for 3 or more days, or who
experienced grade 4 thrombocytopenia or reversible grade 2 neu-
rotoxicity or grade 3 liver dysfunction, received reduced doses of
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both docetaxel and cisplatin (75% of the previous dose) for the next
cycle. Patients who experienced stomatitis of grade 3 or more or
renal dysfunction of grade 2 or more received a reduced dose of
cisplatin (75% of the previous dose) for the next cycle. If neurotox-
icity of grade 3 or more occurred, treatment was stopped. Subse-
quent courses of chemotherapy were started after day 28 when the
leukocyte count was 4,000/mm? or more, the neutrophil count was
2,000/mm?® or more, the platelet count was 100,000/mm? or more,
serum creatinine was less than the upper limit of the normal range,
creatinine clearance was 60 mi/min or more, GOT and GPT were
less than twice the upper limit of the normal range, and neurotoxic-
ity was grade 1 or less. If these variables did not return to adequate
levels by the first day of the next course of chemotherapy, treatment
was withheld until full recovery. If more than 6 weeks passed from
the time of the last treatment before these criteria were satisfied,
the patient was taken off the study, but still included in the analysis.
In the case of stable or progressive disease after two courses of treat-
ment, subsequent therapy was left to the discretion of the physician
in charge of the patient,

Assessment of Response to Treatment and Toxicity

The response to treatment was evaluated with WHO criteria.
The criteria for response were as follows. Complete response was
defined as the complete disappearance of all evidence of tumor for
at least 4 weeks, Partial response was defined as a = 50% reduction
in the sum of the product of the two greatest perpendicular diam-
eters of all indicator lesions for at least 4 weeks and no appearance
of new lesions or progression of any lesion. Progressive disease was
defined as a =25% increase in the tumor area or the appearance of
new lesions. All other circumstances were classified as no change.
Toxicity was graded according to the common toxicity criteria (ver-
sion 2).

Statistical Analyses

The primary end point was the objective response rate. The du-
ration of each response was defined as the number of days from the
documentation of the response until tumor progression. Survival
curves from registration until death were generated by the method
of Kaplan and Meier. We chose a 40% response rate as a desirable
target level, and a 20% response rate as undesirable. The study de-
sign had the power to detect a response of greater than 90%, with
less than 5% error. Therefore, we needed 23 assessable patients in
first stage and 20 in second stage, according to the mini-max design
of Simon. We decided to stop the study if fewer than 5 patients re-
sponded in the first stage.

Results

Patient Characteristics

Forty-three patients were enrolled in this study from
July 1997 to June 1999 and received 105 cycles of the
regimen. Table 1 shows the patient characteristics. There
were 14 women and 29 men with a median age of 61 years
(range 34-75). One patient had stage ITIA, 7 patients stage
IIIB, and 35 patients stage IV disease. In stage IIIA, 1
patient classified as ¢-T3N2MO had lung cancer with a
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Table 1. Patient characteristics

Patients 43

Sex (M/F) 29/14
Age!, years 61 (34-75)
Performance status: 0/1/2 9/30/4
Stage: [TIA/IIIB/TV 1/7/35
Histology: Ad/Sq/Other 27/14/2

Ad = Adenocarcinoma; Sq = squamous
cell carcinoma.

"Value represents median with the range
given in parentheses.

bulky tumor (10 cm), associated with extranodal and N2
involvement. Among the 7 stage II1IB patients, there were
three T4 cases in which pleural effusion and pleural dis-
semination were present, two T4 cases of intrapulmonary
metastasis in the ipsilateral lobe, and two T4N3 cases
with mediastinal infiltration and supraclavicular fossa
lymph node metastasis.

Treatments Administered

The mean number of cycles administered per patient
was 2, and ranged from 1 to 4. In 99 of 105 cycles (94%),
PiD was administered at 4-week intervals. In 5 of 6 cycles,
in which cisplatin could not be administered at a 4-week
interval, it was given a week later. As for the remaining
cycle, it was administered 6 weeks later. The reason for
the delay of the administration was the patient’s request
for 1 cycle and neutropenia in 5 cycles. Dosage was re-
duced in 7 cycles (7%). Reductions in dosage of docetax-
el and cisplatin were made, respectively, in 6 cycles (6%)
and 7 cycles (7%). The former reduction was made be-
cause 6 cycles showed neutropenia grade 4, and the latter
reduction was made because 5 cycles showed neutropenia
grade 4, and 1 cycle showed both neutropenia grade 4
and creatinine grade 3, and 1 cycle showed creatinine
grade 2.

Response to Treatment and Survival

The response rate was 49% (95% confidence interval,
Cl, 33.9-63.8%); a complete response was observed in 1
and partial response in 20 patients (table 2). The median
duration of the response was 39.2 weeks (range 5-147
weeks). The median survival time was 47 weeks (95% CI,
6-152 weeks) and the 1-year survival rate was 47% (fig. 1).
Two patients are still alive.
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Fig. 1. Kaplan-Meier estimated overall sur- 0
vival curves. Median survival time was 47
weeks; 1-year survival rate was 47%.

Table 2. Chemotherapeutic evaluation (n =

43)
Cycles! 2 (1-4)
Response: CR/PR/NC/PD 1/20/20/2
Response rate, % 49
Response duration, weeks
Average 39.2
Range 5-147
1-year survival rate, % 47

CR = Complete response; PR = partial
response; NC =no change; PD = progressive
disease.

"Value represents average with the range
in parentheses.

Toxicity

Table 3 shows the types and grades of toxicities resuli-
ing from the treatment, using the common toxicity crite-
ria. All 43 patients could be evaluated for toxic reactions.
The major toxicity was myelosuppression. Leukopenia
<2,000/mm? (grade 3 or 4) was observed in 35 patients
(81%), of whom 6 patients showed grade 4. Neutropenia
<1,000/mm? (grade 3 or 4) was observed in 38 patients
(88%), of whom 25 patients showed grade 4. Eight pa-
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Table 3. Toxicity (n = 43 patients)

Maximum toxicity terms of Grade

CTC grade =3

0 1 2 3 4 %
Leukopenia 1 1 6 29 6 81
Neutropenia 1 0 4 13 25 88
Anemia 1 6 18 18 - 42
Thrombocytopenia 25 5 7 6 0 14
Creatinine 23 18 1 1 0 2
SGOT/SGPT 30 12 1 0 0 0
Vomiting 5 7 31 0 - 0
Diarrhea 20 16 7 0 0 0
Alopecia 20 22 1 - -
Edema 36 6 1 0 - 0
Neuropathy 40 3 0 0 0 0

Figures represent number of patients. CTC = Common toxici-
ty criteria; SGOT = serum glutamic oxaloacetic transaminase;
SGPT = serum glutamic pyruvic transaminase.

tients developed febrile neutropenia. Thrombocytopenia
<5 x 10%mm? (grade 3 or 4) was observed in 6 patients
(14%), and a hemoglobin nadir (grade 3) in 18 patients
(42%). There were no episodes of bleeding or fluid over-
load.
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Vomiting grade =2 occurred in 31 patients (72%). Di-
arrhea grade =2 was observed in 7 patients (16%). Grade
1 or 2 alopecia and edema were observed in 23 and 7 pa-
tients, respectively. In the first cycle, creatinine showed
grade =2 in 2 patients, resulting in transient rises. In the
following cycle, the creatinine level was kept at grade 1
by reducing the dosage of cisplatin. Grade 1 or 2 skin rash
was observed in 3 patients. Finally, there were no treat-
ment-related deaths.

Discussion

Cisplatin is one of the key drugs for the treatment of
NSCLC. Its high response rate of 40% and safety when it
was given alone by continuous infusion over 5 days [14]
are confirmed.

Docetaxel is also an active agent to treat NSCLC, and
docetaxel of 60 mg/m?/day (day 1), a recommended dose
in Japan, showed a response rate of 19% [7]. Docetaxel
has no cross-resistance with cisplatin, and in clinical prac-
tice, docetaxel was effective in some patients who were
resistant to cisplatin [ 19]. In addition, additive effects are
confirmed between cisplatin and docetaxel, and major
side effects of the two drugs are different.

This was a phase II study to determine the usefulness
and safety of combination chemotherapy of cisplatin (5-
day continuous infusion) and docetaxel for the treatment
of advanced NSCLC. The response rate in this study was
49%, which is higher than with docetaxel alone. In com-
parison with other combination therapies, response rates
were 39-42% for cisplatin (bolus) and docetaxel [20, 21],
and 58.5% for cisplatin (infusion) and irinotecan with G-
CSF. In combination with cisplatin (bolus) and newly
developed anticancer agents, the response rates were 44%
with paclitaxel [22], 31% with gemcitabine [23], and 26%
with vinorelbine [24]. Although these studies differed as
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The combination of pemetrexed and cisplatin shows good clinical activity against mesothelioma and lung
cancer. In order to study the potential cellular basis for this, and provide leads as to how to optimize the
combination, we studied the schedule-dependent cytotoxic effects of pemetrexed and cisplatin against four
human cancer cell lines in vitro. Tumor cells were incubated with pemetrexed and cisplatin for 24 h at
various schedules. The combination effects after 5 days were analyzed by the isobologram method. Both
simultaneous exposure to pemetrexed and cisplatin for 24 h and sequential exposure to cisplatin for 24 h
followed by pemetrexed for 24 h produced antagonistic effects in human lung cancer A549, breast cancer
MCF7, and ovarian cancer PA1 cells and additive effects in colon cancer WiDr cells. Pemetrexed for 24 h
followed by cisplatin for 24 h produced synergistic effects in MCF7 cells, additive/synergistic effects in
A549 and PALI cells, and additive effects in WiDr cells. Cell cycle analysis of MCF7 and PA1 cells sup-
ported these findings. Our results suggest that the simultaneous clinical administration of pemetrexed and
cisplatin may be suboptimal. The optimal schedule of pemetrexed in combination with cisplatin at the cellu-
lar level is the sequential administration of pemetrexed followed by cisplatin and this schedule is worthy of

clinical investigations.

Key words: Pemetrexed; Cisplatin; Isobologram; Synergism; Antagonism

INTRODUCTION

Pemetrexed (multitargeted antifolate) is a novel anti-
folate that inhibits multiple points in folate metabolism
including thymidylate synthase, dihydrofolate reductase,
and glycinamide ribonucleotide formyl transferase (1-3).
Preclinical studies of pemetrexed have demonstrated an-
titumor activity against a variety of human cancer cells
in preclinical models (4). The optimal dose and schedule
of pemetrexed was considered to be 500 mg/m? in a 10-
min infusion once every 3 weeks (5,6). Clinical trials of
pemetrexed showed a broad activity against a variety
of solid tumors including malignant mesothelioma, and
colorectal, pancreas, lung, head and neck, gastric, blad-
der, and breast cancers (6~14). Dose-limiting toxicities
included neutropenia, mucositis, diarrhea, and severe
nausea and vomiting (5,6). Patients with a folate-defi-

cient state were associated with severe toxicity, and fo-
late and cobalamin administration before pemetrexed
has been introduced in clinical trials (9,13).

Combination chemotherapy has become a standard in
the treatment of cancer, based upon theoretical advan-
tages and on proven clinical efficacy. The clinical stud-
ies of pemetrexed and platinums (e.g., cisplatin, car-
boplatin, and oxaliplatin) in combinations have been
used against malignant mesothelioma and non-small cell
lung cancer, and the promising activity of this combina-
tion has been observed (15-19). The wide range of anti-
tumor activity of pemetrexed and platinums (20), their
different cytotoxic mechanisms and different toxic pro-
files, and the absence of cross-resistance provide a ratio-
nale for using combinations of these agents.

The cytotoxic action of cisplatin is considered to be
the result of the formation of cisplatin~-DNA adducts
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(20). Pemetrexed treatment may influence adduct forma-
tion by cisplatin or the repair of formed adducts, because
pemetrexed inhibits both pyrimidine and purine synthe-
sis. The disturbances of the cell cycle produced by pem-
etrexed and cisplatin may also influence the cytotoxic
effects of each other because these agents are cell cycle
specific (21,22).

These suggest that the drug schedule may play a sig-
nificant role in the outcome, and therefore the design of
a protocol using them in combination may requires care-
ful consideration. Schedule-dependent interactions have
been observed for the combinations of pemetrexed and
gemcitabine (23), doxorubicin (24), or paclitaxel (25) in
in vitro studies. Because experimental studies for the
combination of pemetrexed with cisplatin are limited (26,
27), the optimal schedule of this combination is obscure.

The present study aimed at elucidating the cytotoxic
effects of combinations of pemetrexed and cisplatin in
various schedules on four human carcinoma cell lines.
Our data suggest that the simultaneous administration
of pemetrexed and cisplatin may be suboptimal for this
combination and the optimal schedule of this combina-
tion at the cellular level is the sequential administration
of pemetrexed followed by cisplatin.

MATERIALS AND METHODS
Cell Lines

The human lung cancer AS549, the breast cancer
MCF7, the ovarian cancer PA1, and the colon cancer
WiDr cells were used. These cells were obtained from
the American Type Culture Collection (Rockville, MD)
and maintained in RPMI-1640 medium (Sigma Chemi-
cal Co., St Louis, MO) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Grand Island Bio-
logical Co.) and antibiotics. The doubling times of
A549, MCF7, PAl, and WiDr cells in our experimental
conditions were 20-24 h.

Drugs

Pemetrexed was kindly provided by Eli Lilly and
Company (Indianapolis, IN). Cisplatin was purchased
from Nihon Kayaku Co. (Tokyo). Drugs were diluted
with RPMI-1640 plus 10% FBS.

Cell Growth Inhibition Using Combined
Anticancer Agents

On day 0, cells growing in the exponential phase
were harvested with 0.05% trypsin and 0.02% EDTA
and resuspended to a final concentration of 5.0 x 103
cells/ml in fresh medium containing 10% FBS and anti-
biotics. The cell suspensions (100 pl) were dispensed
using a multichannel pipette into the individual wells of
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a 96-well tissue culture plate with a lid (Falcon, Oxnard,
CA). Each plate had one 8-well control column contain-
ing medium alone and one 8-well control column con-
taining cells without drug. Eight plates were prepared
for each drug combination. The cells were preincubated
overnight to allow attachment.

Simultaneous Exposure to Pemetrexed and Cisplatin

After 16~20-h incubation for cell attachment, solu-
tions of pemetrexed and cisplatin (50 ul) at different
concentrations were added to the individual wells. The
plates were also incubated under the same conditions for
24 h. The cells were then washed twice with culture
medium containing 1% FBS, and then fresh medium
containing 10% FBS (200 1) and antibiotics was added.
The cells were incubated again for 4 days.

Sequential Exposure to Pemetrexed Followed
by Cisplatin or Vice Versa

After 16-20-h incubation, medium containing 10%
FBS (50 pl) and solutions (50 ul) of pemetrexed (or
cisplatin) at different concentrations was added to the
individual wells. The plates were then incubated under
the same conditions for 24 h. The cells were washed
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Figure 1. Schematic representation of an isobologram (29).
The envelope of additivity, surrounded by mode I (solid line)
and mode II (dotted lines) isobologram lines, was constructed
from the dose—response curves of pemetrexed (MTA) and cis-
platin (CDDP). The concentrations that produced 80% cell
growth inhibition were expressed as 1.0 in the ordinate and
the abscissa of all isobolograms for MCF7, PA1, and WiDr
cells, while the concentrations that produced 50% cell growth
inhibition were expressed as 1.0 in the ordinate and the ab-
scissa of all isobolograms for A549 cells. The combined data
points Pa, Pb, Pc, and Pd show supra-additive, additive, subad-
ditive, and protective effects, respectively.
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Figure 2. Schedule dependence of the interaction between pemetrexed and cisplatin in PA1 cells. Cells were exposed to these
two drugs simultaneously for 24 h (a), pemetrexed first for 24 h followed by cisplatin for 24 h (b), or the reverse sequence (c).
The cell number after 5 days was measured using the MTT assay and was plotted as a percentage of the control (cells not exposed
to drugs). The concentrations of cisplatin are shown on the abscissa. The concentrations of pemetrexed were O (open circles), 20
(filled circles), 50 (filled squares), 100 (filled upward triangles), and 200 (filled downward triangles) nM, respectively. Data are

mean values for three independent experiments; SE was <20%.

twice with culture medium containing 1% FBS; fresh
medium containing 10% FBS (150 pl) and antibiotics
was added, followed by the addition of solutions (50 pl)
of cisplatin (or pemetrexed) at different concentrations.
The plates were incubated again under the same condi-
tions for 24 h. The cells were then washed twice with
culture medium, and fresh medium containing 10% FBS
(200 ul) and antibiotics was added. The cells were then
incubated again for 3 days.

MTT Assay

The cytotoxicity of pemetrexed alone, cisplatin alone,
and their combinations was determined by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described previously (28). For all four cell lines
examined, we were able to establish a linear relationship
between the MTT assay value and the cell number
within the range shown.

Isobologram

The dose-response interactions between pemetrexed
and cisplatin for the MCF7, PA1, and WiDr cells were
evaluated at the ICq level by the isobologram method
of Steel and Peckham (Fig. 1) (29). The ICy, was defined
as the concentration of drug that produced 80% cell
growth inhibition (i.e., an 80% reduction in absorbance).
Although the drug interaction at ICy or more would be
more important than both ICg and ICy, for cancer che-

motherapy, it is difficult to get reliable data at ICy or
more using MTT assay. A549 was resistant to peme-
trexed and the interactions between them were evaluated
at the ICs, level.

We used the isobologram method of Steel and Peck-
ham because this method can cope with any agents with
unclear cytotoxic mechanisms and a variety of dose-
response curves of anticancer agents. The concept and
analysis of the isobologram has been described in detail
previously (30,31). The isobologram of Steel and Peck-
ham is very strict for synergism and antagonism.

If the two agents act additively by independent mech-
anisms, the combined data points would lie near the
mode I line (hetero-addition). If the agents act additively
by similar mechanisms, the combined data points would
lie near the mode II lines (iso-addition). When the data
points of the drug combination fell within the area sur-
rounded by mode I and /or mode II lines (i.e., within the
envelope of additivity), the combination was described
as additive.

A combination that gives data points to the left of the
envelope of additivity (i.e., the combined effect is
caused by lower doses of the two agents than is pre-
dicted) can confidently be described as supra-additive
(synergism). A combination that gives data points to the
right of the envelope of additivity, but within the square
or on the line of the square, can be described as subaddi-
tive (i.e., the combination is superior or equal to a single
agent but is less than additive). A combination that gives
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data points outside the square can be described as pro-
tective (i.e., the combination is inferior in cytotoxic ac-
tion to a single agent). A combination with both subad-
ditive and/or protective interactions can confidently be
described as antagonistic.

Data Analysis

The findings were analyzed as described previously
(32). When the observed data points from combinations
fell mainly in the area of supra-additivity or in the areas
of subadditivity and protection, the mean value of the
observed data was smaller than that of the predicted
minimum data or larger than that of the predicted maxi-
mum data, the combinations were considered to have
a synergistic or an antagonistic effect, respectively. To
determine whether the condition of synergism (or antag-
onism) truly existed, a Wilcoxon signed-rank test was
performed to compare the observed data with the pre-
dicted minimum (or maximum) data for an additive ef-
fect. Probability values of p < 0.05 were considered sig-
nificant. Because the isobologram of Steel and Peckham
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is very strict for synergism and antagonism, combina-
tions with p 2 0.05 were defined as having an additive/
synergistic (or additive/antagonistic) effect. All statisti-
cal analyses were performed using the Stat View 4.01
software program (Abacus Concepts, Berkeley, CA).

Flow Cytometric Analysis

PA1 cells were treated with 0.2 pM pemetrexed alone
or 0.5 uM cisplatin alone or their combination simulta-
neously for 24 h. MCF7 cells were treated with 0.5 uM
pemetrexed alone or 5 UM cisplatin alone or their com-
bination simultaneously for 24 h. The cells were also
treated with pemetrexed for 24 h followed by cisplatin
for 24 h or the reverse sequence. The cells were har-
vested at 48 h and the cell cycle profiles were analyzed
by staining the intracellular DNA with propidium iodide
in preparation for flow cytometry with the FACScan
CellFIT system (Becton-Dickinson, San Jose, CA). A
DNA histogram was obtained by analyzing 25,000 cells
with the ModFIT program (Becton-Dickinson) (33).

0.0
0.0 02 04 06 08 1.0 1.2
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0.0 L5
00 0.2 04 06 08 1.0 1.2
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Figure 3. Isobolograms of simultaneous exposure to pemetrexed and cisplatin for 24 h in A549
(a), MCF7 (b), PA1 (c), and WiDr (d) cells. For the A549, MCF7, and PA1 cells, the combined
data points fell in the areas of subadditivity and protection. For the WiDr cells, the combined data
points fell mainly within the envelope of additivity. Data are mean values for at least three indepen-
dent experiments; SE was <25% (*except the data).
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Figure 4. Isobolograms of sequential exposure to pemetrexed (24 h) followed by cisplatin (24 h)
in A549 (a), MCF7 (b), PA1 (c), and WiDr (d) cells. For the A549, MCF7, and PA1 cells, all or
most of the data points of the combinations fell within the envelope of additivity and in the area
of supra-additivity. For the WiDr cells, most of the data points fell within the envelope of additiv-
ity. Data are mean values for at least three independent experiments; SE was <20%.

RESULTS

The ICq values of 24-h exposure to pemetrexed for
A549, MCF7, PA1, and WiDr cells were >5, 2.5 + 0.4,
0.10 £ 0.03, and 0.55+ 0.2 UM, respectively. Because
A549 cells were resistant to pemetrexed and the ICq
level was not obtained, the interactions between peme-
trexed and cisplatin were evaluated at the ICy, level. The
ICsy value of 24-h exposure to pemetrexed for AS49
cells was 2.7 £ 0.3 uM.

Figure 2 shows the dose-response curves obtained
from simultaneous exposure and sequential exposure to
pemetrexed and cisplatin for the PA1 cells. The dose-
response curves were plotted on a semilog scale as a
percentage of the control, the cell number of which was
obtained from the samples not exposed to the drugs
administered simultaneously. Dose—response curves in
which the pemetrexed concentrations are shown on the
abscissa could be made based on the same data (figure
not shown). Based upon the dose-response curves of
pemetrexed alone and cisplatin alone, three isoeffect
curves (mode I and mode II lines) were constructed. Iso-

bolograms at the ICq or ICs, levels were generated based
upon these dose—response curves for the combinations.

Simultaneous Exposure to Pemetrexed and Cisplatin

Figure 3 shows isobolograms of the A549, MCF7,
PA1l, and WiDr cells after simultaneous exposure to
pemetrexed and cisplatin for 24 h. For the A549, MCF7,
and PA1 cells, the combined data points fell in the areas
of subadditivity and protection, respectively. The mean
values of the observed data (>1.15, 0.95, and 0.69) were
larger than those of the predicted maximum values
(0.75, 0.72, and 0.56). The observed data and the pre-
dicted maximum data were compared by the Wilcoxon
signed-rank test. The differences were significant (p <
0.05, p < 0.02, and p < 0.01), indicating antagonistic ef-
fects (Table 1). For the WiDr cells, the combined data
points fell mainly within the envelope of additivity. The
mean values of the observed data (0.66) were larger than
those of the predicted minimum values (0.27), and smaller
than those of the predicted maximum values (0.73), indi-
cating additive effects.
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Sequential Exposure to Pemetrexed Followed
by Cisplatin

Figure 4 shows isobolograms of the A549, MCF7,
PA1, and WiDr cells exposed first to pemetrexed for 24
h and then cisplatin for 24 h. For the MCF7 cells, com-
bined data points fell in the area of supra-additivity. The
mean values of the observed data (0.40) were smaller
than those of the predicted minimum values (0.44) (Ta-
ble 1). The difference between them was significant
(p < 0.01), indicating synergistic effects. For the A549
and PA1 cells, combined data points fell in the area of
supra-additivity and within the envelope of additivity.
The mean values of the observed data were smaller than
those of the predicted minimum values (Table 1), but
the differences were not significant (p > 0.05 and p >
0.05), indicating additive/synergistic effects. For the
WiDr cells, the combined data points fell within the en-
velope of additivity and in the areas of supra-additivity
and protection. The mean value of the observed data was
smaller than the predicted maximum values and larger
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than that of the predicted minimum values (Table 1),
indicating additive effects.

Sequential Exposure to Cisplatin Followed
by Pemetrexed

Figure 5 shows isobolograms of the four cell lines
exposed first to cisplatin for 24 h and then pemetrexed
for 24 h. For the A549, MCF7, and PA1 cells, all or
most of the combined data points fell in the areas of
subadditivity and protection. The mean values of the ob-
served data were larger than those of the predicted maxi-
mum values (Table 1). The differences were significant
(p <0.05, p<0.02, and p < 0.02, respectively), indicat-
ing antagonistic effects. For the WiDr cells, most of the
combined data points fell within the envelope of additiv-
ity, indicating an additive effect of this schedule.

Flow Cytometric Analysis

Finally, we evaluated the cytotoxic effects of peme-
trexed and cisplatin on cancer cells using flow cytome-
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Figure 5. Isobolograms of sequential exposure to cisplatin (24 h) followed by pemetrexed (24 h)
in A549 (a), MCF7 (b), PA1 (c), and WiDr (d) cells. For the A549, MCF7, and PA1 cells, all or
most of the data points of the combinations fell in the areas of subadditivity and protection. For
the WiDr cells, most of the data points of the combinations fell within the envelope of additivity
and in the area of subadditivity. Data are mean values for at least three independent experiments;

SE was <20%(*except the data).
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Table 1. Mean Values of Observed, Predicted Minimum, and Predicted Maximum Data of Pemetrexed
(MTA) in Combination With Cisplatin (CDDP) at ICg, for MCF7, PA1, and WiDr Cells and at IC,

for A549 Cells

Predictaed Data

for an Additive Effect

Cell Observed

Schedule Line n Data Minimum  Maximum Effect

MTA +CDDP  AS549 6 1.15 0.44 0.75 antagonism (p < 0.05)
MCF7 8 0.95 0.57 0.72 antagonism (p < 0.02)
PAl 9 0.69 0.40 0.56 antagonism (p < 0.01)
WiDr 9 0.66 0.27 0.73 additive

MTA - CDDP  A549+ 6 0.45 0.47 0.72 additive/synergism (p > 0.05)
MCF7 9 0.40 0.44 0.78 synergism (p < 0.01)
PA1 8 0.52 0.64 additive/synergism(p > 0.05)
WiDr 15 0.64 0.84 additive

CDDP —» MTA  AS549 7 1.14 0.74 antagonism (p < 0.05)
MCF7 9 0.82 0.52 0.73 antagonism (p < 0.02)
PA1l 8 0.75 0.63 antagonism (p < 0.02)

WiDr 11 0.71

0.82 additive

try. Cell cycle analysis revealed that pemetrexed and cis-
platin arrested PA1 cells in late G, to early S phase and
G,/M phase, respectively (Fig. 6A, Table 2). When PA1
cells were exposed to both drugs simultaneously, the cell
cycle profile was almost identical to that of a single
treatment with pemetrexed, suggesting that the cell cycle
effect of pemetrexed is dominant over that of cisplatin.
As a result, the apoptosis-inducing effect of cisplatin,
which was estimated by an increase in the size of sub-
G, fraction, was almost completely cancelled in the pres-
ence of pemetrexed (Fig. 6A, MTA + CDDP). When
PA1 cells were treated with cisplatin first and followed
by pemetrexed, the cell cycle pattern closely resembled
that of cells treated with cisplatin alone except for a mod-
est increase in G; and S phases (Fig. 6A, Table 2, CDDP
to MTA). The induction of apoptotsis was less promi-
nent in the CDDP to MTA treatment than in the CDDP
treatment (Table 2). In contrast, both apoptosis and G,/
M arrest were enhanced when PA1 cells were treated
with pemetrexed first and followed by cisplatin com-
pared with the treatment with either pemetrexed or cis-
platin alone (Fig. 6A, Table 2, MTA to CDDP).

We carried out the same analysis with another cancer
cell line MCF7 and obtained highly reproducible results.
Upon simultaneous addition, the cell cycle effect of
cisplatin was almost completely abrogated and the per-
centage of apoptotic cells was less than that of a single
treatment with pemetrexed (Fig. 6B, MTA + CDDP).
Similarly, apoptosis was suppressed when MCF7 celis
were treated with cisplatin first and followed by peme-
trexed compared with the treatment with either peme-
trexed or cisplatin alone (Fig. 6B, Table 2, CDDP to

MTA). In contrast, the apoptosis-inducing effect of pem-
etrexed was enhanced by the sequential exposure to cis-
platin after pemetrexed (Fig. 6B, Table 2, MTA to
CDDP). Overall, these data are fully consistent with the
results of isobologram analysis, and provide the molecu-
lar basis of the interaction between the two drugs.

DISCUSSION

We found that the cytotoxic interaction between pem-
etrexed and cisplatin was schedule dependent. Simulta-
neous exposure to pemetrexed and cisplatin and sequen-
tial exposure to cisplatin followed by pemetrexed showed
antagonistic effects in A549, MCF7, and PAl cells,
while sequential exposure to pemetrexed followed by
cisplatin had a tendency to produce synergistic effects.
In the latter schedule, observed data points in A549,
MCF7, and PA1 cells were smaller than predicted mini-
mum values for an additive effect (Table 1). WiDr cells
showed additive effects in all schedules. The cause of
difference in combined effects among cell lines is un-
known. The difference may reflect the folate metabolism
and the variety of target numbers (enzymes) in the cells.
In addition, the isobologram of Steel and Peckham is
stricter for synergism and antagonism than other meth-
ods. This may also influence the results.

In general, it is difficult to clarify the mechanisms
underlying the drug combination. In this study, however,
cell cycle analysis provided a clue to understand the mo-
lecular basis of schedule-dependent synergism and an-
tagonism of the combination of pemetrexed and cisplatin.
The exposure of PA1 and MCF7 cells to pemetrexed for
24 h led to a synchronization of most cells in late G, to
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Figure 6. Flow cytometric analysis of cell cycle perturbation. PA1 cells, treated with 0.2 UM
pemetrexed (MTA), 0.5 uM cisplatin (CDDP), both drugs simultaneously for 24 h, pemetrexed
for 24 h followed by cisplatin for 24 h, or the reverse sequence were harvested at 48 h (A),
and MCF7 cells, treated with 0.5 UM pemetrexed (MTA), 5 uM cisplatin (CDDP), both drugs
simultaneously for 24 h, pemetrexed for 24 h followed by cisplatin for 24 h, or the reverse se-
quence were harvested at 48 h (B) and stained for DNA with propidium iodide and analyzed by
flow cytometry as described in Materials and Methods.
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