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Abstract

DX-8951f or exatecan mesylate ((15,95)-1-amino-9-ethyl-5-fluoro-2,3-dihydro-9-hydroxy-4-methyl-1H,12H-benzo[de]pyra-
no[3/,4':6,7]indolizino[1,2-b]quinoline-10-13(9H,15H)-dione methanesulfonate dihydrate), is a new water-soluble derivative of camp-
tothecin. We determined the activity of DX-8951f in experimental human colon cancer and ovarian cancer, being tumor types sensitive to
camptothecins. With the use of the MTT assay, DX-8951f was more potent than SN-38 in four out of five human colon cancer cell lines and
three out of four human ovarian cancer cell lines (P < 0.05). DX-8951f was considerably more potent than topotecan in all cell lines tested
(P < 0.05). Prolonged exposure to DX-8951f resulted in a greater increase in inhibition of cell proliferation as compared to that obtained
with SN-38 or topotecan (P < 0.05). Overexpression of Pgp, MRP1, and LRP did not affect the in vitro activity of DX-8951f. DX-8951f
administered daily x 5orweekly x 2resulted in growth inhibition <50% in two human colon cancer xenografts grown s.c. innude mice. In
three human ovarian cancer xenografts, however, >50% growth inhibition was observed at both schedules. In the OVCAR-3 human ovarian
cancer model, DX-8951f showed considerably greater activity than topotecan (P < 0.01). DX-8951f combined with cisplatin or paclitaxel
did not indicate the presence of a pharmacological interaction. In OVCAR-3 xenografts the combination was clearly more effective than
DX-8951f alone, as the number of complete remissions increased substantially. In conclusion, this study shows that DX-8951f is highly
potent invitro and highly effective in experimental human ovarian cancer in vivo. Prolonged exposure to DX-8951fin vitro greatly increased
the antiproliferative effects, which may be a rationale for testing a continuous infusion schedule in the clinic. Addition of cisplatin or
paclitaxel improved the in vivo antitumor effects of DX-8951f.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The novel DNA topoisomerase I inhibitor, DX-8951f
(Fig. 1), also known as exatecan mesylate, is a water-
soluble, fluorinated, hexacyclic derivative of camptothecin
that, unlike CPT-11, does not require metabolic activation.
The potency of DX-8951f in various human malignant cell
lines has been reported to be 6- and 28-fold greater than
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Abbreviations: Pgp, P170-glycoprotein; MRP1, multidrug resistance-
associated protein 1; LRP, lung resistance protein; BCRP, Breast Cancer
Resistance Protein; MTT, (3-(4,5-dimethylthiazol-2-yl)-2,6-dimethyl-mor-
pholino)-2,5-diphenyl-tetrazolium bromide; RF, resistance factor; MTD,
maximum tolerated dose; CR, complete remission; GI%, maximum
percentage of growth inhibition; Recurr, Recurrences.

that of SN-38 and topotecan, respectively [1]. DX-8951f
has shown efficacy in a variety of human tumor xenografts
[2]. DX-8951f has recently entered the clinic and phase I,
and pharmacokinetic trials in patients with advanced solid
malignancies have been completed [3]. Based on the
favorable data obtained in phase I clinical development,
disease-oriented phase II studies of DX-8951f have been
initiated and are currently in progress in Europe and the
United States.

The camptothecins CPT-11 and topotecan have been
approved for treatment of colon cancer and ovarian cancer,
respectively. CPT-11 generates response rates of 18-32% in
both previously treated and untreated advanced colon cancer
patients. The main dose-limiting toxicity of CPT-11 consists
of delayed-onset diarrhea. Treatment of advanced ovarian
cancer patients with topotecan results in response rates of
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Fig. 1. Structural formula of DX-8951f.

16-38% with neutropenia as the dose-limiting toxicity [4].
Because of its promising preclinical antitumor effects, DX-
8951f may be considered candidate for an improved ther-
apeutic index in these and other malignancies. Therefore, it
would be helpful to obtain more insight in the potential
activity of DX-8951f in colon cancer and ovarian cancer as
well as in possible mechanisms of resistance.

It has been suggested that DX-8951f is less affected by
multidrug resistance mechanisms described for other camp-
tothecins. For example, DX-8951f has shown significant
antitumor effects against cell lines and xenografts in which
CPT-11 was not effective [2,5]. It may also overcome P170-
glycoprotein (Pgp)-mediated multidrug resistance, as it is
highly effective against cell lines overexpressing the Pgp
transporter both in vitro and in vivo [1,2]. At this moment,
however, little is known on the influence of the expression of
the multidrug resistance-associated protein 1 (MRP1) or the
lung resistance protein (LRP) on the activity of DX-8951f.
We have already demonstrated that, unlike SN-38 and
topotecan, DX-8951f is a poor substrate for the Breast
Cancer Resistance Protein (BCRP) [6].

In the present study, we determined whether DX-8951f is
effective in experimental human colon cancer or ovarian
cancer. To thatend, we first compared its potency with that of
CPT-11, SN-38, and topotecan in human malignant cell lines
derived from these tumor types. We assessed whether the
duration of drug exposure shows differences in the kinetic
activity of the three compounds. The influence of Pgp,
MRPI, and LRP on the in vitro potency of DX-8951f was
also determined. We then compared the efficacy of DX-
8951fin two equitoxic schedules in human colon cancer and
ovarian cancer xenografts. As DX-8951f showed activity in
human ovarian cancer xenografts, we selected the OVCAR-
3 model to assess whether a combination with cisplatin or
paclitaxel would improve antitumor effects.

2. Materials and methods
2.1. Drugs
For in vitro experiments DX-8951f (Daiichi Pharma-

ceutical Co, Ltd.) was dissolved in DMSO (Riedel-de
Haén) at a concentration of 3.17 mM (as methanesulfonate

dihydrate). CPT-11 was provided by Aventis Pharma as a
solution of 20 mg/mL. Its metabolite SN-38 (Daiichi
Pharmaceutical Co, Ltd.) was dissolved in DMSO to a
final concentration of 3.9 mM. Solutions in water were
obtained from doxorubicin (Amersham Pharmacia) at a
concentration of 3.45 mM and from topotecan (Glaxo-
SmithKline) at a final concentration of 2.18 mM. Drugs
were further diluted in tissue-culture medium when inves-
tigated for their antiproliferative effects in vitro. The final
concentration of DMSO in culture did not exceed 1% (v/v)
which was nontoxic to the cells.

For in vivo experiments DX-8951f and topotecan were
dissolved in water to a final concentration of 1 mg/mL (as
methanesulfonate dihydrate) and 0.5 mg/mL, respectively.
Cisplatin (Bristol Myers-Squibb) was available as a stock
solution of 0.5 mg/mL in NaCl 0.9% and the 6 mg/mL
solution of paclitaxel (Bristol Myers-Squibb) was diluted
to 1.5 mg/mL using NaCl 0.9%.

2.2. Cell lines

The human colon cancer cell lines COL0O205, COLO320,
LS174T, SW1398, and WiDr have been described pre-
viously for their sensitivity to CPT-11 and SN-38 [7]. The
human ovarian cancer cell lines used in this study were
A2780 [8], H134 (established in our laboratory), IGROV-1
[9], and OVCAR-3 [10]. In addition, four pairs of human
malignant cell lines were used with sublines expressing Pgp,
MRP1, and/or LRP, being the Pgp-positive subline BRO/
mdrl.1 and its parental melanoma cell line BRO, the Pgp-
positive subline 2780AD, and the ovarian cancer cell line
A2780, the non-Pgp multidrug-resistant subline GLC4/
ADR of the small cell lung cancer cell line GLC4 and
the non-Pgp multidrug-resistant subline 2R120 of the non-
small cell lung cancer cell line SW1573/S1. In these cell
lines, expression of Pgp, MRP1, and LRP has been con-
firmed previously by immunocytochemistry and resistance
factors (RFs) for CPT-11 and SN-38 have been reported
[11]. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (GibcoBRL) supplemented with 10% heat-
inactivated fetal calf serum (FCS; GibcoBRL), 50 IU/mL
penicillin, and 50 pg/mL streptomycin (ICN) in an incubator
with a humidified atmosphere containing 5% CO, at 37°.

2.3. In vitro growth inhibition studies

Drug activity studies in vitro were performed using the
MTT assay. In short, 2500-5000 cells per well in 100 pL of
medium were plated in 96-well microtiter plates and grown
for 24 hr. Cells were exposed continuously for an addi-
tional 96 hr to varying concentrations of the drugs in a total
volume of 200 pL. In separate experiments, shorter drug
exposure times of 2, 4, and 24 hr were included, whereafter
the cells were washed with medium and incubated for the
remaining period of the 96 hr. At the time of analysis, the
medium was removed and 50 pL of the tetrazolium salt of
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MTT (Sigma) in PBS (0.4 mg/mL) were added. The plates
were incubated for 2 hr and formazan crystals were dis-
solved in 200 uL. of DMSO/0.5% FCS. The absorbance
was measured at 540 nm using a Labsystems Multiscan
Bichromatic plate reader (Labsystems). The results were
expressed as the icsg, which is the concentration of the
drug(s) inducing 50% inhibition of cell growth of treated
cells as compared to the growth of control cells. The ratio
of the 1c5( subline vs. ics parental cell line was calculated
and expressed as the RF. In control cultures, cell growth
was exponential during the test period. All concentrations
were tested in four replicate wells and each experiment was
performed at least three times.

2.4. Xenografts

Female nude mice (Hsd: athymic nude-nu) were pur-
chased at the age of 6 weeks (Harlan). The animals were
maintained in cages with paper filter covers under con-
trolled atmospheric conditions. Cages, bedding, food, and
water were changed and sterilized weekly. Animals were
handled in a sterile manner in a laminar down-flow hood.
For the animal experiments, ethical approval was obtained
from the ‘University Committee on Experimental Ani-
mals’. The xenografts were established from cell lines
grown in tissue-culture medium. The solid tumors arising
at the inoculation site were transferred as tissue fragments
with a diameter of 2-3 mm through a small skin incision
into both flanks of further recipients.

2.5. Maximum tolerated doses (MTD)

Doses of DX-8951f for the weekly x 2 and daily x 5
schedules and of topotecan for the daily x 5 schedule were
administered i.p. according to the MTD for nontumor-
bearing mice. This MTD was based on the occurrence of a
mean weight loss of approximately 10% of the initial
weight within the first 2 weeks after the start of treatment.
Recovery of weight loss should be completed on day 14.
Consequently, mice were weighed on weekdays for 2 weeks
and, thereafter, twice a week. The MTD was assessed in
groups of three nontumor-bearing nude mice per dose level.
Doses were adjusted in tumor-bearing animals, if required.

After testing DX-8951f as a single agent, the efficacy of
DX-8951f combined with cisplatin or paclitaxel in a
weekly X 2 i.v. schedule was evaluated in OVCAR-3
human ovarian cancer xenografts. As described earlier,
DX-8951f was administered weekly x 2 i.v. at MTD when
given as a single dose. The MTD of cisplatin as a single
agent was defined earlier and found to be 5 mg/kg i.v.
weekly x 2 [12]. Determination of the MTD of paclitaxel
for weekly x 2 injections had to be assessed first in groups
of three nontumor-bearing nude mice. To determine the
MTD for the combination schedules, it was decided to start
with 70% of the MTD for single doses of DX-8951f,
cisplatin, and paclitaxel, and adjust doses if required.

2.6. In vivo antitumor efficacy

The human tumor xenografts grown in nude mice were
measured twice a week in three dimensions with vernier
calipers. The volume was calculated by the equation
length x width x thickness x 0.5, and expressed in mm>.
At the start of treatment (designated as day 0), groups of
four to seven tumor-bearing mice were formed to provide a
mean tumor volume of approximately 100-150 mm® in
each group.

For the evaluation of drug efficacy, the tumor volume was
expressed by the formula V1/V,,, where Vr is the volume on
any given day and Vj is the volume on day 0. The ratio of the
mean relative volume of treated tumors over that of control
tumors multiplied by 100% (T/C%) was assessed on each
day of measurement. Antitumor effects were expressed as
the maximum percentage of growth inhibition (GI% =
100% — T/C%). The drug was considered to be active
when the growth inhibition obtained in a given xenograft
model was >50%, very active when >75%, and inactive
when growth inhibition was <50% [11]. Complete remission
(CR) was defined as the disappearance of a tumor for a
period of at least 1 month after treatment.

2.7. Statistics

Differences in in vitro drug sensitivities and in vivo
antitumor effects of two independent samples were eval-
uated using the two-tailed Students’ r-test with unequal
variances. Comparison of one group with multiple other
groups was performed using the Dunnett’s test. In vivo and
in vitro data were normally distributed after log transfor-
mation.

3. Results
3.1. Antiproliferative effects of DX-8951f in vitro

The antiproliferative effects of DX-8951f were compared
with those of CPT-11, SN-38, and topotecan in five human
colon cancer cell lines and four human ovarian cancer cell
lines. The results were expressed as ics values (Table 1). As
was shown previously by Jansen er al. [13], all cell lines
displayed a much higher sensitivity to SN-38 than to CPT-
11; the ratios of the 1csg CPT-11:1c5q SN-38 varied within
approximately 3 logs. DX-8951f was more potent than SN-
38 in four out of five human colon cancer cell lines and in
three out of four human ovarian cancer cell lines (P < 0.05).
In comparison with topotecan, DX-8951f was significantly
more potent in all cell lines tested (P < 0.05).

Different drug exposure times were used to study the
kinetics of cell growth inhibition in five human colon
cancer cell lines. Cells were exposed to DX-8951f, SN-
38, and topotecan for 2, 4, 24, or 96 hr. The 1c5 values
are demonstrated in Fig. 2A—C. At all exposure times,
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Table 1

Antiproliferative effects of CPT-11, SN-38, topotecan (TPT), and DX-8951f in human colon cancer and ovarian cancer cell lines after a drug exposure time of
96 hr

Cell line CPT-11* (SEM) SN-38" (+SEM) TPT* (£SEM) DX-8951f* (=SEM)
Colon cancer

COLO0205 3.9 (£0.0) x 10°° 3.6 (£0.7) x 107°° 2.8 (£0.3) x 1078° 6.1 (£3.5) x 1071°

COL0320 3.0 (£0.2) x 107° 1.9 (£0.4) x 107°° 93 (+3.7) x 107°° 52 (£2.3) x 1071°

LS174T 2.6 (£1.1) x 107° 1.3 (£0.6) x 107° 5.8 (£1.2) x 107°° 2.8 (£1.4) x 10710

SW1398 3.1 (£0.5) x 107°° 5.0 (£1.0) x 107°° 3.3 (£0.5) x 1078° 2.7 (£0.6) x 10710

WiDr 3.6 (£0.2) x 107° 9.4 (£2.7) x 107°° 3.2 (£0.3) x 1078° 7.5 (£3.0) x 1071°

Ovarian cancer

A2780 1.5 (£0.4) x 107° 1.7 (£04) x 107°° 2.8 (£0.1) x 1078° 1.2 (£0.3) x 10710

H134 2.7 (£0.1) x 107° 74 (£1.5) x 107°° 2.6 (£0.1) x 1078° 2.2 (£0.6) x 1071

IGROV-1 2.3 (£0.2) x 107° 6.5 (£1.3) x 107°° 2.7 (£0.2) x 1078° 27 (£1.1) x 1071

OVCAR-3 9.8 (£1.0) x 107 2.8 (£0.4) x 107° 2.7 (£0.3) x 1078° 7.6 (£2.0) x 107°

?Mean & SEM of at least three separate experiments.

© SN-38 or topotecan less potent than DX-8951f (P < 0.05) by Dunnett’s test.

DX-8951f was more potent than topotecan in all cell lines
(P < 0.05) and it was also more potent than SN-38
(P < 0.05) except in COLO320 after a 2- and 4-hr drug
exposure time and in LS174T after a 2-, 4-, and 24-hr drug
exposure time. To better visualize the differences in the
kinetics to achieve cell growth inhibition for the three
compounds, the 1c5o values were expressed as a ratio of the
value calculated after a 2-hr drug exposure. For each drug
the mean of all ratios per exposure time obtained in the five
cell lines was calculated. The results are depicted in
Fig. 2D. It is clearly visible in the graph that prolonged
exposure to DX-8951f resulted in an 82-fold reduction of
the amount of drug required for 50% cell growth inhibition,
whereas this decrease was much smaller for both SN-38
(31-fold) and topotecan (23-fold) (P < 0.05).

3.2. Overexpression of Pgp, MRPI, and LRP

The expression of Pgp, MRP1, and LRP in the four pairs
of cell lines with drug-resistant sublines was previously
visualized by immunocytochemistry [11]. In brief, A2780
cells did not express any of the multidrug resistance
proteins tested, whereas 2780AD cells showed strong
positive staining for Pgp and weak LRP staining. The cell
lines BRO and BRO/mdr1.1 both expressed LRP and BRO/
mdrl.1 was strongly positive for Pgp. GLC4 cells were
negative for all three proteins, but GLC4/ADR expressed
high levels of MRP1 and some LRP. The cell lines
SW1573/S1 and 2R120 both contained LRP, while in
2R120 also low levels of MRP1 could be detected.

The antiproliferative effects of doxorubicin and DX-
8951f in these cell lines, expressed as Icso values, were
determined and the results are shown in Fig. 3. Doxo-
rubicin was used as a positive control to confirm that all
sublines exhibited high resistance against this drug (RFs
from 37 to 814). Only the highly Pgp-overexpressing
subline, 2780AD, showed a significant difference in sen-
sitivity to DX-8951f as compared to its parental cell line

(RF = 5.5; P < 0.05). Of interest, the cell lines have also
been tested for sensitivity to SN-38 and showed that SN-38
was less effective in 2780AD (RF = 8.7; P < 0.001) as
well as in BRO/mdrl.1 (RF =5.7; P < 0.05) [11].

3.3. MTDs of single agents and drug combinations

Starting doses for determination of the MTD of DX-
8951f were derived from earlier experiments [2]. For the
daily x 5 i.p. schedule, a range of decreasing concentra-
tions starting at 4.0 mg/kg were tested in nontumor-bearing
animals. Eventually, the MTD of daily x 5 i.p. was defined
as 1.5 mg/kg in tumor-bearing animals. In a similar
approach, for the weekly x 2 i.p. schedule DX-8951f
was adjusted from 20 to 17.5 mg/kg for treatment. Topo-
tecan, starting at 3.0 mg/kg daily x 5 i.p. was adjusted to
1.5 mg/kg ip. for treatment. Cisplatin was used
weekly x 2 at a dose of 5 mg/kg i.v. as defined earlier
[12]. For paclitaxel, it was found that doses >20 mg/kg i.v.
caused death of the animals within 24 hr. Therefore,
paclitaxel weekly x 2 was given at a dose of 20 mg/kg
i.v. throughout the experiments.

After testing DX-8951f as a single agent, DX-8951f
combined with cisplatin or paclitaxel was evaluated for
efficacy in OVCAR-3 human ovarian cancer xenografts. A
weekly x 2 i.v. schedule was proposed in which drugs
were given on the same day or with an interval of 24 hr.
In tumor-bearing mice using combination schedules, gen-
erally 60-70% of the full dose of each agent can be
administered [14]. Therefore, DX-8951f was reduced from
17.5 to 12.5 mg/kg, cisplatin from 5 to 3.5 mg/kg and
paclitaxel was given at a dose of 20 mg/kg. Table 2 shows
the six experimental groups of nontumor-bearing animals.
Maximum weight loss was approximately 10% in all
groups and there were no toxic deaths. Although reversal
of weight loss was not complete on day 14, it was decided
to use these schedules for the subsequent treatment experi-
ments.
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3.4. Antitumor activity of single agents

To determine whether there was a difference in efficacy
between administration routes of DX-8951f, both the
1.5 mg/kg daily x 5 and the 17.5 mg/kg weekly x 2 sche-
dules were compared when given i.p. or i.v. to groups of
three mice bearing OVCAR-3 xenografts (Table 3). When
DX-8951f was administered i.p. or i.v. daily x 5, a max-

imum tumor growth inhibition was reached of 90 and 88%,
respectively. These percentages were not significantly
different when comparing the mean relative tumor volumes
on day 25 and 32 of the experiment. The weekly x 2
i.p. and i.v. routes each resulted in 97% inhibition of
growth. DX-8951f was found to be highly effective in
these OVCAR-3 xenografts, and 4 out of 10 CRs were
observed in the weekly x 2 schedules. As no difference

Table 2

MTD of DX-8951f combined with cisplatin or paclitaxel given i.v. to nontumor-bearing nude mice

Drug Dose” (mg/kg) Days Drug Dose” (mg/kg) Days Maximum weight loss® Weight day 14° Toxic deaths
DX-8951f 12.5 0,7 Cisplatin 35 0,7 145 £ 5.8 90.2 £ 6.7 0/3
DX-8951f 12.5 0,7 Cisplatin 35 1,8 113 £ 6.2 952 + 4.8 0/3
Cisplatin 35 0,7 DX-8951f 12.5 1,8 132 £22 935 £+ 6.8 0/3
DX-8951f 12.5 0,7 Paclitaxel 20 0,7 9.8 £33 973 £ 3.9 0/3
DX-8951f 12.5 0,7 Paclitaxel 20 1,8 13.4 £ 0.7 928 £ 1.1 0/3
Paclitaxel 20 0,7 DX-8951f 12.5 1,8 113 £52 93.1 £ 6.1 0/3

“Doses of DX-8951f are expressed as the methanesulfonate dihydrate.
® Percentage of weight (loss) as compared to the weight on day 0 (£SD).
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Table 3

Comparison of i.p. and i.v. administration of DX-8951f in nude mice bearing OVCAR-3 xenografts

Drug Dose® (mg/kg) Route Days Maximum weight loss Toxic deaths GI1%"° (day) CR*
OVCAR-3

Control - - - - 0/3 n.a.® n.a.

DX-8951f 1.5 i.p. 04 104 £ 2.1 0/3 90.2 (32) 0/4

DX-8951f 1.5 iv. 04 143+ 1.4 0/3 87.9 (25) 0/6

DX-8951f 17.5 i.p. 0,7 50+£57 0/3 97.0 (32) 3/5

DX-8951f 17.5 iv. 0,7 8.6 +34 0/3 97.2 (32) 1/5

?Doses of DX-8951f are expressed as the methanesulfonate dihydrate.

® Percentage of weight (loss) as compared to the weight on day 0 (£SD).

¢ GI%, maximum percentage of growth inhibition.
d CR, complete remission.
¢ n.a., not applicable.

between i.p. and i.v. administration of DX-8951f was
observed, the i.p. administration route was used in the
following experiments facilitating daily X 5 injections.
The two schedules of DX-8951f administered daily x 5
or weekly x 2 were evaluated for efficacy in two human
colon cancer xenografts, COLO320 and WiDr, and three
human ovarian cancer xenografts, OVCAR-3, A2780, and
FMa. The results are listed in Table 4. In general, maximum
weight loss from all schedules used was between 5 and 10%,
because of which treatments may be considered as equitoxic
as required for analysis of differences in efficacy. No toxic
deaths occurred in any of the schedules. Treatment of the
COLO320 xenografts with DX-8951f daily x 5 and

weekly x 2 resulted in a growth inhibition of 42 and
48%, respectively. For WiDr xenografts, the daily x 5 sche-
dule led to a maximum growth inhibition of 26% and the
weekly x 2 schedule to 49%. Both COLO320 and WiDr
xenografts were thus not sensitive to DX-8951f as the
percentage of maximum growth inhibition was <50%.
Comparison of the schedules in the human ovarian cancer
xenografts showed that all three xenografts were responsive
to DX-8951f. The growth inhibition percentages in A2780
xenografts of 76 and 85% and in H134 xenografts of 51 and
52% for the respective daily x 5 and weekly x 2 schedules
were not significantly different. In OVCAR-3 xenografts,
the daily x 5 treatment with DX-8951f was significantly

Table 4

Comparison of two schedules of DX-8951f in nude mice bearing human tumor xenografts

Drug Dose” (mg/kg) Route Days Maximum weight loss” Toxic deaths GI%* (day) CR?
COLO0320

Control - - - 0.1 £34 0/6 n.a.’ n.a.
DX-8951f 1.5 i.p. 0-4 84 +38 0/6 42 (18) 0/12
DX-8951f 17.5 i.p. 0,7 7.8 £6.6 0/6 48 (18) 0/12
WiDr

Control - - - - 0/6 n.a. n.a.
DX-8951f 1.5 ip. 04 148 £5.2 0/6 26 (26) 0/11
DX-8951f 17.5 i.p. 0,7 15.0 £ 124 1/6 49 (26) 0/10
A2780

Control - - - 1.7 £ 45 0/6 n.a. n.a.
DX-8951f 1.5 ip. 04 13.8 £ 8.0 0/6 76 (11) 0/10
DX-8951f 17.5 i.p. 0,7 120 £5.7 0/6 85 (18) 0/10
H134

Control - - - - 0/5 n.a. n.a.
DX-8951f 1.5 i.p. 04 10.7 £ 7.6 0/6 51 .(14) 0/10
DX-8951f 17.5 ip. 0,7 85+74 0/6 52 (14) 0/12
OVCAR-3

Control - - - 26 45 0/6 n.a. n.a.
DX-8951f 1.5 i.p. 04 132 £6.0 0/6 85 (28) 0/10
DX-8951f 17.5 ip. 0,7 7.0 £ 1.9 0/6 94 (28)f 3/11
Topotecan 1.5 i.p. 04 42+ 14 0/6 68 (22) 0/10

? Doses of DX-8951f are expressed as the methanesulfonate dihydrate.

® Percentage of weight (loss) as compared to the weight on day 0 (-SD).

¢ GI%, maximum percentage of growth inhibition.
d CR, complete remission.
¢ n.a., not applicable.

fDX-8951f weekly x 2 is more and topotecan daily x 5 is less effective than DX-8951f daily x 5 (P < 0.01) by two-tailed Students’ r-test.
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Table 5

Efficacy of the combination of DX-8951f with cisplatin or paclitaxel in human ovarian cancer OVCAR-3 xenografts

Group Dose® (mg/kg) Days Toxic deaths GI%" (day) CR° Recurrence?
DX-8951f 17.5 0,7 0/6 97.2 (28) 2/10 2/2¢
Cisplatin 5 0,7 0/6 99.0 (28)f_ 9/11 1/9°
DX-8951f + cisplatin 12.5 + 3.5 0,7+0,7 177 99.5 (28)" 10/10 2/10°
DX-8951f — cisplatin 125 — 3.5 0,7—1,8 0/7 99.2 (28)" 10/12 1/10°
DX-8951f 12.5 0,7 0/5 93.5 (28) 5/9 0/5¢
Cisplatin 3.5 0,7 0/4 85.9 (28) 1/7 0/18
DX-8951f + paclitaxel 12.5 + 20 0,740,7 0/6 99.1 (29) 11/11 0/11¢
DX-8951f — paclitaxel 12.5 — 20 0,7—1,8 0/6 98.2 (29) 10/11 1/10°
Paclitaxel — DX-8951f 20 — 12.5 0,7—1,8 0/6 98.8 (29) 11/11 0/11¢
Paclitaxel 20 0,7 0/6 99.6 (28) 10/11 4/10°

“Doses of DX-8951f are expressed as the methanesulfonate dihydrate.

° G1%, percentage of growth inhibition.
¢ CR, complete remission.

d Recurrence, complete remission once defined, but tumor recurred within the observation periods.

¢ Recurrence, complete remission once defined, but tumor recurred within the observation periods >146 days.
fMore effective than DX-8951f 17.5 mg/kg weekly x 2 (P < 0.05) by Dunnett’s test.

€ Recurrence, complete remission once defined, but tumor recurred within the observation periods 71 days.

less effective than the weekly x 2 schedule resulting in
growth inhibition of 85 and 99%, respectively (P < 0.01).

In the OVCAR-3 model, topotecan was included using
the schedule of 1.5 mg/kg daily x 5 i.p. (Table 4). Topo-
tecan induced a maximum growth inhibition of 68% as
compared to 85% for the daily x 5 administration of DX-
8951f. When calculating the differences between the mean
relative tumor volumes of the two treatment groups on day
22 and 28 of the experiment, topotecan was significantly
less effective than DX-8951f (P < 0.01).

3.5. Antitumor activity of drug combinations

The tumor growth inhibition of DX-8951f in combina-
tion with cisplatin was evaluated in OVCAR-3 xenografts,
in which drugs were given on the same day or DX-8951f
preceded cisplatin with an interval of 24 hr. The combina-
tion schedules were compared with DX-8951f and cispla-
tin given alone at MTD (Table 5). One toxic death occurred
in the group in which both drugs were given on the same
day. High activity was observed for all four treatments.
Growth inhibition on day 28 was slightly less in the group
treated with DX-8951f as compared to the other three
treatment groups (P < 0.05). CRs were substantial in
the groups treated with cisplatin alone or with the combi-
nations, but less in the case of DX-8951f. Within the
observation period of 155 days, all DX-8951f CRs recurred
in contrast to the other groups. In a separate experiment,
doses of both DX-8951f and cisplatin were given at 70% of
MTD. For cisplatin, a dose-response relationship was
evident, because the growth inhibition of 99.0% observed
at MTD reduced to 85.9%. For DX-8951f, a dose-response
relationship was less apparent, as the growth inhibition
reduced from 97.2 to 93.5%. It is clear, however, that 70%
of MTD of DX-8951f and cisplatin could easily be com-

bined resulting in an increased extent of growth inhibition
and a substantial number of sustained CRs.

The results of the combination of DX-8951f with pacli-
taxel in three different schedules in OVCAR-3 xenografts
are depicted in Table 5. As it was not possible to determine
the MTD of paclitaxel on the basis of weight loss this
schedule was omitted. The three schedules could easily be
given and did not result in toxic deaths. Again, high activity
was seen in all treatment groups resulting in a high number
of CRs (Table 5). Within the observation period of 181
days, only in the case of DX-8951f preceding paclitaxel
with an interval of 24 hr, 1 of 10 CRs recurred. Addition of
paclitaxel to DX-8951f was clearly better effective than
DX-8951f alone as the number of CRs increased substan-
tially. Treatment with paclitaxel alone at 20 mg/kg i.v.
weekly x 2, however, resulted in growth inhibition of
99.6% and 10 of 11 CRs. Within the observation period
of 146 days, there were 4 of 10 tumors that recurred after
paclitaxel treatment. Taking the recurrences into consid-
eration, addition of DX-8951f to paclitaxel resulted in a
higher number of sustained CRs.

4. Discussion

Camptothecins, i.e. CPT-11 and topotecan, are among
the most promising anticancer agents recently introduced
in the clinic. Although camptothecins are very potent and
selective inhibitors of topoisomerase I, they suffer from
limitations, such as rapid reversibility of the topoisomerase
I-DNA cleavable complexes, pH-dependent opening of the
E-ring resulting in the inactive carboxylate, sensitivity for
several drug transporters, drug-specific side-effects, and
requirement of activation to SN-38 in the case of CPT-11.
The development of new derivatives has been facilitated by
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the knowledge of the pharmacological behavior of camp-
tothecins available today, the detailed data on structure and
function of the target enzyme topoisomerase I and the
relative easiness to synthesize camptothecin derivatives
[15]. Semi-synthetic and synthetic analogs of camptothe-
cin have been developed aiming at better efficacy and
reduced toxicity as compared to topotecan and CPT-11.
Among these analogs is DX-8951f.

In this study, we first determined the activity of DX-
8951f in experimental human colon cancer and ovarian
cancer in vitro. In our human colon cancer cell lines, this
new camptothecin derivative was slightly, but significantly,
more potent than SN-38 in four out of five cell lines (3.7- to
19-fold) and considerably more potent than topotecan in all
cell lines (18- to 122-fold). Previously, Mitsui et al. [1]
have demonstrated in six human colon cancer cell lines that
the activity of DX-8951f was 3.7- to 5.5-fold greater as
compared to that of SN-38 and 16- to 36-fold as compared
to that of topotecan; these data are in agreement with our
findings. In our study, we focused more extensively on
human ovarian cancer cell lines and observed that DX-
8951f was also more potent than SN-38 (14- to 34-fold)
and considerably more potent than topotecan (3.6- to 233-
fold). We can thus confirm that DX-8951f has higher
potency than SN-38 and topotecan.

In addition, we assessed whether the duration of drug
exposure showed differences in the kinetic activity patterns
of the three compounds in vitro. It was clearly visible that
prolonged exposure to DX-8951f up to 96 hr resulted in
more reduction of the amount of drug required for 50% cell
growth inhibition (82-fold) in comparison to that of SN-38
(31-fold) or topotecan (23-fold). This interesting observa-
tion could be based on differences between compounds
related to the mechanism of action or to their cellular
pharmacology. When the mechanism of action is taken into
consideration, it has already been published that DX-8951f
is more potent than SN-38 (3-fold) and topotecan (10-fold)
in inhibiting the topoisomerase I catalytic activity [1]. Our
finding supports the greater potency of DX-8951f. This
could indicate that DX-8951f has a greater affinity for the
topoisomerase [I-DNA complex, resulting in less efficient
reversal of the stabilized cleavable complexes after
removal of the drug leading to more DNA strand breaks.
Another possibility may be that the preferential binding
site of DX-8951f to the topoisomerase I-DNA complex,
such as a receptor site at the enzyme—DNA interface, is
responsible for the higher potency [16]. Furthermore, it
could be hypothesized that sublethal DNA damage induced
by DX-8951f is repaired less efficiently. Aspects related to
cellular pharmacology may also account for the differences
in the kinetic activity patterns between the three com-
pounds, such as the stability of the compounds in tissue-
culture medium, protein binding, cellular uptake, and
retention time. Perhaps a more important pharmacological
aspect to consider is a difference in the lactone—carbox-
ylate equilibrium of the drugs, but a better lactone stability

for DX-8951f as compared to that for SN-38 or topotecan
has not been observed in patients [4,17]. The enhanced
efficacy of DX-8951f upon prolonged exposure may be a
rationale for testing a continuous infusion schedule in the
clinic.

The presence of multidrug resistance proteins has been
regarded as an obstacle to successful anticancer therapy.
Pgp belongs to the ABC transporter superfamily and is the
best-known protein for transport of cytotoxic agents out of
the tumor cell. In contrast to the parental compound
camptothecin, accumulation and cytotoxicity of topotecan
and SN-38 were reduced in Pgp-positive CHXC5 Chinese
hamster ovary cells relative to the parental AuxB1 cells
[18,19]. We have also demonstrated cross-resistance
against CPT-11 and SN-38 in Pgp-positive sublines in
vitro [11,13]. Only low resistance against DX-8951f, how-
ever, was observed in the highly Pgp-positive cell line,
2780AD, indicating the drug to be a poor substrate for
Pgp. Overexpression of Pgp in vivo does not seem to affect
the activity of camptothecins as we have confirmed for the
CPT-11 activity in Pgp-overexpressing xenografts [13].
Based on these findings, we do not expect an influence
of Pgp expression on the in vivo activity of DX-8951f.

Another member of the ABC transporter superfamily is
MRPI1. The resistance profile of this protein includes
anthracyclines, Vinca alkaloids, and etoposide (reviewed
in [20]). Investigation of the role of MRP1 in resistance
against camptothecins has led to conflicting data. In
MRP]-transfected cell lines or in selected MRPI-over-
expressing non-Pgp cell lines, it has been reported that
cross-resistance against CPT-11 and SN-38 was not evident
[13,21]. Chen et al. [22], however, have demonstrated in
another MRP I-transfected cell line that MRP1 can extrude
CPT-11 and SN-38 from the cells and is involved in drug
resistance. Nevertheless, in our study no influence was
found of MRP1 on DX-8951f efficacy as the MRPI-
positive subline GLC4/ADR was as sensitive as its parental
cell line GLC4.

LRP, also known as the human major vault protein, has
been described to be a marker for drug resistance in vitro,
both for MDR-related anticancer agents (doxorubicin and
vincristine) and for other agents (cisplatin, carboplatin, and
mephalan) [23]. LRP has been evaluated for a possible role
in resistance against several camptothecin derivatives,
including CPT-11 and SN-38 [11]. The LRP-overexpres-
sing cell line 2R120 exhibited low, but significant cross-
resistance against CPT-11, but not against SN-38. Data on
the influence of LRP overexpression are currently not
available for topotecan. In our study, LRP overexpression
in vitro revealed no significant influence on the activity of
DX-8951f.

In contrast to the previous drug resistance proteins
mentioned, BCRP seems to be an important transporter
involved in in vitro resistance against derivatives of camp-
tothecin, including topotecan and SN-38 [24,25]. Unlike
topotecan and SN-38, DX-8951f is a poor substrate for this
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transporter as has been demonstrated in vitro or in vivo [26—
28]. We have shown, however, that DX-8951f is able to
induce overexpression of BCRP as a mechanism of resis-
tance [28]. Of importance, the growth inhibition induced
by CPT-11 in BCRP-overexpressing xenografts was more
affected than that of DX-8951f [28].

In our experiments in two human colon cancer xeno-
grafts, we did not find growth inhibition >50% when DX-
8951f was given daily x 5 or weekly x 2 at MTD. In the
past, COLO320 xenografts were described to be sensitive
to CPT-11 while WiDr was not [7]. In contrast, Kumazawa
et al. [2] have reported high activity of DX-8951f in six
human colon cancer xenografts. DX-8951f was more
effective than CPT-11 in two of these xenografts, including
WiDr. The schedules used consisted of four injections
given every 4 days and on the basis of maximum body
weight loss a total dose of 50 mg/kg (anhydrous free base)
could easily be administered. The differences in tolerabil-
ity of DX-8951f may partially be explained by the use of a
different strain of mice. In our human ovarian cancer
xenografts, however, high activity was observed both at
the daily x 5 and weekly x 2 schedules. Of interest in
OVCAR-3 xenografts, the drug DX-8951f showed con-
siderably greater activity than topotecan.

For the near future it is anticipated that DX-8951f will be
incorporated in combination schedules with other cyto-
toxic agents. For ovarian cancer this means that DX-8951f
might be combined with cisplatin or paclitaxel, being
agents with high efficacy in this disease [29]. Upon com-
bination of cytotoxic agents, drug interactions may be
expected caused by interference with drug metabolism
or excretion. In this respect, cisplatin is known to be a
nephrotoxic agent and could possibly reduce the clearance
of drugs that use the kidney for elimination. In the case of
topotecan, renal clearance accounts for approximately
40% (range 26—80%) of total drug disposition [30]. When
cisplatin preceded topotecan in a phase I clinical study,
significantly worse neutropenia and thrombocytopenia
were observed than induced by the alternate sequence
[31]. It was hypothesized that cisplatin could cause acute,
subclinical renal tubular damage that impaired the sys-
temic clearance of topotecan. For DX-8951f, a range of
10-25% of the intact drug was recovered in the urine of
patients participating in phase I trials [3]. By combining
DX-8951f with cisplatin in mice, we did not observe
additional toxicity when cisplatin preceded DX-8951f.
The low renal clearance of DX-8951f may well be of
advantage for future combination chemotherapy in which
cisplatin is included.

Studies on the metabolism of DX-8951f by liver micro-
somes have indicated that CYP3A4 and CYP1A2 of the
P450 liver enzyme system play a key role and the biliary
route has been confirmed as the major route of excretion in
mice, rats, and dogs [3]. Formation of 3’-p-hydroxypacli-
taxel from paclitaxel is believed to occur by use of the
CYP3A4 enzyme [32] because of which a drug interaction

with DX-8951f may be expected. As DX-8951f is not
clearly affected by Pgp, biliary excretion will likely not be
influenced by paclitaxel. Combination of DX-8951f and
paclitaxel in mice did not result in excessive toxicity of a
particular sequence. These data suggest that an interaction
between DX-8951f and paclitaxel may not play an impor-
tant role in combination chemotherapy.

All combination schedules of DX-8951f and paclitaxel
examined in this study were tolerated well. It was shown
that 70% of MTD of the single agents DX-8951f and
paclitaxel could easily be combined. Addition of cisplatin
or paclitaxel to DX-8951f was clearly more effective than
DX-8951f alone as the number of CRs increased substan-
tially. With respect to the 70% MTD of cisplatin, addition
of DX-8951f clearly resulted in a higher number of sus-
tained CRs. Improved efficacy for paclitaxel was less
pronounced when combined with DX-8951f as the number
of sustained CRs increased from 6 to 9 of 11 tumors. A
human ovarian cancer model that is less sensitive to each of
the three drugs may give an indication whether the
increased efficacy of the drugs combined is based on
addition or synergism of antitumor effects.

In conclusion, DX-8951f offers pharmacological advan-
tages over CPT-11 and topotecan. It has a favorable pre-
clinical antitumor activity profile in vitro as well as in vivo,
most pronounced in ovarian cancer. Moreover, prolonged
exposure to DX-8951f resulted in a great increase in the
inhibition of cell proliferation, being a rationale for testing
a continuous infusion schedule in the clinic. DX-8951f can
easily be combined with cisplatin or paclitaxel in vivo,
which resulted in increased antitumor effects of DX-8951f.
The high activity of DX-8951f in experimental human
ovarian cancer calls for a clinical trial including the
compound in combination chemotherapy to improve the
outcome in patients with advanced ovarian cancer.
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