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Abstract The triazinoaminopiperidine derivative S 9788
is a new multidrug-resistance modulator that is cur-
rently being evaluated in phase I clinical trials. In this
study, the reversal effect of S 9788 in comparison with
verapamil was shown in vitro in human T-leukemic
CCRF-CEM/VLB cells expressing the multidrug-res-
istance (MDR) phenotype. S 9788 increased in a dose-
dependent manner the cytotoxic activity of
doxorubicin or vinblastine, with complete reversal of
resistance occurring at 2 uM for a concomitant con-
tinuous exposure (96 h) to the cytotoxic drugs. At re-
spective concentrations equivalent to the IC,, value
(the concentration inhibiting 10% of cell growth),
S 9788 was 44 times more potent than verapamil in
CCRF-CEM/VLB cells. S 9788 at 2 uM did not en-
hance the in vitro toxicity of doxorubicin or vinblastine
in the human normal bone-marrow erythroid (BFU-E)
and myeloid (CFU-GM) progenitors. The effect of ex-
posure duration and concentrations on the synergistic
action of modulator and cytotoxic agent closely de-
pended on the cytotoxic agent studied. Post-incuba-
tions with S 9788 alone after a 1-h coadministration
with vinblastine and S 9788 dramatically increased the
reversal effect (4—41 times) in proportion to both the
duration of postincubation and the concentration of
S 9788. In contrast, for doxorubicin resistance, post-
incubation with S 9788 alone induced a maximal 2-fold
increase in the reversal effect that was not proportional
to the postincubation duration. In patients treated with
S 9788 as a 30-min intravenous infusion during phase
I trials, a good correlation was found between the
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serum levels of S 9788 and the ability to reverse MDR
in CCRF-CEM/VLB cells. The reversal effect was
dose-dependent and was effective beginning at
a plasma concentration of 0.25 uM. These data form
a basis for the design of phase IT trials using a combina-
tion of a loading dose of S 9788 given before vinblastine
or doxorubicin administration followed by a mainten-
ance infusion of S 9788 alone for a period of 2-24 h.
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introduction

Multidrug resistance (MDR) represents a major ob-
stacle to the successful therapy of neoplastic diseases.
MDR is defined as the ability of cells exposed to
a single drug to develop resistance to a broad range of
structurally and functionally unrelated drugs due to
enhanced outward transport of drugs mediated by
a membrane glycoprotein called P-glycoprotein (Pgp)
[3,26]. This Pgp appears to be clinically relevant in
some malignancies [5, 7, 13, 38, 39].

A wide variety of pharmacological agents have been
shown to reverse MDR using in vitro or in vivo experi-
mental models [19, 41]. However, to date the clinical
experience with chemosensitizers aimed at the modifi-
cation of acquired or intrinsic drug resistance has been
limited. A few compounds, especially verapamil (VRP)
and cyclosporin A, have been evaluated in the clinic
[12, 40].

The triazinoaminopiperidine derivative S 9788 is
a new modulator of MDR. Its in vitro reversing activity
has been demonstrated on a large panel of MDR tumor
cell lines with acquired or intrinsic resistance. In
MDR-selected lines, S 9788 was, at equimolar concen-
trations, more potent than VRP [24, 35]. S 9788 was
shown to be effective in intrinsically MDR human
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carcinoma cell lines (kidney, colon, neuroblastoma)
[16,23]. In drug-resistant tumor cell lines expressing
atypical MDR, no resistance modulation relative to
parental cells was observed [22,23]. Active in vitro
concentrations varied from 0.5 to 5 uM, depending on
the cell line and the cytotoxic agent studied. Mechani-
stic studies suggest that S 9788 modulates MDR
through Pgp [14, 30]. The reversal activity of S 9788
was confirmed in vivo in murine P388 leukemia lines
resistant to doxorubicin or vincristine [11, 35] and in
human xenograft models [36]. S 9788 is currently being
evaluated in phase I clinical trials, and plasma peak
concentrations of up to 3 uM are achieved in patients
treated with a 30-min infusion [27].

Our studies were undertaken with the aim of opti-
mizing future phase I-II clinical trials. To date the
clinical use of chemosensitizers has been limited by
significant toxicity due either to the pharmacological
properties of the modulator or to the potentiation of
the antitumor drug’s cytotoxicity on normal tissues
expressing Pgp. The concentrations of unbound
modulator necessary to reverse MDR in vitro cannot
usually be achieved in human plasma without produ-
cing major side effects.

In the present study, the in vitro reversal activity of
S 9788 in combination with doxorubicin (DOX) and
vinblastine (VLB) was confirmed in the human MDR
T-leukemic CCRF-CEM/VLB cell line. The effect of
$ 9788 on DOX and VLB cytotoxicity was also evalu-
ated in normal human bone marrow cells. For opti-
mization of phase II dosing schedules, the influence of
exposure time and concentration of S 9788 on MDR
modulation was investigated. Finally, considering that
the high degree of serum protein binding could de-
crease the reversal activity of modulators [4,29], the
reversing activity of the serum of patients treated with
S 9788 during phase I trials was assessed in CCREF-
CEM/VLB cells.

Materials and methods

Chemicals

DOX, VLB, and VRP were obtained from Sigma Chemical Co.
(France). Cytarabine (Ara-C) was purchased from Upjohn Lab-
oratories (France) and was used as a negative control. S 9788
or 6—{4-[2,2—di(4-ﬂuorophenyl)—ethylamino]-l—piperidinyl}—MN’, di-
2-propenyl-1,3,5-triazine-2,4-diamine, bismethane sulfonate was
synthesized at the Servier Research Institute [15]. All compounds
were initially dissolved in water.

Celis

The sensitive parental cell line CCRF-CEM/WT was originally
derived from a patient with T-cell lymphoblastic leukemia [18]. The
resistant variant CCRF-CEM/VLB, which was established by sub-
sequent growing in culture medium containing increasing concen-
trations of VLB [2], expresses the MDR phenotype; mdrl gene

expression was confirmed by Northern-blot analysis (data not
shown). These cell lines were kindly provided by Dr. J.P. Marie
(Paris, France). Cells were grown in RPMI 1640 (Gibco) supple-
mented with 10% fetal calf serum and a 4 mM L-glutamine in
a humidified chamber containing 5% CO,. The resistant cell line
was cultured in the presence of 0.5 pg VLB/ml until 3 days before the
start of the experiments. In these culture conditions, the doubling
times of CCRF-CEM/WT and CCRF-CEM/VLB cells were 18 and
24 h, respectively. Bone marrow cells were obtained from posterior
iliac crests of healthy donors for bone marrow transplantation with
their informed consent. Mononuclear cells were separated by centri-
fugation with lymphocyte-separation medium (Eurobio, d = 1.077).
Cells were washed twice, resuspended in RPMI 1640 medium, and
counted. Cytotoxicity assays were performed on erythroid burst-
forming units (BFU-E) and granulocyte macrophage colony-form-
ing units (CFU-GM).

Experimental conditions

Modulation of MDR

CCRF-CEM/WT and CCRF-CEM/VLB cells in the logarithmic
phase of growth were plated at a final concentration of 2.5 x 10*
cells/ml into 96-well microtiter plates on day 0. Medium containing
drug or control solvent was added on day 1 for continuous exposure.
Each compound was first evaluated alone (six graded concentrations
in triplicate) on each cell line. Then, the activity of DOX, VLB, or
Ara-C was studied in combination with S 9788 at 0.5, 1, 2, or 4 uM,
corresponding respectively to the I1C;4/2, ICy,, IC;s, and ICj,
values (ie., the concentrations required to inhibit cell growth by
10%, 15%, and 30% respectively), or with VRP at 0.4 or 2 uM,
corresponding to the IC;, and IC;q values. Thus, S 9788 and VRP
were compared at equitoxic (IC;q or IC;0) and equimolar concen-
trations (2 uM). Moreover, these concentrations were within the
range of human plasma levels obtained during clinical trials with
S 9788 [27] or VRP [37].

After four doubling times, the number and viability of cells were
estimated using a colorimetric assay that measures the activity of the
endogenous enzyme hexosaminidase [28]. The absorbance was
measured at 405 nm. Three separate experiments were performed in
triplicate. The results are expressed as ICs, values defined as the
drug concentration inhibiting by 50% the absorbance of treated
cells relative to untreated cells. The resistance of CCRF-CEM/VLB
cells relative to the sensitive cells was expressed as the n-fold resist-
ance (F. res =1Cso of the cytotoxic agent in the resistant cell
line/ICs, of the cytotoxic agent in the sensitive cell line). The activity
of S$9788 or VRP was expressed as n-fold reversal
(F. rev = ICs, of the cytotoxic agent alone/ICso of the cytotoxic
agent and modulator) as evaluated for each concentration of modu-
lator.

Hematotoxicity

Bone marrow mononuclear cells were plated at a final concentration
of 10% cells/m] in petri dishes containing a semisolid Iscove medium
(Terry Fox Laboratory) supplemented with 0.8% methylcellulose,
30% fetal calf serum, 1% bovine serum albumin, 10~* M mercap-
toethanol, 2 mM glutamine, 3 U erythropoietin/ml, and 4.5%
phytohemagglutinin in lymphocyte-conditioned medium. DOX and
VLB were added with or without 2 uM S 9788 for continuous
exposure. BFU-E and CFU-GM colonies were counted on day 14
[10]. The cytotoxicity of S 9788 alone was also evaluated. Two
independent experiments were petformed in duplicate. The results
are expressed as ICso values, defined as the drug concentration
inhibiting by 50% the number of colonies formed by treated cells
relative to untreated cells.



Time-schedule modulation of MDR

CCRF-CEM/WT and CCRF-CEM/VLB cells were incubated for
Lh in the presence of the cytotoxic agent (DOX or VLB at six
graded concentrations) with or without (control) S 9788. At the end
of the incubation, cells were centrifuged at 1,500 rpm for 10 min,
washed twice in RPMI 1640, and resuspended in complete medium
with or without S 9788 for 6, 12, or 24 h (postincubation phase).
Cells were then centrifuged again, washed twice in RPMI 1640, and
resuspended in complete medium for four doubling times. The
number and viability of cells were evaluated using the
hexosaminidase assay and 1Cs, values were determined. Concentra-
tions of § 9788 and periods of incubation were determined according
to previous experiments.
Different incubation schedules were evaluated as follows:

1. For DOX resistance, cells were coincubated for 1 h with DOX
and S 9788 at 50, 100, or 500 nM and postincubated for 6, 12, or
24 h with S 9788 alone at 50, 100, or 500 nM.

2. For VLB resistance, cells were coincubated for 1 h with VLB and
S 9788 at 500 nM and postincubated for 12 or 24 h with S 9788
alone at 125, 250, or 500 nM.

Two independent experiments were performed in triplicate.

Reversal activity of serum containing S 9788

Blood samples were collected from eight patients in a phase I study
who were suffering from fumors expressing intrinsic or acquired
resistance [27]. They received S 9788 alone (without cytotoxic drug,
which was given 1 week later in combination with S 9788) as a
30-min infusion at doses ranging from 88 to 104 mg/m? (last steps of
the dose increments). Samples were collected before the infusion, at
15 and 30 min during the 30-min infusion, and at 1, 2 or 24 h (for
some samples). S 9788 in serum was quantified by a high-perfor-
mance liquid chromatography (HPLC) procedure with UV detec-
tion following solid-phase extraction as described by Bakes et al.
[1]. Sera were decomplemented (30 min at 56°C) and filtered
(0.45 um) with no modification of the concentrations of S 9788

Table 1 Modulation of DOX
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(verified by HPLC before and after decomplementation). CCRF-
CEM cells were counted, centrifuged, and then incubated at a final
concentration of 2.5 x 10* cells/ml with each serum in the presence
or absence of DOX at 10 uM. After a 3-h incubation (at 37° C), cells
were washed twice and resuspended in complete culture medium for
four doubling times. The number and viability of cells were evalu-
ated using the hexosaminidase colorimetric assay. Two experiments
were performed in triplicate. For the calibration curve, the same
protocol was used, with decomplemented human serum being
spiked in vitro with different concentrations of S 9788 (0.125-4 pM)
in the presence of absence of 10 pM DOX.

Results

Modulation of DOX and VLB resistance
by S 9788 and VRP during continuous exposure

The results, expressed as ICsq values, n-fold resistance
and n-fold reversal, are presented in Table 1. S 9788
alone was not cytotoxic to CCRF-CEM/WT and
CCRF-CEM/VLB cells at concentrations lower than
2 uM. Beyond this concentration, cytotoxicity in-
creased rapidly with 1C;, values of 8§ pM being
recorded in CCRF-CEM/WT cells and 6 uM in
CCRF-CEM/VLB cells. The cytotoxicity of VRP ap-
peared at lower concentrations in CCRF-CEM/VLB
cells (IC;q, 0.4 pM), but the ICs, value was 20 uM
(data not shown). CCRF-CEM/VLB cells were
highly resistant to VLB (526.3-fold resistance) and
DOX (67.5-fold resistance) but remained sensitive to
Ara-C, as expected. The addition of S 9788 at concen-
trations ranging from 0.5 to 4 uM induced a dose-
dependent reversal of DOX and VLB resistance in

and VLB resistance achieved by

continuous exposure to S 9788 Cytotoxic Modulator ICso (nM) F. res® F. rev®
or VRP in CCRF-CEM cells agent (M) CEM/VLB cells
CEM/WT CEM/VLB
cells cells

Doxorubicin 0 65 4,000 61.5 -
S9788 05 55 220 4.0 18.2
1.0 42 67 16 59.7
2.0 50 50 1.0 80.0
4.0 52 43 0.8 93.0
VRP 0.4 70 2,800 40.0 1.4
2.0 50 900 18.0 44

Vinblastine 0 38 2,000 526.3 -
S9788 0.5 4.0 38 9.5 52.6
1.0 4.0 30 7.5 66.7
2.0 4.0 6 15 333.3
4.0 3.8 4.2 1.1 476.2
VRP 04 3.8 1,300 342.1 1.5
2.0 4.0 500 125.0 4.0

Cytarabine 0 7.2 52 0.7 -
$9788 2.0 17 10 0.6 0.5
VRP 04 10 7 0.7 0.7

* n-Fold resistance = ICs,, cytotoxic agent in resistant line/ICs, cytotoxic agent In sensitive line
®n-Fold reversal = ICs, cytotoxic agent alone/IC;, cytotoxic agent and modulator
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CCRF-CEM/VLB cells. Reversal of DOX and VLB
resistance was complete at S 9788 concentrations of
2 and 4 puM, respectively. In comparison, VRP at
0.4 M had no effect on CCRF-CEM/VLB cells and
exhibited only weak activity at 2puM (IC;p). At
equitoxic concentrations, S 9788 was approximately 44
times more potent than VRP in the reversal of DOX
and VLB resistance. S 9788 and VRP neither modified
the cytotoxicity of Ara-C to sensitive and resistant cell
lines nor influenced VLB and DOX cytotoxicity to-
ward parental cells.

Table 2 Cytotoxic effect of DOX and VLB alone or in combination
with S 9788 on BFU-E and CFU-GM bone marrow cells

Treatment 1C5, (nM)

BFU-E CFU-GM
S 9788 9,400 13,000
DOX 13 30
DOX + S 9788 (2 uM) 12 23
VLB 4 42
VLB + S 9788 (2 uM) 3 3.2

Effect of S 9788 on DOX and VLB hematotoxicity

The effect of treatment with DOX or VLB in the
presence or absence of S 9788 was evaluated in BFU-E
and CFU-GM normal hematopoietic precursors. As
shown in Table 2, S 9788 alone had a minimal effect on
BFU-E and CFU-GM. DOX and VLB alone were very
cytotoxic to both BFU-E and CFU-GM (ICs, values
were comparable with those obtained in the malignant
CCRF-CEM/WT cells). S 9788 at 2uM, which corre-
sponded to an active concentration in CCRF-
CEM/VLB cells, did not increase the cytotoxicity of
VLB or of DOX toward either BFU-E or CFU-GM.

Postincubation effect of S 9788 alone on MDR
modulation

The effect of various postincubation times (6, 12, or
24 h) with S 9788 alone following a 1-h incubation with
both S 9788 and the cytotoxic agent was evaluated in
CCRF-CEM/VLB cells. The n-fold resistance values ob-
tained for DOX alone varied from 11 to 24, depending

Table 3 Effect of various periods of postincubation with S 9788 alone at 50, 100, or 500 nM on the reversal of DOX resistance in

CCRF-CEM/VLB cells

Incubation Postincubation without S 9788® Postincubation with S 9788 R®
for 1h ICso (M) F.res® F. rev® ICso (M)  F. res® F. rev?

Post incubation 6 h:

with S 97888 (50 nM) DOX alone 17 14.2 - - ~
DOX +S9788 8 6.7 2.1 7.0 5.8 24 1.1
(50 nM)

with S 9788 (100 nM) DOX alone 17 14.2 - - - -
DOX + S 9788 6 5.0 2.8 34 2.8 5.0 1.8
(100 nM)

with S 9788 (500 nM) DOX alone 22 24.0 - - - -
DOX + S 9788 4 4.4 55 2.5 2.8 8.8 1.6
(500 nM)

Post incubation 12 h:

with S 9788 (50 nM) DOX alone 15 12.5 - - - -
DOX + S 9788 8 6.7 1.9 7.0 5.8 2.1 1.1
(50 nM)

with S 9788 (100 nM) DOX alone 20 16.7 - - - - -
DOX + S 9788 6.8 5.7 2.9 32 2.7 6.3 2.2
(100 nM)

Postincubation 24 h:

with S 9788 (50 nM) DOX alone 20 18.2 - - - - -
DOX + S 9788 8 7.3 2.5 7.0 6.4 29 1.2
(50 nM)

with $9788 (100nM)  DOX alone 21 19.1 - - - -
DOX + S 9788 6.5 5.9 32 4.0 3.6 53 1.7
(100 nM)

with S 9788 (500 nM) DOX alone 10 11.1 - - - - -
DOX + S 9788 4 4.4 2.5 2.0 2.2 5.0 2.0
(500 n M)

*DOX alone was also evaluated in CCRF-CEM/WT cells and ICs, values were 1.2 (6 and 12 h postincubation with culture medium) and

1.1 pM (24 h postincubation)

b Culture medium was added instead of S 9788

¢F.res = ICs, DOX in resistant line/ICs, DOX in sensitive line
dF rev = IC5o DOX alone/iCso (DOX + S 9788}

¢R = F. rev with postincubation/F. rev without postincubation



on the experimental conditions. S 9788 at 50, 100, and
500 nM associated with DOX for 1 h (without postin-
cubation) induced a partial reversal of resistance, with
n-fold reversal values ranging from 2 to 5.5. Post-
incubation with 50 nM S 9788 did not improve this
reversing activity, whatever the exposure times (6, 12,
or 24 h), the n-fold reversal values remaining close to 2.
Conversely, 100 and 500 nM S 9788 led to an increase
in the n-fold reversal values (1.8- and 1.6-fold, respec-
tively) as early as at 6 h of incubation. Longer postin-
cubation phases did not increase this effect (Table 3).

The resistance values obtained for VLB alone varied
from 600- to 1667-fold depending on the experimental
conditions. S 9788 at 500 nM increased the cytotoxic
activity of VLB (without post-incubation), with rn-fold
reversal values ranging from 1.5 to 2.9. Long postin-
cubation phases (12 or 24 h) led to a major increase
(4—41 times) in the reversal effect (Table 4). This effect
was directly proportional to both the incubation dura-
tion and the concentration of S 9788 during this postin-
cubation period. The maximal effect was obtained with
the highest concentration of S 9788 (500 nM) and the
longest postincubation period (24 h), with the reversal
value being 119-fold.

Modulation of MDR by the sera of patients
treated with S 9788

A total of 58 serum samples were collected, and the
concentrations of S 9788 measured at 15 min, 30 min,
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Ih, 2h, or 24 h after the beginning of the infusion
varied from 0.16 to 3 pM. As shown in Fig. 1, DOX
alone at 10 uM (added in serum samples without
S 9788) induced a weak inhibition of cellular growth.
The percentages of surviving cells varied from 60% to
80%. Sera containing S 9788 alone had no effect on the
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Fig. 1 Modulation of DOX resistance by the sera of patients treated
by S 9788 infusion on CCRF-CEM/VLB cells. A total of 58 blood
samples were collected from 8§ patients before and at 15 min, 30 min,
Lh, 2h, and 24 h after the beginning of the S 9788 infusion. After
HPLC quantification of S 9788, CCRF-CEM/VLB cells were incu-
bated for 3 h with each serum in the presence or absence of DOX at
10 uM. Cytotoxicity was evaluated by the hexosaminidase assay
after 4 days of culture. The percentages of surviving cells were
calculated as follows:

OD values with cells incubated in sera contaming DOX + S 9788

X
OD values with cells incubated in sera collected before the S 9788 infusion, without addition of DOX

100

Table 4 Effect of various periods of postincubation and concentrations of S 9788 alone on the reversal of VLB resistance in CCRF-

CEM/VLB cells

Incubation Postincubation without S 9788° Postincubation with S 9788 R®
for 1 h*
ICso (uM)  F. res® F. revé ICso (uM) F.res® F.rev?
Post incubation 12 h:
with S 9788 (125 nM) VLB alone 80 800 - - - - -
VLB + S 9788 (500 nM) 54 540 1.5 14 140 5.7 3.8
with S 9788 (250 nM) VLB alone 100 1,000 - - - - -
VLB + S 9788 (500 n M) 80 800 1.3 8 80 12.5 9.6
with S 9788 (500 nM) VLB alone 60 600 - - - - -
VLB + S 9788 (500 nM) 40 400 1.5 2 20 30.0 20.0
Postincubation 24 h:
with S 9788 (125 nM) VLB alone 50 1,667 - - - - -
VLB + S 9788 (500 nM) 17 567 2.9 2 67 25.0 8.6
with S 9788 (250 nM) VLB alone 50 1,667 - - — - -
VLB + S 9788 (500 nM) 17 567 2.9 0.7 23 714 24.6
with S 9788 (500 nM) VLB alone 50 1,667 - - - - -
VLB + S 9788 (500 nM) 17 567 29 0.4 14 119.0 410

* VLB alone was also evaluated in CCRF-CEM/WT cells and ICs, values were 0.1 (12 h postincubation with culture medium) and 0.03 pM

(24 h postincubation)

® Culture medium was added instead of S 9788

“F.res = ICsq VLB In resistant line/ICs, VLB in sensitive line
4F.rev = ICs, VLB alone/ICs, (VLB + S 9788)

°R =F. rev with postincubation/F. rev without postincubation
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Table 5 Modulation of DOX resistance by S 9788 added in vitro in
human serum on CCRF-CEM/VLB cells

S 9788 % Surviving cells
(uM)
Experiment 1 Experiment 2

0 72 67

0.125 66 35

0.250 51 47

0.500 34 40

1 25 29

2 20 21

4 12 16

survival of CCRF-CEM/VLB cells, with the percent-
ages of surviving cells always being higher than 85%
(data not shown).

The cytotoxic activity of DOX increased with the
concentration of S 9788 used, and the percentage of
growth inhibition reached 80% at the highest concen-
trations tested (between 1.75 and 3 pM). Sera of pa-
tients treated with S 9788 were capable of reversing the
MDR of CCRF-CEM/VLB cells in a dose-dependent
manner (Fig. 1). As shown in Table 5, S 9788 added in
vitro at equivalent concentrations in human serum
(from 0.125 to 4 uM) induced the same reversing effect
in the presence of 10 uM DOX as in the sera of treated
patients. The percentages of surviving cells were com-
parable.

Discussion

Numerous data that have emerged from studies on the
clinical expression of P-glycoprotein (Pgp) and its rel-
evance to drug resistance suggest that chemosensitizers
could play an important role in cancer chemotherapy.
Promising results have recently been obtained using
VRP or cyclosporin A in combination with standard
drugs for the treatment of refractory lymphoma, acute
Jymphoblastic leukemia, and multiple myeloma
[12, 32, 40]. However, the occurrence of toxic side ef-
fects due to either the pharmacological properties of
the modulator or to the potentiation of the antitumor
drug’s cytotoxicity to normal tissues have limited their
clinical use.

In the current study, we demonstrated that the new
MDR modulator S 9788 exhibited a potent in vitro
reversal activity in human T-leukemic CCRF-
CEM/VLB cells expressing the MDR phenotype.
$ 9788 enhanced in a dose-dependent manner the
cytotoxic activity of DOX or VLB in CCRF-
CEM/VLB cells, with complete reversal of resistance
occurring at a concentration of 2 pM when concomi-
tant continuous exposure (96 h) was used. This com-
pound was 44 times more effective than VRP at
equitoxic concentrations. Similar results have been de-
scribed for S 9788 used in combination with cytotoxic

drugs in different murine and human MDR cell lines by
Pierré et al. [35]. In CCRF-CEM/VLB cells 6,000-fold
resistant to VLB, Oum’Hamed et al. [33] showed that
5uM VRP was 1,000 times less active than 5 uM
S 9788 for a 48-h exposure. On the other hand, Hill
et al. found that the resistance modulation achieved by
VRP and by S 9788 was comparable at equitoxic con-
centrations (equivalent to the IC,, value) in CCRF-
CEM/VLB 1000 cells 200-fold resistant to VLB
[22, 23]. These results are not directly comparable with
our findings due to various differences in both the
cell-line characteristics (i.e., origin, level of resistance to
VLB and of sensitivity to VRP) and the protocols
(incubation time and cytotoxicity tests). The activity of
S 9788 was specific for the MDR phenotype since it did
not potentiate the cytotoxic effect of Ara-C and had no
effect on the parental CCRF-CEM/WT cells.

Hematological toxicity is one of the most important
side effects of DOX and VLB in humans. Therefore, we
evaluated in vitro the influence of S 9788 on the hema-
totoxicity of these cytotoxic agents. S 9788 at 2 uM, an
active concentration against CCRF-CEM/VLB cells,
did not enhance the cytotoxicity of DOX and VLB
toward the human bone marrow erythroid (BFU-E)
and myeloid (CFU-GM) progenitors. Expression of the
mdrl gene has been described to be low or negative in
normal bone marrow cells [12, 17]. However, recent
publications have shown that normal hematopoietic
stem cells (CD34 antigen-positive or negative) signifi-
cantly express the MDR phenotype [9, 21, 31], sugges-
ting a possible function of Pgp in stem-cell protection.
Chao etal. [8] described an increase in etoposide
cytotoxicity induced in vitro by VRP or cyclosporine in
CFU-GM cells.

The importance of exposure sequence and duration
on the synergistic action of modulator and cytotoxic
agent has previously been demonstrated by Cass et al.
[6]. The long coincubation periods usually studied
(greater than 48 h) are not relevant to the clinical situ-
ation. Therefore, we evaluated the effect of a short
duration of exposure (1 h) to both the cytotoxic agent
(DOX or VLB) and S 9788 followed by a period of
incubation with low concentrations of S 9788 alone for
various exposure times (6-24 h). Our results showed
that the effect of exposure duration and sequence close-
ly depended on the cytotoxic agent used. After a short-
term exposure period (1 h) in the absence of S 9788,
CCRF-CEM/VLB cells were about 16- and 1230-fold
resistant to DOX and VLB, respectively, relative to the
corresponding drug-sensitive cells. However, when re-
sistance was assessed during a long-term period of
exposure (96 h), CCRF-CEM/VLB cells were 61.5- and
526-fold resistant to DOX and VLB, respectively. Thus,
in contrast to DOX, the degree of resistance to VLB
was greater for a short period of exposure than for
a long one.

S 9788 was applied concomitantly with the cytotoxic
agent for a 1h period at concentrations that induce



a partial reversal of MDR: 50, 100, and 500 nM for
DOX (2- to 3-fold reversal) and 500 nM for VLB (2-fold
reversal). Lower concentrations of S 9788 were used
with DOX since CCRF-CEM/VLB cells are clearly less
resistant to DOX than to VLB. Post-incubation with
low concentration of S 9788 alone after a 1-h coad-
ministration of VLB and S 9788 increased VLB
cytotoxicity in CCRF-CEM/VLB cells. This effect was
proportional both to the duration of the postincuba-
tion period and to the concentration of S 9788. The
maximal increase in reversal effect (41 times) was ob-
served after a 24-h postincubation period with 500 nM
S 9788. Pérez et al. [34] showed that 24 h of postin-
cubation with S 9788 alone at a 10-times higher con-
centration (5 uM) markedly increased the reversal of
vincristine resistance in S1/tMDR cells as compared
with a single 4-h period of coincubation. Similar results
were obtained by Cass et al. [6] using VRP combined
with vincristine in CCRF-CEM/VLB cells; they showed
that maximal efficacy could be achieved when VRP was
applied both during and after the cytotoxic agent.

On the other hand, postincubation with S 9788 alone
weakly improved DOX cytotoxicity with a maximal
2-fold increase in the reversal effect. Prolongation of
exposure from 6 to 24 h did not modify the reversal
ratio, in contrast to what was observed with VLB.
Léonce et al. [30] showed that after a short exposure of
KB-A, cells to both DOX and S 9788, the administra-
tion of S 9788 alone (in DOX-free medium) increased
the intracellular retention of DOX. Pérez et al. [34]
demonstrated the same phenomenon in S1/tMDR-
transfected cells treated with vincristine and S 9788.
This increase in retention of the cytotoxic agent could
explain the improved reversal effect obtained with a pe-
riod of postincubation with S 9788 alone.

The differences observed between the two cytotoxic
agents could be explained by (a) the CCRF-CEM/VLB
cells used, which appeared much more resistant to VLB
than to DOX: (b) a better retention of VLB as com-
pared with DOX in the presence of S 9788 in the
CCRF-CEM/VLB cells: or (c) the differing mechanisms
of actions of these cytotoxic drugs—VLB is active
during the shortest G,M phase of the cell cycle, where-
as DOX 1s active during the longer S phase. Julia et al.
[25] showed in the MCF,/DOX cell line which is
highly resistant to DOX (950-fold resistance), that post-
incubation with S 9788 (1 uM) alone increased the re-
versal of DOX resistance by a factor ranging from 5 (for
a 6-h exposure period) to 9 (for a 24-h period of expo-
sure). Thus, the improvement of reversal activity by
post-incubation with S 9788 alone varies with the
cytotoxic agent and the level of resistance of the cell
line.

Pharmacokinetic analysis during phase 1 clinical
trials showed that plasma concentrations of greater
than 2 uM could be reached at nontoxic doses. Li-
nearity between the delivered dose and the area under
the concentration versus time curve was also demon-
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strated [20]. Despite a strong degree of binding to
plasma proteins (higher than 98.5% in human plasma
in vitro: unpublished data), good correlation was ob-
served between the S 9788 serum levels and the ability
to reverse MDR in CCRF-CEM/VLB cells. At S 9788
concentrations ranging from 0.16 to 3uM, the
cytotoxicity of DOX varied from 35% to 80%. The
reversal effect of S 9788 in patients’ sera was dependent
on the concentration of the drug and was effective
beginning at a plasma concentration of 0.25 uM. Sera
collected 2 h after the beginning of the infusion were
inactive (S 9788 concentrations inferior to 0.25 pM).
The maximal effect was observed at concentrations
higher than 1.75 pM, which were obtained in sera col-
lected at 15—-60 min after the beginning of the 30-min
infusion at the highest doses of S 9788 tested (96 and
104 mg/m?, which are the maximal tolerated doses).

In conclusion, these results suggest that reduced
doses of S 9788 given as a prolonged intravenous infu-
sion could improve its reversal effect. Moreover, the
maximal reversal effect of S 9788 in sera of treated
patients was generally obtained at the end of (or im-
mediately after) the infusion. These data form a basis
for the design of phase I-II trials using a combination
of either a loading dose of S 9788 given over 30 min
before VLB or DOX administration followed by
a maintenance infusion of S 9788 alone given from
2 {for DOX) to 24 h (for VLB) or a continuous infusion
given over 6 h.
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