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Purpose. Investigation of the ability of doxorubicin-loaded nanopar-
ticles (NP/Dox) to overcome multidrug resistance (MDR) when they
have first been taken up by macrophages.

Methods. The growth inhibition of P388 sensitive (P388) and resistant
(P388/ADR) tumor cells was evaluated in a coculture system consisting
of wells with two compartments. The tumor cells were seeded into the
lower compartment, the macrophages were introduced into the upper
part in which the drug preparations were also added.

Results. Doxorubicin exerted lower cytotoxicity on tumor cells in
coculture compared with direct contact. In P388/ADR, NP/Dox cyto-
toxicity was far higher than that of free doxorubicin (Dox). Three
different formulations of cyclosporin A (either free (CyA), loaded to
nanoparticles (NP/CyA) or in a combined formulation with doxorubicin
(NP/Dox-CyA)), were added to modulate doxorubicin efficacy. The
addition of cyclosporin A to Dox increased drug cytotoxicity. Both CyA
added to NP/Dox and NP/Dox-CyA were able to bypass drug resistance.
Conclusions. Despite the barrier role of macrophages, NP/Dox
remained far more cytotoxic than Dox against P388/ADR. Both NP/
Dox + CyA and NP/Dox-CyA aliowed to overcome MDR, but the
last one should present greater advantage in vivo by confining both
drugs in the same compartment, hence reducing the adverse effects.

KEY WORDS: doxorubicin; cyclosporin A; polyalkylcyanoacrylate
nanoparticles; multidrug resistance; macrophages; coculture.

INTRODUCTION

Usually, following IV administration, colloidal carriers are
captured by Kiipffer cells and concentrate in hepatic tissue.
Such a passive drug targeting may be advantageous for the
treatment of hepatic metastasis as well as for primary liver
tumors. Doxorubicin-loaded polyalkylcyanoacrylate (PACA)
nanoparticles or liposomes have been shown to increase the
life-span of mice bearing M5076 liver metastasis (1-2). In
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addition, these same nanoparticles have been reported to over-
come multidrug resistance (MDR) in vifro in many resistant
cell lines (3-5).

Among the different strategies used to overcome MDR,
co-administration of chemosensitizing compounds, usually act-
ing as P-gp inhibitors, has been widely investigated (6).
Cyclosporin A, a potent immunosuppressive agent, has been
shown to reverse MDR in resistant cell cuiture studies (7)
and has yielded promising results in refractory leukaemia (8).
Cyclosporin A can bind directly to P-gp, inhibiting the pump
efflux and leading to increased intracellular accumulation of
the cytotoxic drug (9).

In order to better understand the probable effect of PACA
nanoparticles in vivo, it is necessary to extend the studies to
experimental conditions which would better represent in vivo
behavior. Indeed, after IV administration nanoparticles are pref-
erentially captured by the liver macrophages and not by the
tumor cells themselves (10), and it may be also the case after
IP administration, because of the presence of peritoneal macro-
phages (3). It was then considered interesting to investigate
doxorubicin nanoparticles in a coculture system consisting of
a macrophage-monocyte cell line (J774.A1) and a tumor cell
line either sensitive or resistant to doxorubicin (P388 and P388/
ADR respectively). Such an approach would contribute to a
better understanding of the role of macrophages in delivering the
drug to tumor cells. However, it was expected that doxorubicin
would exert lower cytotoxicity on tumor cells in coculture
compared with direct contact. Therefore, we decided to investi-
gate the additional effect of a reversing agent, cyclosporin A,
on the activity of doxorubicin-loaded PACA nanoparticles. An
original formulation in which cyclosporin A was coencapsu-
lated with doxorubicin within the same nanoparticle polymeric
network was evaluated and compared with other nanoparticle
preparations for this purpose. This combined loading should
allow both drugs to be targeted to the same location in the liver
tissue and would be expected to diminish the side-effects of
both compounds while increasing their efficacy.

MATERIALS AND METHODS

Chemicals

Free doxorubicin (Adriblastine®) was a gift of Farmitalia
(Carlo Erba, Italy). Cyclosporin A was kindly supplied by
Novartis (Switzerland). The monomer isobutylcyanoacrylate
(IBCA) and MTT were obtained from Sigma (USA). Recombi-
nant mouse interferon-y, 10° U/vial, was obtained from Life
Technologies (France). All other chemicals were purchased
commercially and were of analytical grade.

Preparation of Nanoparticles

Doxorubicin-loaded nanoparticles (NP/Dox) were pre-
pared as described previously (5). Typically, 66.5 mg of IBCA
were dropped under mechanical stirring into 6.5 ml of medium
containing 5 mg of doxorubicin, 5% glucose, 1% dextran 70
and 0.5% citric acid, resulting in a theoretical payload of 0.8
mg/ml doxorubicin in the colloidal dispersion. The percentage
of doxorubicin content in the nanoparticles attained 80% of the
initial loading (data not shown).
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Cyclosporin A-loaded nanoparticles (NP/CyA) were also
obtained as described above by emulsion polymerization. 20
pl of IBCA were dropped into 2 ml of polymerization medium.
Then, cyclosporin A was added as an alcoholic solution (5 mg
in 500 pl of ethanol) 1 h after the initiation of the polymerization
process, resulting in a theoretical payload of 2 mg/ml
cyclosporin A in the nanoparticle suspension. The incorporation
efficiency was 89%.

For combined doxorubicin (Dox) and cyclosporin A (CyA)
loaded PIBCA nanoparticles, Dox (0.8 mg/ml) was added in
the polymerization medium at the beginning of the process as
for NP/Dox preparation and CyA at a final concentration of 2
mg/ml was introduced 1 h after the polymerization process was
started. The percentage of drug associated with the NP/Dox-
CyA nanoparticles was 75% for doxorubicin and 86% for
cyclosporin A.

The overall polymerization process lasted over 6 h. The
size of the nanoparticles was determined by laser light-scatter-
ing method with photon correlation spectroscopy (Nanosizer
N4 Plus, Coultronics, France) and was 139 * 46 nm for NP/
Dox, 260 * 80 nm for NP/CyA and 288 * 66 nm for NP/
Dox-CyA. Unloaded nanoparticles (PIBCA) were obtained by
the same method in the absence of drug in the polymerization
medium and had a size of 240 = §1 nm.

Cell Lines and Culture

P388 (sensitive cells) and P388/ADR (resistant cells) were
kindly supplied by the “Institut de Recherche sur le Cancer”
(IRSC, France). They were grown in suspension in RPMI 1640
medium (Gibco, France) supplemented with 10% foetal calf
serum (Gibco, France), penicillin-streptomycin (Eurobio,
France) and 20 nM 2-mercaptoethanol (Sigma, France). The
macrophage-monocyte cell line J774.A1 was obtained through
the ECACC catalogue (number 91051511). It was maintained
as an adherent culture under the same conditions as those
described for P388 cells. The activation of J774.A1 cells was
induced by adding interferon y (IFN-v) to the culture medium
prior to the introduction of drug samples. The extent of activa-
tion was evaluated by estimating the formation of NO through
the quantitative determination of nitrite produced by the acti-
vated macrophages. In order to elucidate the influence of
induced NO production by activated J774.A1 cells on tumor
cells, a series of experiments without IFN-y was carried out.
In such experiments, no formation of NO was detected (data
not shown).

Measurement of Nitrite

Briefly, 100 w! of the culture medium were incubated with
200 pl of Griess reagent (1% sulfanilamide/0.1% naphthylethy-
lene diamine) in the dark at room temperature for 30 min.
The absorbance was measured at 540 nm using a Labsystem
microplate reader (ATGC, France). A calibration curve was
prepared using sodium nitrite. The lower detection limit was
1 uM nitrite.

Inhibition of Cell Growth

The growth inhibition of P388 sensitive and resistant cells
was assessed after either direct contact between drug samples
and tumor cells or coculture with J774.A1 cells, using the MTT
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assay (11). The samples tested were either free Dox, NP/Dox,
PIBCA alone or coincubated with cyclosporin A as free (CyA)
or loaded onto nanoparticles (NP/CyA and NP/Dox-CyA).

For direct contact experiments, the drug samples were
simply introduced in the wells containing P388 or P388/ADR.
The cells were seeded into flat-bottomed 24-well plates (Costar,
USA) at 10° cells/well. They were incubated for 24 h before
various concentrations of drugs were added and then incubated
for further 24 h with the different samples. The final cell number
used as control (100%) was the number of cells found in wells
at the end of the experimental ime (24 + 24 h) when no drug
has previously been added to the wells.

The coculture experiments were carried out in appropriate
wells consisting of two compartments separated by a porous
membrane (Transwell clear inserts, polyester, pore size 0.4 pm
membrane diameter, Costar USA). P388 or P388/ADR cells
were seeded in the lower compartment at 10° cells/well, whereas
J774.A1 cells were seeded in the upper part at 8.10* cells/insert.
The drug samples were introduced in the upper macrophage
compartment only. IFN-y was added at 100 U/ml 1 h prior to
drug sample introduction in the macrophage insert. As for direct
contact experiments, both P388 and J774.A1 cells were grown
for 24 h in the well prior to the addition of the drugs and
incubated for further 24 h with them. The preliminary growth
period allowed the macrophages to become confluent while the
tumor cells were in an exponential growth phase. In order to
evaluate the importance of doxorubicin adsorption onto the
separating membrane, growth inhibition experiments were per-
formed after incorporation of the drug samples over the insert,
but in the absence of the macrophage cells. When used,
cyclosporin A was added at the concentration of 1.5 pg/ml.
This dose was selected on the basis of results obtained in
preliminary studies in which the cytotoxicity of different con-
centrations of cyclosporin A towards both tumor cells and mac-
rophages was evaluated. Whatever the experiment, the 1C50
was determined as the concentration of drug inhibiting 50% of
cell growth, compared to the control.

RESULTS

Growth Inhibition of Tumor Cells in Direct Contact

In sensitive cells, Dox and NP/Dox exhibited the same
cytotoxicity (Fig. 1a) with an 1C50 value of 500 ng/ml. In
contrast, in the case of resistant cells, free Dox had no inhibitory
effect (1C50 value of 22,000 ng/ml), whereas NP/Dox showed
a cytotoxicity close to that observed in sensitive cells, with an
1C50 value of approximately 750 ng/ml (Fig. 1b). It should be
noted that unloaded NP exerted a moderate cytotoxicity in both
cases with 1C50 values expressed as equivalent concentrations
of doxorubicin of 3000 and 2000 ng/ml respectively.

Growth Inhibition of Tumor Cells in Coculture with
J774.A1 Cells

In the coculture system, NP/Dox appeared to be more
cytotoxic than Dox on sensitive cells (IC50 around 2000 and
3500 ng/ml respectively) (Table I). Compared with the previous
values obtained in direct contact, Dox and NP/Dox efficacy
decreased 7-and 4- fold respectively in coculture. In case of
resistant cells (Fig. 2a, Table 1), the 1C50 of NP/Dox reached
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Fig. 1. Growth inhibition of P388 (a) and P388/ADR (b) cells by: free
doxorubicin (Dox), doxorubicin-loaded nanoparticles (NP/Dox) and
unloaded nanoparticles (PIBCA). Three independent experiments were
performed in triplicate with less than 10% standard deviation between
experiments. The results of a typical experiment are presented with
error bars representing internal standard deviations.

6800 ng/ml, corresponding to a decrease in efficacy of one
order of magnitude compared with direct contact experiments.
The decrease of free Dox eftect seemed to be even more pro-
nounced, since no cytotoxicity could be observed for Dox, even
at the highest doses tested. The addition of CyA in solution
(Table 1) decreased the IC50 of Dox to a value close to that of
NP/Dox in sensitive cells. In the case of P388/ADR cells (Fig.
2b) both Dox and NP/Dox cytotoxicity were improved by CyA.
When cyclosporin A was added as NP/CyA, very similar effects
were observed, except in the case of resistant cells and NP/
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Dox (Fig. 2c, Table I). Indeed, the IC50 observed for NP/Dox
was even higher in the presence of NP/CyA than in the absence
of any cyclosporin A (9000 and 6800 ng/ml respectively).
Finally, the combined formulation, NP/Dox-CyA, appeared to
be the most effective on sensitive cells (Table 1), together with
NP/Dox + CyA, and was also the most effective on resistant
cells (Fig. 2d).

The results obtained from coculture experiments in
absence of IFN-y (no macrophage activation) were similar to
those observed with the activated macrophage coculture experi-
ments (data not shown).

Finally, the cytotoxicity of doxorubicin samples in the
absence of macrophages has been investigated (Table 11). The
IC50 values for doxorubicin and NP/Dox on P388/ADR celis
were close to those obtained in direct contact (24,000 and 2500
ng/ml versus 22,000 and 750 ng/ml respectively).

Tolerance of Drug Preparations by J774.A1

The macrophages were activated with mouse IFN-y 100
U/ml. This dose was selected after preliminary studies and
corresponded to an optimal production of NO in cell cultures
in the absence of significant cytotoxicity. Dox and NP/Dox
were found to be equally cytotoxic towards J774.A1 cells, with
IC50 around 550 ng/mi (Table I). At the IC50 of NP/Dox,
PIBCA itself induced 20% growth inhibition, but no cumulative
cytotoxicity between doxorubicin and the polymer could be
observed. lrrespective of the formulation (CyA, NP/CyA, NP/
Dox-CyA), the addition of cyclosporin A increased the cytotox-
icity of both Dox and NP/Dox on J774.A1 cells, decreasing
the 1C50 value to approximately 150 ng/ml (Table 1), whereas
by itself cyclosporin A did not exhibit any marked cytotoxicity
on J774.A1 cells at concentrations up to 12 pg/ml (data not
shown).

When NO production was measured as a function of doxo-
rubicin concentration (Fig. 3), Dox and NP/Dox led to a decrease
in the NO measured in the culture medium at the end of the
incubation time especially at higher concentrations, probably
due to the cytotoxicity (Fig. 3a). PIBCA did not exert any
significant effect on NO production. In the presence of
cyclosporin A, either CyA, NP/CyA or NP/Dox-CyA (Fig. 3b),
the decrease in NO production was even more pronounced.
This effect is consistent with the increase in cytotoxicity

Table I. IC 50 Values (mean +/— SD) of Dox and NP/Dox, with or Without the Different Formulations of Cyclosporine A, on P388 and
P388/ADR Cells in the Coculture Experiments

IC 50 values (mean +/— SD), ng/m! of doxorubicin

Dox + NP/Dox + Dox + NP/Dox
Dox NP/Dox CyA CyA NP/CyA + NP/CyA NP/Dox-CyA
P388 3500 2000* 1700 1600 1500 1500 1100*
+/-200 +/-100 +/-100 +/-100 +/—100 +/—100 +/—100
P388/ADR — 6800 > 6000 2900 22,000 9000 2900
—_ +/-200 — +/—-100 +/—1000 +/-300 +/—-200
J774.A1 550 550 150 150 150 150 150
+/—-50 +/-50 +/-10 +/—10 +/—-10 +/—10 +/-10

Note: Three different experiments were performed in triplicate, with less than 10% standard deviation between experiments. The results of a

typical experiment are presented.
*p < 0.05 (NP/Dox versus NP/Dox-CyA).
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Fig. 2. Growth inhibition of P388/ADR cells in coculture with J774.A1 activated with IFN-vy by: Free doxorubicin (Dox), doxorubicin-
loaded nanoparticles (NP/Dox) and unloaded nanoparticles (PIBCA) added to the J774.A1 compartment (a) in the presence of either
free cyclosporin A (b) or cyclosporin A loaded onto nanoparticies (c) or the combined formulation of doxorubicin and cyclosporin A
NP/Dox-CyA (d). Three independent experiments were performed in triplicate with less than 10% standard deviation between experiments.
The results of a typical experiment are presented with error bars representing internal standard deviations.

described above. It should be mentioned that the addition of
cyclosporin A alone decreased the NO production even at low
concentrations, although no cytotoxicity was observed (data
not shown).

DISCUSSION

Following IV administration, PACA nanoparticles are
taken up by the mononuclear phagocyte system (MPS), mainiy
by Kiipftfer cells in the liver. Even if the primary aim in devel-
oping doxorubicin nanoparticles was to reach an hepatic tumor,
no direct contact between nanoparticles and tumor cells was
found to occur (10). The antitumor effect was observed to be
mediated by macrophages acting both as a barrier and a reservoir

Table II: IC SO Values (mean +/— SD) of Dox and NP/Dox on P388/
ADR Cells, in Free Access or in the Presence of a Membrane Insert,
or After Coculture with Macrophages

IC50 values (mean +/— SD), ng/ml of doxorubicin

Culture with insert,

Culture in free without Coculture with
access macrophages macrophages

Dox 22,000 +/— 1000 24,000 +/— 1000 —
NP/Dox 750 +/— 50 2500 +/— 100 6800 +/— 200

Note: Three different experiments were performed in triplicate, with
less than 10% standard deviation between experiments. The results of
a typical experiment are presented.

for the drug (10). If such a targeting strategy is valuable in the
case of sensitive tumors (as the M5076 model), it is more
questionable for resistant ones. Indeed, previous work (5) has
shown the importance of a direct contact between the nanopar-
ticles and the cancer cells for overcoming MDR efficiently.
Therefore, it was interesting to clarify the role of the macro-
phages in mediating cytotoxicity to sensitive and resistant tumor
cells. More precisely, two phenomena with opposite effects on
drug cytotoxicity might occur: first, macrophages will certainly
constitute a barrier, thus reducing the possibility of direct con-
tact between tumor cells and nanoparticles, but secondly, doxo-
rubicin may activate the macrophages and enhance their own
tumoricidal effect (12—13). In an attempt to compensate for the
possible obstacle induced by the barrier effect of macrophages,
it might be useful to combine doxorubicin with cyclosporin A,
a MDR-reversing agent (14).

® [n direct contact experiments, NP/Dox overcame drug
resistance.

The results in Fig. 1a and l1a’ demonstrating the ability
of PACA nanoparticles to overcome drug resistance in direct
contact experiments were in agreement with those published
(5) except that all the 1C50 values were higher. The sensitivity
of both cell lines has decreased compared with our previous
experiments but the resistance factor of P388/ADR remained
sufficiently high to differentiate any further reversion of the
resistance by the drug formulations.

® [n coculture, NP/Dox partly overcame MDR and CyA
still enhanced doxorubicin cytotoxicity when combined in the
same nanoparticle formulation.
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Fig. 3. Effectof drug preparations on NO production by J774 Al cells:
Free doxorubicin (Dox), doxorubicin loaded with nanoparticles (NP/
Dox), unloaded nanoparticles (PIBCA) (a); These samples were co-
incubated with 1.5 pg/ml of either free cyclosporin A, or with
cyclosporin A-loaded onto nanoparticles (NP/CyA), or combined doxo-
rubicin and cyclosporin A nanoparticles (b). Three independent experi-
ments were performed in triplicate with less than 10% standard
deviation between experiments. The results of a typical experiment
are presented with error bars representing internal standard deviations.

In the coculture experiments, macrophages were confluent
before the drug samples were added. The resulting growth
inhibition observed on P388 and P388/ADR was therefore a
macrophage-mediated antitumor effect. Since the barrier role
of the separating membrane was found negligible in comparison
with the macrophage barrier effect (Table il) and since no
particle could be found in the lower compartment when investi-
gated by laser light-scattering (data not shown), it can be
assumed that the cytotoxicity was solely due to drug released
by the macrophages. In case of the sensitive cells, the 1C50
values were increased compared to direct contact, but the differ-
ence observed between Dox and NP/Dox is more interesting.
Indeed, whereas Dox and NP/Dox were equally cytotoxic when
introduced in direct contact with P388, in coculture NP/Dox
were significantly more cytotoxic than Dox. This difference,
however, disappeared when cyclosporin A was coincubated
with the sensitive cells, suggesting that only the effect of free
doxorubicin was altered by the addition of cyclosporin A in
coculture. In the case of the resistant cells, doxorubicin concen-
trations could not be raised sufficiently to determine the 1C50
for Dox. The addition of cyclosporin A, irrespective of the
formulation, increased Dox cytotoxicity, although it failed to
overcome resistance. The encapsulation of doxorubicin into
nanoparticles (NP/Dox) greatly improved its efficacy although
it remained unable to completely reverse P388 resistance. The
addition of cyclosporin A to NP/Dox had varying effects along
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with the formulation used. Indeed, only CyA and NP/Dox-
CyA, but not NP/Dox plus NP/CyA, were able to decrease the
IC50 to values close to those observed in sensitive cells. The
inability of NP/CyA to potentiate the effect of NP/Dox may
be explained by the assumption that the total number of nanopar-
ticles thus added to macrophages could exceed the phagocytosis
capacity of these cells. The overall doxorubicin concentration
taken up by the cells would then be lower than, for example,
in the case of NP/Dox-CyA, the combined formulation, which
would explain the lower cytotoxicity of NP/Dox plus NP/CyA.
This hypothesis is also consistent with the work of Fernandez
et al. (15) who showed that the administration of PACA nano-
particles in vivo resulted in a decrease of the phagocytic function
of Kiipffer cells.

According to the results of coculture experiments, it would
therefore be much more advantageous to combine doxorubicin
and cyclosporin A in the same nanoparticle rather than in sepa-
rate nanoparticle preparations. In vitro, these combined nano-
particles exhibited the same efficiency as that obtained by the
simple mixing of NP/Dox and free CyA. However, this would
not be the case in vivo. To attain effective concentrations of
both drugs in the liver for example, cyclosporin A will need
to be administered at a much higher dose when free, as compared
to the dose associated with nanoparticles because of the absence
of liver concentration of cyclosporin A when administered free.
Thus, the overall drug doses administered in vivo couid be
lower in the case of NP/Dox-CyA, confirming the superiority
of this formulation.

® How can doxorubicin and cyclosporin A encapsulated
in NP/Dox-CyA, be transferred from macrophages to the
tumor cells?

Previous work (5) showed that NP/Dox remained more
cytotoxic than Dox against P388/ADR even when the carrier
was completely biodegraded. In these conditions, it may be
hypothesized that the cytotoxicity measured in resistant cells
in the present coculture experiments resulted from the diffusion
of doxorubicin and cyclosporin A as well as the degradation
products of PACA nanoparticles from macrophages to P388
cells. It was indeed previously shown that doxorubicin was
not degraded within lysosomes (16). Thus, release of intact
doxorubicin from the macrophages and diffusion into tumor
cells is a realistic mechanism. 1t is not yet known if the polycya-
noacrylic acid resulting from the biodegradation of PACA nano-
particles in the lysosomes will also be released by the
macrophages. Colin de Verdi¢re (5) postulated that the efficacy
of NP/Dox in resistant cells resulted from the formation of an
ion-pair complex between doxorubicin and polycyanoacrylic
acid, increasing the intracellular diffusion of the drug. Even if
polycyanoacrylic acid is released by macrophages, it is not
known whether ion-pairs with doxorubicin can still form. Nev-
ertheless, the much greater efficacy of NP/Dox over Dox in
resistant cells in coculture with macrophages tends to suggest
that PACA still plays a crucial role.

® What about the possible effect of the activation of macro-
phages by NP/Dox-CyA?

Firstly, it was found that the different drug samples strongly
inhibited the viability of J774.A1 cells: the values found for
the 1C50 were very low, but it must be emphasized that the
drugs were added in the upper compartment of the well, in
contact with J774.A1 cells. In this compartment, the volume
of culture medium is 7.5 times less than the overall volume of
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the well (200 pl out of 1500 pl) whereas, to facilitate compari-
son with the direct contact experiments, the concentrations are
expressed with respect to the total cell volume. Therefore, the
concentrations of drug close to the macrophages were 7.5 times
higher than those close to the tumor cells. Hence, the real
concentration of doxorubicin in contact with J774.A1 cells at
IC50 value should be calculated to be 550 X 7.5 and not 550
ng/ml. 1t may be questionable if such a cytotoxicity could lead
to holes in the macrophages layer thus facilitating drug samples,
especially nanoparticles, to gain access to tumor cells. However,
after 2 and 6h incubation (data not shown) it has been verified
that 100% of ¥774.A1 were surviving until an overall doxorubi-
cin concentration of 3000 ng/ml, irrespective of the formulation.
Therefore, it can be ensured that the macrophage layer remains
undamaged far longer after the nanoparticles degradation, thus
validating the proposed coculture model.

In contrast to doxorubicin, cyclosporin A alone was not
found cytotoxic against J774.A 1 cells, even at 12 pg/ml (which
corresponds to 7.5 times the overall cyclosporin A concentra-
tion) (data not shown). However, cyclosporin A was shown to
increase Dox and NP/Dox cytotoxicity against the macrophages.
At the same time, the NO production declined which may
directly be related to cytotoxic effects. Nevertheless,
cyclosporin A itself was shown to decrease the NO production
at very low concentrations (data not shown). This is consistent
with the literature since cyclosporin A has been reported to
decrease both production of cytokines such as TNF-a (17-18)
and NO production (19-20). In addition, Tojimbara et al. (21)
found that cyclosporin A could inhibit Kiipffer cell activation
in vitro. Since the activation of macrophages could be advanta-
geous in the case of resistant tumor therapy by supplying cyto-
kines with antitumor activity, coadministration of cyclosporin A
may be questioned. To address this issue, coculture experiments
have been performed without IFN-y and in the absence of
cyclosporin. In contrary to previous studies with M5076 cells
(22), these results clearly point out that macrophage activation
does not contribute to the cytotoxicity observed on both P388
and P388/ADR giving a further argument, in favor of the interest
of cyclosporin A coadministration.

In conclusion, the in vitro coculture test system consisting
of macrophages and tumor cells developed in this study allowed
to investigate the role of macrophages in mediating cytotoxicity
of doxorubicin-loaded nanoparticles towards P388 sensitive and
resistant cells. This model of coculture may be considered as
closer than a single celi culture, to what occurs in vivo following
1V administration of nanoparticles for the targeting of liver
tumors or metastases. We have shown that NP/Dox greatly
improved the efficacy of doxorubicin on resistant cells while
Dox remained without effect. The association of cyclosporin
A in solution with NP/Dox and the combined nanoparticle
formulation of doxorubicin and cyclosporin A both allowed
resistance to be overcome. NP/Dox-CyA however present a
great advantage over the use of free cyclosporin A in vivo in
confining these complementary compounds in the same com-
partment (for example the liver after IV administration, or
the ascites after 1P administration). This should allow greater
efficacy to be achieved while significantly decreasing their well
known adverse effects due to a large biodistribution of the
free drug.

1715

REFERENCES

1. N. Chiannilkuichai, Z. Driouich, J. P. Benoit, A. L. Parodi, and P.
Couvreur. Doxorubicin-loaded nanoparticles: increased efficiency
in murine hepatic metastases. Sel. Cancer. Ther. 5:1-11 (1989).

2. K. Yachi, N. Suzuki, N. Tanaka, K. Okada, I. Mitsui, Y. Kawato,
Y. Komagata, K. Komiyama, and H. Kikuchi. The effect of adria-
mycin against a liver metastatic model by encapsulation in lipo-
somes. Biopharm. Drug Dispos. 17:699-715 (1996).

3. C. Cuvier, L. Roblot-Treupel, J. M. Millot, G. Lizard, S. Chevil-
lard, M. Manfait, P. Couvreur, and M. F. Poupon. Doxorubicin-
loaded nanospheres bypass tumor cell multidrug resistance. Bio-
chem. Pharmacol. 44:509-517 (1992).

4. S. Bennis, C. Chapey, P. Couvreur, and J. Robert Enhanced cyto-
toxicity of doxorubicin encapsulated in polyisohexylcyanoacry-
late nanospheres against multidrug-resistant tumor cells in cuiture.
Eur. J. Cancer 30A:106—-111 (1993).

5. A.Colin de Verdiére, C. Dubernet, F. Nemati, E. Soma, M. Appel,
J. Ferté, S. Bernard, F. Puisieux, and P. Couvreur. Reversion of
multidrug resistance with polyalkylcyanoacrylate nanoparticles:
towards a mechanism of action. Br J Cancer 76:198-205 (1997).

6. J. A. Kellen. The reversal of multidrug resistance in cancer. Anti-
cancer Res. 13:959-961 (1993).

7. G. Toffoli, G. Corona, R. Sorio, A. Bertola, and M. Boiocchi.
Reversal activity of cyclosporin A and its metabolites M1 M17
and M2! in multidrug-resistant cells. Int. J. Cancer 71:900-
906 (1997).

8. R. C. Maia, M. K. Carrico, C. E. Klumb, H. Noronha, A. M.
Coelho, F. C. Vaasconcelos, and V. M. Ruimanek. Clinical
approach to circumvention of multidrug resistance in refractory
leukemic patients: association of cyclosporin A with etoposide.
J. Exp. Clin. Cancer Res. 16:419-424 (1997).

9. M. L. Den Boer, R. Pietres, K. M. Kazemier, G. E. Janka-Schaub,
G. Henze, and A. J. Veerman. The modulating effect of PSC833,
cyclosporin A, verapamil and genistein on in vitro cytotoxicity
and intracellular content of daunorubicin in childhood acute lym-
phoblastic leukemia. Leukemia 12:912-920 (1998).

10. N. Chiannilkulchai, N. Ammoury, B. Caillou, J. Ph. Devissaguet,
and P. Couvreur. Hepatic tissue distribution of doxorubicin-loaded
nanoparticles after i.v. administration in reticulosarcoma M5076
metastasis-bearing mice. Cancer Chemaoter. Pharmacol. 26:122—
126 (1990).

11. T. Mosmann. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65:55-63 (1983).

12. F Martin, A. Caignard, O. Olsson, J. F. Jeannin, and A. Leclerc.
Tumoricidal effect of macrophages exposed to adriamycin in vivo
or in vitro. Cancer Res. 42:3851-3857 (1982).

13. Y. Adachi, S. Arii, N. Funaki, H. Higashitsuji, S. Fujita, M.
Furutani, M. Mise, W. Zhang, and T. Tobe. Tumoricidal activity
of Kiipffer cells augmented by anticancer drugs. Life Sci. 51:177-
183 (1992).

14. B. Ryffel, M. J. Mihatsch, and G. L. Fisher. Immunosuppression
and cancer: the ciclosporin case. Drug Chem. Toxicol. 15:95—
115 (1992).

15. R. Fernandez-Urrusuno, E. Fattal, J. M. Rodrigues Jr., J. Féger,
P. Bedossa, and P. Couvreur. Effect of polymeric nanoparticle
administration on the clearance activity of the mononuclear
phagocyte system in mice. J. Biomed. Mat. Res. 31:401-408
(1996).

16. G. Storm, P. A. Steerenberg, F. Emmen, M. van Borssum Waalkes,
and D. J. A. Crommelin. Release of doxorubicin from peritoneal
macrophages exposed in vivo to doxorubicin-containing lipo-
somes. Biochim. Biophys. Acta 965:136—145 (1988).

17. J. Andersson, S. Nagy, C. G. Groth, and U. Andersson. Effects
of FK506 and cyclosporin A on cytokine production studied in
vitro at a single-cell level. Immunology 75:136-142 (1992).

18. H. Holschermann, F. Diirfeld, U. Maus, A. Bierhaus, K. Heidinger,
J. Lohmeyer, P. P. Nawroth, H. Tillmanns, and W. Haberbosch.
Cyclosporine A inhibits tissue factor expression in monocytes/
macrophages. Blood 88:3837-3845 (1996).

19. M. Conde, J. Andrade, F J. Bedoya, C. Santa Maria, and F.
Sobrino. Inhibitory effect of cyclosporin A and FK506 on nitric
oxide production by cultured macrophages. Evidence of a direct



1716

20.

21.

effect on nitric oxide synthase activity. Immunology 84:476—
481 (1995).

Y. Hattori and N. Nakanishi. Effects of cyclosporin A and FK506
on nitric oxide and tetrahydrobiopterin synthesis in bacterial lipo-
polysaccharide-treated 1774 macrophages. Cell Immunol. 165:7—
11 (1995).

T. Tojimbara, L. E. Bermudez, H. Egawa, M. Hayashi, S. K. So,

22.

Soma et al.

and C. O. Esquivel. Cyclosporine and tacrolimus both suppress
activation of Kiipffer cells in vitro. Transplant Proc. 28:1381-
1382 (1996).

C. E. Soma, C. Dubernet, and P. Couvreur. Investigation of macro-
phage role in the cytotoxicity of doxorubicin and doxorubicin-
loaded nanoparticles on M5076 cells in vitro, Proc. 2" World
Meeting APGI/APV, Paris, 25-28 May, p. 635 (1998).



