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Abstract

The use of liposomes for the pulmonary delivery of corticosteroid is an area that is under active
investigation. We have recently developed a novel liposomal corticosteroid preparation based on the
incorporation of dexamethasone palmitate (DMP) within the bilayer of small unilamellar vesicles (SUVs)
made of egg yolk phosphatidylcholine (EPC) and cholesterol; molar ratio EPCC: cholesterol : DMP,
4:3:03.

In the present study, the biological activity of DMP-SUVs was evaluated using the lymphocyte
transformation test with peripheral blood mononuclear cells (PBMCs) and a ~-interferon production
assay. Results showed that DMP-SUVs (but not empty SUVs) inhibited [*H]thymidine uptake and
v-interferon production by concanavalin A-stimulated PBMCs by 94 and 96%, respectively, at a
concentration corresponding to 107°M dexamethasone. The inhibition by DMP-SUVs was found to
require a 24-h pre-incubation with unstimulated PBMCs, suggesting that interaction of SUVs with
lymphocytes may be altered by mitogen stimulation.

We conclude that our DMP liposomal preparation is biologically active and may be considered a

promising alternative to conventional local glucocorticoid therapy.

Attempts to control the pharmacokinetics and disposition
of drugs have involved a variety of drug delivery systems.
Liposomes (phospholipid vesicles) in particular, when used
as carriers for drugs, can be delivered to a designated body
cavity where they may release their content in a sustained or
controlled way, while reducing drug toxicity and side-effects
(Gregoriadis 1976; Szoka & Paphadjopoulos 1980; Mayer et
al 1986). Among the various categories of drugs that should
benefit from liposomal entrapment are immunosuppressive
anti-inflammatory agents, and especially glucocorticoids,
because even when used locally, these potent effectors may
produce serious systemic side-effects. Although some suc-
cessful endeavours to incorporate corticosteroids into phos-
pholipid preparations have been reported, the vast thera-
peutic potential for liposome-incorporated corticosteroids
has been hampered by difficulties in controlling the effi-
ciency of drug incorporation and retention (Shaw et al
1976). For instance, unesterified cortisol escapes readily
from liposomes (Shaw et al 1976; Cleland et al 1982),
while more lipid-soluble esters of cortisol are retained
more efficiently (Shaw et al 1976; Fildes & Oliver 1978;
Phillips et al 1979) and may be clinically useful (Dingle et al
1978; De Silva et al 1979; Cleland et al 1982).
Dexamethasone, the most powerful glucocorticoid, has
found application either as a lipid emulsion (Mizushima et
al 1982), as a multilamellar vesicle preparation for the local
treatment of articular inflammation in rabbits (Bonanomi et
al 1987), or as an aerosol for delivery to the lungs (Tremblay
et al 1993). The latter route is particularly interesting,
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because inflammatory diseases involving the respiratory
tract (asthma, chronic obstructive pulmonary disease,
hypersensitivity pneumonitis) are primary targets for local
corticosteroid treatment, and liposomes may improve the
efficiency of conventional aerosol delivery of drugs by
promoting pulmonary drug retention (Schreier et al 1993).
Liposomes may also direct their content to alveolar macro-
phages, a specific advantage for corticoid therapy (Fidler
et al 1989). However, liposomal dexamethasone prepara-
tions for aerosolized delivery should be designed carefully. It
is notable that in one recent study using native dexametha-
sone entrapped in small unilamellar vesicles (SUVs), the
levels of drug incorporation varied from 57 to 75%
(Tremblay et al 1993). Based on these premises we have
reinvestigated the incorporation of dexamethasone in lipo-
somes that could eventually be delivered to the lungs.
According to a recent study, retention of a fluorescent
marker during aerosolization is highest for lipid vesicles
containing ~30 mol% cholesterol and measuring ~0-22 ym
(Schreier et al 1993). However, we recently observed
(Benameur et al 1993) that the incorporation of dexa-
methasone, into cholesterol-containing liposomes resulted
in very low entrapment ( <2%); on the other hand, esterified
dexamethasone, and in particular dexamethasone-21-
palmitate (DMP) was successfully encapsulated (70%).
Other corticosteroid esters have also been incorporated
with high efficiency (Shaw et al 1976; Cleland et al 1982,
Bonanomi et al 1987; Fidler et al 1989). In our previous
study we demonstrated by theoretical conformational
analysis and experimental measurements that dexametha-
sone inserts into the bilayer of SUVs with a high efficiency.
However, before proceeding to in-vivo trials, more detailed
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information on the pharmacology of DMP-containing
SUVs (DMP-SUVs) is required.

The first step in this direction is to probe the biological
effects of DMP-SUVs using a standard in-vitro test. The
lymphocyte transformation test was selected on account of
its broad range of applications and its reliability for asses-
sing the immunoregulatory actions of glucocorticoids
(Heilmann et al 1973; Fauci & Dale 1975). Furthermore,
stimulated lymphocytes secrete cytokines such as inter-
leukins and interferons, the production of which is inhib-
ited by glucocorticoids (Cupps & Fauci 1982). Therefore,
the effects of dexamethasone and DMP-SUVs on stimulated
~-interferon production were also measured.

Materials and Methods

Materials

Egg volk phosphatidylcholine (EPC) was obtained from
Lipoid, Germany (EPC Type I). Cholesterol and dexametha-
sone (9a-fluoro-16a-methylprednisolone) were purchased
from Sigma (St Louis, MO, USA). All these materials
were stored at —20°C. Dexamethasone-21-palmitate was
kindly provided by Roussel Uclaf (Romainville, France).
[6-*H]-Thymidine (27 Cimmol~') was from Amersham
International (Amersham, UK) and concanavalin A was
from Boehringer Mannheim, Belgium.

Preparation of liposomes

Liposomes were prepared as described previously (Bena-
meur et al 1993). Briefly, 1440mg EPC and 5:60mg
cholesterol were mixed with 1 mg DMP in 1 mL chloro-
form. The thin-film method was used. Solvent was evapo-
rated under N, and the lipid film was hydrated with 1 mL
phosphate-buffered saline (300 mOsm (kg H,0)™') at pH
7-4. The multilamellar vesicles (MLVs) obtained were
sonicated with a sonicator probe in an ice-bath under N,
(60 W, 20 min, Soniprep 150) to form SUVs, which were
purified by minicolumn centrifugation (Sephadex G50
medium). The DMP-SUVs at 4:3:0:3 molar ratio
(EPC : cholesterol : DMP) were then diluted to reach a work-
ing concentration of ~1075 M of the drug. The actual concen-
tration varied from 0-8 to 1-2 x 10~° M due to small variations
in SUV recovery from the Sephadex column. The size dis-
tribution of vesicles was determined by dynamic laser-light
scattering using a Malvern Zetasizer 3. The average size of
SUVs and DMP-SUVs ranged between 50 and 80nm. All
liposomes (DMP-SUVs and SUVs) and free dexamethasone
were sterilized by filtering through a 0-22 ym filter (Millex GH
Millipore). As shown previously (Benameur et al 1993), no
adsorption of radiolabelled liposomes or PH]DMP on the
filter was observed. When incubated at 37°C in plasma or PBS,
DMP-SUVs were stable for at least 7 days and no hydrolysis of
DMP occurred, based on the absence of radiolabelled DMP in
the supernatant.

Turbidity measurements

The turbidity of liposome dispersion is affected by vesicle
aggregation (Ohsawa et al 1985). To verify that concanava-
lin A did not induce liposome precipitation or agglutination,
we measured the turbidity of sonicated dispersions of SUVs
and DMP-SUVs at a phospholipid concentration of 15 um

(EPC:cholesterol : DMP; 4: 3:0-3), according to the method
of Defrise-Quertain et al (1984). At the end of sonication,
the samples were brought to 37°C and their absorbance was
monitored at 550 nm against a buffer blank, using a Shi-
madzu spectrophotometer and 1-cm cells, before and after
addition of concanavalin A or protamine.

Cell populations

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized blood of healthy volunteers. Different
volunteers were used for preliminary experiments (n = 1),
dose-response relationship (n = 2), main experiments with
lymphocyte transformation testing (n = 6), and ~y-interferon
production (n = 3). The blood was diluted 1: 1 with Hank’s
balanced salt solution, layered on Ficoll-Paque (sp. gr.
1-077;, Pharmacia Fine Chemicals, Uppsala, Sweden) and
centrifuged at 400 g for 30 min. The cell-containing interface
was collected, washed three times in Hank’s buffer and
resuspended in RPMI 1640 medium (Gibco Laboratories)
supplemented with 2mm L-glutamine, 100 int. units mL"!
penicillin, 100 ug mL-! streptomycine sulphate, 5 x 10~ M
[-mercaptoethanol and 10% heat-inactivated foetal-calf
serum. Cells were counted and their viability was assessed
by counting the percentage of cells which excluded trypan
blue.

Lymphocyte transformation test

PBMCs were cultured in flat-bottomed 96-well plates
(Nunc) at 37°C in humidified 5% CO,. Each well received
200 uL cell suspension (final volume) including 20 uL test
solution (either DMP-SUVs, empty SUVs, free dexametha-
sone, or blank control). The number of replicates was at
least 5 for each condition. In some experiments, the test
solutions were added 24 h after PBMCs (final volume was
still 200 uL). The biological activity of DMP-SUVs could
not be compared with that of DMP itself, since the char-
acteristics of DMP (octanol : water coefficient measured at
pH 74, log P=3-6) prevented its dissolution in RPMI or
phosphate-buffered saline. Unstable suspensions were
obtained, with DMP forming a precipitate within a few
minutes in spite of sonication. Therefore, a solution of free
dexamethasone was used as a positive control. The maximal
final concentration of free dexamethasone, which was used in
most experiments, was 10~°M, and the concentration of
DMP-SUVs from stock solutions was adjusted to reach an
equivalent molarity of 10-®m. This corresponds to 2ug
liposome mL~! (15um EPC). The same concentration was
used for empty SUVs.

Twenty-four hours after starting cell culture, concanava-
lin A was added to each well at a final concentration of
10 ugmL~!. In some experiments, as mentioned above,
SUVs were also added at this instant. Lymphocyte prolif-
eration was assessed later by [*H]thymidine incorporation.
The conditions for maximal [*H]thymidine incorporation
were determined in preliminary experiments. Both the
number of cells mL~! (from 10* to 10°) and the time and
duration of [PH]thymidine addition were varied; the total
period of PBMCs incubation ranged from 1 to 4 days. The
best results were obtained with 5 x 10°cellsmL~!, a total
cell incubation time of 90 h, and [*H]thymidine addition 48 h
after concanavalin A stimulation (i.e. 72 h after starting cell
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culture). PH]Thymidine was thus present for 18h. These
conditions were used throughout all experiments reported in
this paper.

At the end of the 90-h incubation period, the cells were
collected onto a glass fibre filter paper disk and washed three
times with deionized water with a semiautomated Microcell
harvester (Nunc). After drying overnight, filter disks were
counted for [-emission in a liquid scintillation counter
(Pharmacia LKB) with 10 mL Packard liquid scintillation
fluid. The proliferative response of PBMCs was calculated
following the method of Burford-Mason & Gyte (1979),
which proposes using the molar uptake of the selected base
[PH]thymidine by the lymphocytes as an appropriate
method of expressing lymphocyte transformation rather
than either crude counts min~' or a stimulated index
(stimulated value/unstimulated value).

Quantitative determination of y-interferon

PBMCs were cultured in tubes in supplemented RPMI
medium at a concentration of 10°cellsmL~!. Quintuplet
tubes of the following four conditions were incubated for a
total period of 48 h: cells without concanavalin A; cells with
10 ugmL~! concanavalin A (control); cells with 106 m free
dexamethasone and 10 ugmL~! concanavalin A; cells with
10~¢ M DMP-SUVs (calculated as the equivalent molarity of
DMP) and 10 uygmL~! concanavalin A. The mitogen was
present during the last 24 h. At the end of the incubation
period the tubes were spun at 400 g for 10 min. The super-
natants were collected and stored at —20°C until use. The
levels of v-interferon in the supernatants were assayed by an
ELISA kit (Eurogenetics, Belgium). The amount of ~-inter-
feron (units mL ") for each condition was determined from the
average absorbance of all replicates and interpolated from a
standard curve. A total of three experiments was performed.

Statistical analysis

Data are expressed as mean + s.e.m. Statistical differences
between means were assessed by Student’s ¢-test; the level of
significance was set at P = 0-05.

Results

Preliminary experiments

The aim of the present study was to probe the biological
activity of SUV-incorporated DMP, based on inhibition of
lymphocyte proliferation. After determining the optimal
conditions for [*H]thymidine incorporation by concanava-
lin-stimulated PBMCs, we discovered that the time of
liposome addition with respect to concanavalin A stimula-
tion was critical. To demonstrate the antiproliferative effect
of DMP-SUVs it was necessary to pre-incubate the PBMCs
with drug-loaded liposomes for 24h before adding the
mitogen (Table 1). Because liposomes had to be added
before concanavalin A to be effective, we reasoned that
concanavalin A could induce a rapid aggregation of SUVs
preventing them from interacting with PBMCs. However,
this hypothesis was disproved by turbidity measurements
using protamine, a recognized inducer of liposome aggrega-
tion (Fig. 1). Moreover, the size distribution of DMP-SUVs
was not altered by concanavalin A addition (mean size:
49-4 + 11-3 without vs 59-8 + 11-6 with concanavalin A). In

Table 1. PH]Thymidine uptake of PBMCs after stimulation by
concanavalin A either simultaneously with (t=0) or 24h after
(t=24) addition of either no additive (control), empty SUVs,
10~ M DMP-SUVs, or 107° M free dexamethasone.

[*H]Thymidine uptake (pmol)

Stimulation t, Stimulation t,,

Control 181:6 1266 2344 4200
SUVs 15434313 204-0+30-3
DMP-SUVs 1379 4+ 363 36:3+47
Dexamethasone 347+ 158 143+19

Mean + s.e.m. values are given of five independent measurements.

all subsequent experiments, DMP-SUVs or free dexametha-
sone was added to PBMCs 24h before concanavalin A
addition. The effects of varying this period of preincubation
were not explored further.

In all these experiments, DMP-SUVs were added at high
concentration, corresponding to an equivalent molarity of
10-% M dexamethasone (see below) and to a lipid concentra-
tion of 15 um. Empty SUVs (15 uMm total lipid concentration)
had no effect on lymphocyte activation, even when pre-
incubated for 24 h (Table 1). Under all conditions tested, cell
viability remained > 90% even after 3-days incubation with
SUVs or DMP-SUVs.

Dose—response relationship

Fig. 2 displays the relative inhibition of PBMC proliferation
induced by various concentrations of either free dexametha-
sone or DMP-SUVs. At 1077 and 107%™, as well as at
10~ M, both formulations had identical effects, whereas
DMP-SUVs were slightly less efficient than free dexametha-
sone at intermediate concentrations (P=0-03 at 108 m;
P=0-002 at 10~°M). To ensure maximal efficacy, DMP-
SUVs were used at 10-% m in the following experiments.
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FiG. 1. Turbidity measurement of SUVs and DMP-SUVs incubated
in phosphate-buffered saline at 37°C with or without addition of
concanavalin A (10 ugmL~") or protamine (0:1 mgmL-"') at time 0.
A rise in absorbance corresponds to liposome aggregation or
precipitation (Defriese-Quertain et al (1984)). Protamine, but not
concanavalin A, increased absorbance at 550 nm (values remained
above 3 for 180min). x PBS+concanavalin A; [ PBS+
protamine; & SUV; [J DMP-SUV; @ SUV +concanavalin A;
W DMP-SUV +concanavalin A; A SUV + protamine; @ DMP-
SUV + protamine.
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Fic. 2. Effects of dexamethasone and DMP-SUVs at different concentrations on concanavalin A-stimulated
[*H}thymidine uptake by PBMCs, expressed as a percentage of control values. Each point is a mean +s.e.m. of five
independent measurements. A DMP-SUVs; [ dexamethasone.

Lymphocyte proliferation

The effects of dexamethasone and DMP-SUVs on the
in-vitro proliferation of PBMCs obtained from six volun-
teers were tested under the conditions previously defined.
The results are displayed in Tables 2, 3. Although the
levels of lymphocyte proliferation varied considerably
among donors, they were always greatly reduced in the
presence of either dexamethasone or DMP-SUVs. There
was no statistically significant difference between the anti-
proliferative effects of 10~¢ M free dexamethasone and those
of DMP-SUVs at the same drug concentration (percent
inhibition; 94 vs 94: Table 3). Similar results were obtained
with PBMCs stimulated by an antigen (Candida albicans;
data not shown).

~-Interferon production

Table 4 shows the effects of dexamethasone and DMP-
SUVs on concanavalin A-stimulated ~-interferon produc-
tion. The addition of either 10~° M native dexamethasone or
DMP-SUVs at the same dexamethasone concentration
completely abrogated ~y-interferon production. The percent
inhibition was identical for native dexamethasone and
liposomal DMP (Table 4).

Discussion

In the present study we have demonstrated that dexametha-
sone inserted as a palmitic ester into the bilayer of SUVs
retained its biological activity as measured by two standard

Table 2. *[H]Thymidine uptake of concanavalin A-stimulated PBMCs after addition of either no additive
(control), 10~ M DMP-SUVs or 10~® M dexamethasone.

3[H]Thymidine uptake (pmol)

A B C D E F
Control 363127 690 £+ 68 457+ 101 1033+ 151 585+ 53 674+ 52
DMP-SUVs S9+7 168 +37 2244 34+6 48+ 5 2143
Dexamethasone 1242 461+ 4 49 +21 46+2 4242 3543

Mean £ s.e.m. values are given of five independent measurements. Letters A to F represent individual

healthy donors.

Table 3. Inhibition by dexamethasone and DMP-SUVs of concanavalin A-stimulated lymphocyte

proliferation.

Control Dexamethasone DMP-SUVs
[3H]Thymidine uptake (pmol) 633-81+94-2 3829+ 556 36-08 + 6:68
Inhibition (%) 94 4

All values in the table are means =+ s.e.m. of six experiments.
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Table 4. Inhibition by dexamethasone and DMP-SUVs of concanavalin A-stimulated -y-interferon production.

Control Dexamethasone DMP-SUVs Unstimulated cells
Absolute values (units mL-1) 1-67+0-53 0-07 +0-05 0-06 +£0-02 0-03 +£0-01
Inhibition (%) 96

All values in the table are means +s.e.m. of three experiments.

in-vitro tests. As both the lymphocyte transformation and
~-interferon assays are complex tests which explore multiple
variables related to immunoproliferation, it should be
stressed that our study was not intended to probe the
cellular mechanisms of action of DMP-SUVs on lympho-
cytes, but simply to provide evidence that dexamethasone
is presented to the cells in a biologically active form.
This confirmation step is crucial before proceeding to
in-vivo trials of this promising formulation of a powerful
immunosuppressive and anti-inflammatory agent. However,
several points encountered while examining this particular
form of in-vitro liposome-cell interaction deserve comment.

First, we discovered that a 24-h pre-incubation of PBMCs
with liposomes was required to demonstrate the antiproli-
ferative effects of DMP-SUVs. Conversely, if DMP-SUVs
and concanavalin A were added together to the PBMC
suspension, the thymidine uptake was not significantly
inhibited compared with no SUV or dexamethasone-free
SUV additions. A deficient methodology can be excluded,
since free dexamethasone added concomitantly with con-
canavalin A was a very efficient inhibitor of lymphocyte
proliferation under the same conditions. It follows that the
effects of DMP-SUVs on PBMCs are not mediated by free
dexamethasone which might have been released from lipo-
somes. Such a mechanism would be highly improbable
anyway, because the dexamethasone molecule was incorpo-

rated in the lipid bilayer as a poorly water-soluble ester and -

remained therein for at least 7 days when DMP-SUVs were
incubated in human plasma. Therefore, the lack of inhibi-
tion with simultaneous DMP-SUV and concanavalin A
additions suggests two possible explanations. The first is
that concanavalin A prevented liposomes from interacting
with PBMCs by inducing rapid aggregation or precipitation
of the lipid vesicles. However, turbidity and size measure-
ments were not compatible with this hypothesis, although
we cannot rule out the remote possibility that concanavalin
A directly interfered with SUV-cell contact, e.g. by com-
peting for the same binding sites. The second, and more
likely, explanation is that concanavalin A-stimulated
PBMCs quickly became unresponsive to the effect of
DMP-SUVs and remained so for the next few days despite
continuous presence of the liposomes. In other words, it is
likely that some kind of direct physical interaction between
SUVs and lymphocytes occurred and that this interaction
was modified, once blastogenesis had been initiated. This
suggestion is supported by earlier observations that while
phosphatidylcholine liposomes containing various amounts
of cholesterol are able to modify the cholesterol content of
lymphocyte membranes and hence to inhibit or enhance
lymphocyte proliferation, they can only do so efficiently
when added before mitogenic stimulation (Alderson &
Green 1975; Chen & Keenan 1977; Ip et al 1980). Presum-

ably, the early steps of lymphocyte activation involve such
extensive changes in membrane composition (Anel et al 1990)
that liposome-lymphocyte interaction is greatly reduced or
that DMP is no longer delivered to the host cell. In a similar
regard, it should be noted that the SUVs used in the present
study (molar ratio of EPC: cholesterol 4: 3) should not alter
the composition of the lymphocyte membrane significantly;
indeed, a high concentration of dexamethasone-free SUVs
had no effect whatsoever on lymphocyte activation. Further
studies will be required to resolve how mitogenic stimulation
modulates liposome—lymphocyte interaction.

Another relevant point is the range of concentrations over
which DMP-SUVs were shown to be effective. Although an
SUV concentration corresponding to 10~% m dexamethasone,
which is supramaximal with respect to lymphocyte inhibi-
tion, was selected to demonstrate the biological activity of
liposomal DMP unequivocally, the dose—response relation-
ship established in two different experiments suggests that
DMP-SUVs inhibited lymphocyte proliferation by ~25% at
a calculated dexamethasone concentration as low as 1071 m
and by 70% at 10~ M (see Fig. 2). Yet, based on dexametha-
sone availability, the liposomal formulation should be much
less efficient than a similar dose of free dexamethasone
because dexamethasone was esterified and incorporated in
liposomes which were presented to the cells as a dispersion,
and previous studies of liposome—lymphocyte interaction
have concurred with the finding that the maximum uptake of
untargeted liposomes by either human PBMCs (Ozato et al
1978; Weinstein et al 1978) or murine lymphocytes (Huang et
al 1978) was less than 0-1% of the total number of SUVs
added, even after prolonged periods. We have preliminary
evidence confirming such low levels of association under our
present conditions (data not shown). Therefore, the effect of
DMP-SUVs would be expected to correspond to that of free
dexamethasone at a concentration one-hundredth less.
Although our limited number of dose-response experiments
does not allow us to compare the efficiency of DMP-SUVs
and free dexamethasone with confidence over such a wide
range of concentrations, we nevertheless favour the idea,
based on the high sensitivity of PBMCs to liposomal DMP,
that DMP-SUVs provide PBMCs with the active agent
moiety (either dexamethasone or the ester) in a way that
improves the efficiency of the glucocorticoid, at least as
measured by standard lymphocyte proliferation assays.

How this could happen is a fascinating issue. If confirmed,
this observation will require careful investigation of the
cellular processing of DMP-SUVs. The main mechanism
may involve fusion of DMP-SUVs with lymphocytes, or
adsorption of SUVs followed by DMP transfer to the
lymphocyte membrane. Once inside the cell, DMP may
need to be subjected to esterase action, or the esterified
moiety may directly activate glucocorticoid receptors. The
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DMP-SUVs that have become cell-associated represent a
kind of reservoir for slow release of active compound into
the cells. Although this liposome-lymphocyte interaction
may have some relevance to the expected in-vivo activities of
DMP-SUVs, their suggested use as aerosols for the treat-
ment of inflammatory lung diseases should shift the primary
target of investigations towards the interaction between
DMP-SUVs and alveolar macrophage.

To conclude, we have demonstrated, using in-vitro bio-
assays, that our liposomal DMP formulation is biologically
active and thus may be considered a promising alternative to
conventional glucocorticoid therapy in-vivo, especially if the
DMP-SUYV potential for reduced toxicity, enhanced activity
and perhaps prolonged time-course can be confirmed.
Furthermore, ‘the formulation of this SUV preparation
makes it well suited for aerosol delivery to the lungs
(Schreier et al 1993).
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