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The effect of a liposomal formulation of methylprednisolone (MPL)
on the inhibition of lymphocyte proliferation in spleen cells was
investigated following IV dosing in rats. Liposomes do not aiter the
suppressive action of MPL. when placed in lymphocyte cuiture. Rat
splenocytes were found to have greater sensitivity to MPL (EC5, =
7.9 nM) than do human peripheral blood lymphocytes (ECs, = 28
nM). In vivo studies in rats utilized 2 mg/kg IV bolus doses of lipo-
somal MPL compared to drug in solution. Animals were sacrificed
at various times post-dosing until 120 h, spleen was excised and,
after incubation of lymphocytes with PHA, splenocyte blastogenic
responses were assessed by measuring cellular incorporation of *H-
thymidine. The suppressive effect of liposomal MPL in comparison
with free drug was significantly prolonged (>120 h vs < 18 h). In-
hibition effects versus time were described by a pharmacodynamic
model using MPL concentrations in plasma as an input function. A
nonlinear relationship was found between suppression of splenocyte
proliferation and the concentration of bound glucocorticoid recep-
tors in spleen. Only partial receptor occupancy accompanied com-
plete lymphocyte suppression. The suppression of endogenous cor-
ticosterone in plasma for both treatments was similar with values
from L-MPL rats returning to baseline after 24 h. These results
demonstrate enhanced efficacy of local immunosuppression by tar-
geting spleen with liposomal MPL.

KEY WORDS: liposomes; methylprednisolone; pharmacodynam-
ics; glucocorticoid receptors; immunosuppression; drug delivery.

INTRODUCTION

Corticosteroids are well known as immunosuppressive
drugs affecting the activities of various types of circulating
immunocompetent cells, namely T-lymphocytes (1,2). In-
creased production of T-cells occurs in many cases of im-
muno-modulated responses of animals and humans (3). Cor-
ticosteroid effects on lymphocytes are mediated by cytoplas-
mic receptors (4). The precise intracellular mechanism of
interaction of corticosteroids with the immune system re-
mains poorly understood. Their suppressive influence prob-
ably proceeds through a block at the transcriptional level of
production of the cytokines IL.2, IL4 or IL6 (5, 6) and the
prevention of IL1 release at a posttranscriptional level (7).
Corticosteroids have also been found to suppress lympho-
cyte proliferation by inhibition of mitogen-induced DNA
synthesis (8).

Previously we developed a liposomal formulation of
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methylprednisolone (L-MPL) and showed that liposomes
significantly prolonged blood circulation time of this steroid
and altered organ distribution with preference for lymphatic
tissues. Markedly extended glucocorticoid receptor occu-
pancy was found in liver and spleen (9). Spleen is known to
play a dominant role in lymphocyte homing and maturation
(10) and, therefore, regulates the functions of the immune
system. It was shown (11) that a liposomal formulation mod-
estly increased the immunosuppression caused by cyclo-
sporine measured as a splenocyte blastogenic response.

We investigated whether a liposomal formulation could
enhance the immunosuppressive effect of methylpredniso-
lone. Inhibition of rat splenocyte proliferation was measured
both in vitro and ex vivo after 2 mg/kg IV doses of L-MPL
compared to drug in solution.

EXPERIMENTAL

Materials.

L-a-lecitin (phosphatydylcholine) (PC) and L-a-
phosphatydylglycerol (egg sodium salt) (PG) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL). Methylpred-
nisolone was obtained from Sigma (St. Louis, MO) and *H-
thymidine (6.7 Ci/mmol) was obtained from Amersham (Ar-
lington Heights, IL). Fetal calf serum (FCS) was purchased
from Gibco (Grand Island, NY), phytohemaggiutinin (PHA)
was obtained from ICN Biochemicals (Cleveland, OH), and
Ficoll-Paque was purchased from Pharmacia (Piscataway,
NJ).

Liposomal Formulation.

Liposomes were freshly prepared as described previ-
ously (9). Briefly, lipids (PC:PG 9:1) and drug (5 mole %)
were dissolved in chloroform and the organic solvent was
evaporated at 37°C under argon at a reduced pressure. The
dried film was suspended in NaCL-HEPES buffer, pH 7.4.
Liposomes were extruded to a uniform diameter by repeated
passage through 0.1 pm polycarbonate filters using a low
pressure device (Liposofast, Avestin Inc., Ottawa, Canada).
Liposomes containing methylprednisolone were separated
from free drug by gel-permeation chromatography using a
Sephadex G-75 column and concentrated immediately with
an Amicon concentration unit (W.R. Grace, Beverly, MA)
with a Diaflo M, 10000 cut-off ultrafilter. The dosage form
was stored overnight at room temperature prior to the ex-
periment.

Peripheral Blood Lymphocytes (PBL).

All procedures were conducted under aseptic condi-
tions. Venous blood from healthy volunteers was diluted 1:1
with RPMI 1640, layered onto Ficoll-Paque 400 and centri-
fuged for 30 min at 1200 rpm. The interphase containing PBL
was washed 3 times with RPMI 1640, the cells were resus-
pended in RPMI 1640 and supplemented with 2 mM L-glu-
tamine, 20 mM HEPES, 15% human serum and 1% penicil-
lin/streptomycin. The number of viable lymphocytes was de-
termined by counting using 0.2% trypan blue. Viability was
never <95%.
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PBL Proliferation.

PBL (5-10% cells/well) in supplemented media were cul-
tured in 96 well flat bottom microtiter plates (Falcon 3072,
Becton Dickinson, Lincoln Park, NJ). Methylprednisolone
or its liposomal formulation in RPMI 1640 at a final concen-
tration range of 10 — 1000 nM were added in triplicate and
stimulated with PHA (50 — 250 pg/ml). The cells were in-
cubated for 90 h at 37°C in a 5% CO, humidified atmosphere.
3H-Thymidine (0.05 pCi/well) was added during the last 18 h
of the culture period. After harvesting (Skatron Instruments
Inc., Sterling, VA), proliferation was assessed by measuring
cellular incorporation of *H-TdR using a Packard 1900CA
Tri-Carb liquid scintillation counter (Downers Grove, IL).
Correction for quenching was carried out using an external
standard method.

Animals.

Male Sprague-Dawley rats, weighing 220-270 g, were
purchased from Harlan Sprague-Dawley Inc. (Indianapolis,
IN). Animals were housed in a 12 h light/12 h dark, constant
temperature (22°C) environment with free access to rat chow
(Agway RMH 1000) and drinking water. Animals were accli-
matized to this environment for at least 1 week. One day
prior to the study, rats were subjected to right external jug-
ular vein cannulation under light ether anesthesia. Cannula
patency was maintained with sterile 0.9% NaCL. Food was
removed 14 h before each experiment but water was al-
lowed.

Animal Procedure.

The liposomal formulation of methylprednisolone or the
free drug in NaCL—HEPES buffer, pH 7.4, was adminis-
tered via cannula over 1 min as a 2 mg/kg dose. For the in
vitro experiment, rats were used after a sham procedure.
Rats (at least 3 per time interval) were sacrificed under light
ether anesthesia by removal of blood from the abdominal
aorta. Spleen was aseptically excised and immediately
placed in RPMI 1640.

Splenocyte Proliferation.

All procedures were done on ice and in sterile condi-
tions. Approximately 0.4 g of organ was placed in a glass
tissue homogenizer containing media supplemented with 2
mM L-glutamine, 20 mM HEPES, 10% FCS, 1% penicillin/
streptomycin, and 50 wM 2-mercaptoethanol and homoge-
nized by hand. The resulting mixture was layered over
Ficoll-Paque 400 and underwent the same procedure as for
PBL. Splenocytes, 5-10° cells/well were cultured in 6 repli-
cates with stimulation by 150 wg/ml PHA, incubated for a 66
h and pulsed with 2 wCi/well of *H-TdR 18 h before harvest-
ing. For assessment of a possible influence by liposomes on
lymphocyte proliferation, MPL, L-MPL and a mixture of
liposomes without drug and MPL at a concentration range
1-10 nM were added. Liposomes were formed as described
previously (9). The concentration of lipids in each well were
the same and equal to the concentration of lipids in wells
with 10 nM MPL in L-MPL. For the in vitro glucocorticoid
inhibition study, MPL at a concentration range of 0.001-100
nM was added. The optimal incubation time, concentration
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of PHA, number of cells, and MPL concentrations were as-
sessed in a series of preliminary experiments. Intraday and
interday coefficients of variation of replicate samples were
less than 8%.

Pharmacodynamic Analysis.

Data for suppression of splenocyte proliferation versus
MPL concentration were analyzed using a nonlinear least-
squares curve fitting program PCNONLIN (SCI Software,
Lexington, KY). The Hill equation for sigmoidal inhibition
with a baseline effect parameter was employed:

Emax - CY =

B=be” &7+ ECy

(1)
where E is the effect (log(cpm)), E, ., is maximal effect of
cell proliferation with PHA, E_ is the effect at baseline, C is
MPL concentration (nM), ECs, is the MPL concentration
which produces 50% of maximum inhibition, and v is a sig-
moidal coefficient.

Data from our previous study (9) for corticosteroid re-
ceptor density versus time in spleen after doses of L-MPL or
MPL were fitted to a PK/PD model by postulating a hypo-
thetical “‘effect’” compartment, i.e. drug in spleen which is
available for receptor binding (12, 13). Under this interpre-
tation, the effect compartment was modeled as an additional
compartment linked to the plasma by a first-order process
(k4), and achieves a drug concentration, Cx. The equation is:

dCg
= ko (G — Cp) @
Using Cg as a driving force to produce receptor binding, the
pharmacodynamics of drug association (k,,) and dissocia-
tion (k. ) with receptors (R) were described using the law of
mass action:

kon
Ceg + R = CgR 3)
Ko

The data for free receptors (R) in splenic cytosol were fitted
to differential equations (2), (4) and (5):

d(R
—;—)=—k0n “(R) + kogr - (CER) @)
t
d(CgR
CER) en - (Co) - R) ~ kot - (CER) ©)

dt

where CgR is the concentration of MPL-receptor complex.
The constants describing interaction of drug and receptor
(k.. and k_¢) and MPL equilibration with the effect site (kq)
were sought by least-squares fitting using PCNONLIN. It
was assumed that drug in plasma controlled access to the
effect compartment and C, was described applying polyex-
ponential equations:

szz Ci-e_""‘ 6)

where i = 2 for free MPL and i = 3 for L-MPL studies (9).
Percent inhibition of lymphocyte proliferation (L) as a
function of steroid receptor density in spleen for both lipo-
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somal and free drug were fitted simultaneously to another
Hill equation:

Lmax - RB5

L= I(L8 + RBB

)
where L, is effect at baseline, Ry is the bound receptor
number as was defined above (CgR), K, is a concentration
of bound receptors which is associated with 50% suppres-
sion of lymphocyte proliferation, and & is a coefficient which
reflects the steepness of the function.

Using the estimated parameters L., K;, and 3 we
calculated the expected inhibition of splenocyte blastogenic
response versus time based on plasma (C,) and receptor (Rg)
data for control and liposomal treatments separately.

Least-squares fittings were evaluated based on good-
ness-of-fit criteria which included visual inspection, exami-
nation of residuals, and correlation coefficients.

Drug Assay.

Plasma concentrations of corticosterone were deter-
mined by HPLC (14). Rat plasma was stripped with char-
coal, spiked with MPL, corticosterone and dexamethasone
(internal standard), and used to create standard curves.

Statistics.

The one way analysis of variance (ANOVA) was per-
formed on the three groups of lymphocyte proliferation data
for each concentration of MPL.

RESULTS
In vitro studies.

PBL proliferation.

Inhibition by MPL of human lymphocyte proliferation
induced by mitogen is shown on Fig. 1. The primary prolif-
erative response depends on the concentration of PHA. An
increase of PHA concentration from 50 to 100 pg/ml in-
creases the response, and a plateau is reached at 250 pg/ml
PHA. Lymphocyte proliferation was strongly inhibited by
MPL both in the absence and presence of its liposomal for-
mulation. Differences between both treatment forms at drug
concentrations of 10-1000 nM were not significant. Fitting
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Fig. 1. Inhibition by methylprednisolone of human peripheral blood
lymphocyte proliferation induced by PHA at concentrations of: a)
50; b) 100, and c) 250 pg/ml. N = 3 replicates/bar. Open bars—
MPL, closed bars—L-MPL.
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the data to a simple sigmoid model (y=1) yields an EC;, =
27.7 = 2.5 nM (curves are not shown). MPL at a concentra-
tion of 1000 nM suppressed proliferation so profoundly that
it was not affected by the concentration of mitogen.

Splenocyte Proliferation.

Cells obtained from rat spleen were found to be more
sensitive to MPL than human cells. Fig. 2 demonstrates the
inhibition of splenocyte proliferation (induced by 150 pg/ml
PHA) by MPL at the concentration range of 0.01-100 nM.
Pronounced effects occur at a MPL concentration of 2 nM,
and at 100 nM, proliferation was suppressed totally with
*H-TdR incorporation found to be at the baseline I€vel. The
curve in Fig. 2 represents data fitted to the Hill equation (Eq.
1). Table I lists the parameters for the inhibition function for
S rats; the EC,, averaged 7.9 = 3.8 nM which was 4 times
less than for human peripheral lymphocytes. The sigmoidal
coefficient was found to average 1.5 + 0.2.

Lymphocyte proliferation in vitro is not affected by the
presence of liposomes. Fig. 3 presents a comparison of the
treatments of spleen cells, induced by 150 pg/ml PHA, with
free MPL, MPL incorporated with liposomes, and MPL
added together with PC:PG liposomes formed without drug.
The ANOVA performed for mean lymphocyte proliferation
data for all groups (N =6 in each group) showed no signifi-
cant differences in the study. Neither the liposomes with
drug, nor the empty liposomes altered the measured re-
sponse in comparison with free drug.

In vivo studies.

Splenocyte proliferation.

The IV administration of MPL (control) and L-MPL at
2 mg/kg doses to rats caused a marked suppression of sple-
nocyte proliferation.- Fig. 4 shows a comparison of plasma
and spleen levels of MPL, receptor density in spleen cytosol,
and the proliferative response of splenocyte versus time after
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Fig. 2. Suppression of rat splenocyte blastogenic response in vitro
stimulated by 150 pg/ml of PHA. Points are the mean values of 6
replicates for one animal. Curve represents fitting of data to Eq. 1.
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TABLE 1. Parameters of Inhibition of Splenocyte Proliferation

in vitro.
Rat # EC50, nM b
1 5.49 (0.79) 1.19 (0.10)
2 11.88 (2.27) 1.34 (0.48)
3 3.68 (1.07) 1.45 (0.41)
4 6.38 (0.53) 1.73 (0.09)
5 11.83 (2.74) 1.65 (0.25)
Mean (SD) 7.85 (3.78) 1.47 (0.22)

a 2 mg/kg IV dose of free or liposomal drug. Each point
represents data from an individual animal. The fitting of
pharmacokinetic data for the biexponential and triexponen-
tial (L-MPL) models for plasma and spleen concentrations
was done previously (9). After a dose of MPL in solution,
plasma and spleen concentrations decline quickly with dis-
appearance from plasma after 2.5 h and from spleen after 5 h.
In these animals, concentration of free glucocorticoid recep-
tors fell almost immediately to negligible values, and there-
after gradually increased to approach the baseline approxi-
mately 6 h after injection of drug. Following L-MPL, recep-
tor occupancy was considerably prolonged.

Least-squares fitting of glucocorticoid receptor data to a
partial PK/PD model included a hypothetical ‘“‘effect com-
partment’’ to account for drug availability to receptors. Rea-
sonable characterization of the receptor data was obtained as
shown in Fig. 4. The estimated value of k; was 1 h™'. The
apparent association (k,,) and dissociation (k.g) rate con-
stants for the control data were 1.2 ml/ng-h and 25.6 h™ ..
Immediately after administration of L-MPL, the plasma ki-
netics data showed a rapid release of sufficient amount of
drug from the liposomes which fully occupies the receptors.
At the early times receptor data were sparse. Thus it was
necessary to set k_, as a constant assuming that the k_, value
for both formulations was the same and depended on free
drug concentration at the effect site. The estimated dissoci-
ation rate constant for L-MPL was 9.7 = 1.7h ™!, and the k4
for L-MPL was calculated as 0.14 = 0.02 h~".
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Fig. 3. Comparison of inhibition of splenocyte proliferation induced
by 150 wg/ml PHA with free MPL (open bars), L-MPL (solid bars)
and MPL added together with liposomes formed without drug
(cross-hatched bars). Mean = SD values for each group are shown.
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Fig. 4. Methylprednisolone concentrations as a function of time (up-
per panel) after 2 mg/kg IV dose in rat plasma (small circles) and
spleen (large circles). Lines show fitting of plasma and spleen data
as described previously (9). Glucocorticoid receptor density versus
time in rat spleen (middle panel). Curves are the result of least-
squares fitting using Eq. 2 and 4-6. Inhibition of rat splenocyte
proliferation versus time (bottom panel). Lines represent a calcula-
tions form the fitted sigmoidal Hill function (Eq. 5 and 7). Open
symbols— control; closed symbols—liposomal formulation.

Proliferation of splenocytes decreased with time reach-
ing the maximum inhibition at 2 h. Thereafter, the response
slowly returned to the baseline at 18 h. Following the dose of
liposomal MPL, the level of drug in plasma initially shows a
decline similar to that after the control dose, followed by a
slow terminal phase. The concentrations of MPL in spleen
persist at the level of 100 ng/g for a period of at least 66 h.
Liposomes altered the dynamics of MPL.: steroid receptors
were completely occupied for 12 h post dosing, following by
slow recycling over at least 66 h. Immunosuppression, mea-
sured as the splenocyte blastogenic response reached a max-
imum effect at 2 h for the control treatment and at 4 h for
L-MPL. By 120 h after dosing with L-MPL, lymphocyte
proliferation remained inhibited by 85%.

Fig. 4 also shows calculations of lymphocyte prolifera-
tion data using the sigmoidal inhibition function (Eq. 7). Pa-
rameters for this function were obtained by fitting the per-
cent of lymphocyte response versus combined bound recep-
tor data from both experiments with administration of free
MPL and L-MPL, as shown in Fig. 5. The K; was 1.9 + 0.1
nM. Because the inhibition function had a very steep slope,
d was 24.3 = 7.6. In general, the predicted lines describe the
process of inhibition of lymphocyte blastogenic response
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Fig. 5. Relation between receptor density and inhibition of lympho-
cyte proliferation. Open circles—free drug, closed circles—
liposomal formulation. Curve represents fitting of combined data
sets to Eq. 7.

very well, suggesting that the access and occupancy of re-
ceptors by steroid is associated with the immunosuppressive
effect caused by free and liposomal MPL.

Inhibition of corticosterone

Fig. 6 presents the concentrations of corticosterone in
rat plasma after a 2 mg/kg dose of L-MPL or drug in solution.
The initial declines in concentrations of corticosterone were
similar for both treatments. After the dose of L-MPL, the
suppression of endogenous corticosterone lasts only for the
first 24 h and then returns to baseline. The steroid concen-
trations in plasma in this case remain at low levels of 1-2
ng/ml until 120 h (Figure 4).

DISCUSSION

The liposomal formulation of methylprednisolone signif-
icantly prolongs the blood circulation time of steroid, alters
organ distribution with preference to lymphatic tissues, and
markedly extends corticosteroid receptor occupancy in liver
and spleen (9). Determination of the lymphocyte blastogenic
response upon stimulation with mitogen irn vitro and ex vivo
is a well established test to gain insight into the functional
capacity of cellular immune reactivity (15). We have inves-
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Fig. 6. Corticosterone concentrations in rat plasma versus time af-
ter 2 mg/kg IV dose of MPL (open triangles) and L-MPL (closed
triangles).
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tigated the changes produced by MPL and L-MPL on lym-
phocyte blastogenesis in vitro and compared human lympho-
cytes to rat splenocytes.

A suppressive role of macrophages in the immune re-
sponse is well documented (16). Macrophages act as a
source of prostaglandins which are potential inhibitors of
several lymphocyte functions such as mitogenesis, cytolysis,
lymphokine production and proliferation. Liposomes are ap-
preciably taken up and processed by macrophages, and we
were interested to see if liposomes would interfere with the
lymphocytic response to the steroid.

Inhibition of blastogenesis of human lymphocytes in-
duced by the three concentrations of mitogen did not differ
significantly for free and liposomal MPL over the chosen
concentration range (Fig. 1). This is probably due to total
efflux of drug from liposomes occurring during the incuba-
tion period and no biochemical interference from the PC and
PG lipids. An optimal concentration of PHA of 150 pg/ml
induces a significant proliferation response.

For the assessment of drug immunosuppressive activity,
inhibition of blastogenesis of human lymphocytes is used in
clinical studies (17,18); preclinical studies usually consider
the same properties of lymphocytes obtained from spleen
(19). We compared these two methods seeking to evaluate
the differences in sensitivity of both sets of cells to MPL, to
the liposomal formulation, and also to empty liposomes.
Neither human lymphocyte nor splenocyte suppression data
were described previously using an inhibition function
(20,21).

Values for the EC,, and vy for rat spleen cells show that
the affinity of drug to suppress proliferation was similar
among animals. This is supportive of the use of population
data for assessing the differences in responses between con-
trol and L-MPL-treated rats. Data for human lymphocytes
were fitted to a simple inhibition function (y = 1). Rat sple-
nocytes have somewhat greater sensitivity to MPL, with
EC,, values differing by about four-fold. This difference in
sensitivity and in vy values for these two sets of cells might be
due to either differences between species (3), source of cells,
or media requirements. The spleen plays a major role in
migration, maturation and homing of lymphocytes. Traffick-
ing of lymphocytes through the compartments of the spleen
can alter specific cell subsets (10) which might be another
reason for the different sensitivity of cells between spleen
and blood.

3H-Thymidine uptake by splenocytes was not affected
by liposomes added simultaneously with MPL to cell culture
(Fig. 3), and liposomes alone did not alter the response ob-
tained from control wells containing cells, media and PHA.
This is probably due to the fact that during the prolonged
culture conditions, all drug was released from the diluted
liposomes. These data confirm that diminished lymphocyte
reactivity depends only on the concentration of MPL alone.

Systematically administered immunosuppressive agents
prevent transplant rejection at a cost of possible renal, he-
patic, bone marrow and other organ dysfunction. Therapeu-
tically accepted dosage schedules for corticosteroids pro-
mote the development of infections, diabetes and hyperten-
sion in allograft recipients. One of the major approaches
toward reducing the drug-specific and general adverse con-
sequences of systemic immunosuppression is utilization of
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local drug administration to establish a more selective pres-
ence of the immunosuppressive agents with a concomitant
reduction in systemic drug exposure. This has been accom-
plished previously for steroids by local administration using
a mini pump (22, 23).

Liposome formulations have been attempted for prefer-
ential delivery of other immunosuppressive drugs such as
cyclosporine (11, 24). Our formulation of corticosteroid di-
rectly targets the immune system (9). Methylprednisolone
administered in liposomes was sequestered by lymphatic tis-
sues; partitioning of steroid by spleen increased by 25-fold in
comparison with drug injected in solution. After initial up-
take of liposomes by the reticuloendothelial system, the lat-
ter may act as a reservoir of MPL, releasing it slowly back
into the blood (Fig. 4). This process could probably explain
the prolonged maintenance of drug in plasma at a low level
(about 2-3 ng/ml).

The changes in distribution of liposomal MPL caused a
markedly prolonged biological response for splenic gluco-
corticoid receptors. Our previously proposed partial PK/PD
model has been extended by adding an effect compartment,
connected with plasma by a first-order distribution rate con-
stant. This led to excellent fittings of the data (Fig. 4). The
general process involving receptors begins with drug-
receptor association, activation, and nuclear translocation of
steroid-receptor complexes. This process depends only on
the concentration of free drug available to free receptors and
we set the value for k,, from the control treatment as a
constant when applied to the liposomal formulation. The
next step in the receptor repertoire is the dissociation and
recycling of free receptors from nucleus (25). Estimated val-
ues for k¢ were within the same order of magnitude for both
formulations. However, in the case of liposomal MPL,, kg,
was decreased by 7 times indicating that liposomes may slow
the equilibration of free drug with the effect site; this may
account for part of the prolonged suppression of the immune
system.

Significantly extended immunosuppression caused by
MPL and measured by the lymphocyte blastogenic response
was found after I'V administration of a 2 mg/kg dose of drug
in liposomal formulation in comparison with the same dose
of drug in solution. The relationship between the inhibition
of lymphocyte proliferation and bound steroid receptors for
both control and liposomal treatments has a nonlinear char-
acter. The good fitting which was obtained for the combined
data to the inhibition function (Eq. 7) indicates that lipo-
somes probably do not influence the internal cellular process
which produces suppression of blastogenesis. This phenom-
enon simply depends on the concentration of free drug which
binds with the receptors.

Previous studies have assessed relationships for indirect
and direct effects of glucocorticoids (1, 2, 26). For prednis-
olone in rats it was shown that receptor-mediated induction
of the liver enzyme tyrosine aminotransferase (TAT) re-
quired complete receptor occupancy for a full response (26).
In vivo models for basophil (2) and for helper T lymphocyte
(1) cell trafficking assume that physiologic responses to MPL
occurs when all receptors are bound with drug. Our present
finding that only partial receptor occupancy with steroid is
related to substantial inhibition of lymphocyte proliferation
was unexpected. It appears that the main processes which
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determine the prolongation of immunosuppression is the
slow release of MPL from sequestered liposomes and the
need for occupation of only part of the available receptors.

The suppression of the endogenous steroid, corticoste-
rone, depends on the concentrations of MPL in rat plasma.
The average plasma concentrations of corticosterone in na-
ive rats was about 295 = 177 ng/ml. The high variability is
normal for non-adrenalectomized animals; it was previously
reported as 378211 ng/ml (27). Immediately after adminis-
tration of free or liposomal MPL, corticosterone begins to
decline and 20-22 h later returns to the baseline when drug
is appreciably eliminated. Corticosterone was not affected
by very low (about 1-2 ng/ml) concentrations of MPL.which
appeared in plasma due to slow release of drug from lipo-
somes sequestered to liver and lymphatics. The suppression
of cortisol (the endogenous steroid in man) produces a max-
imum effect at 6-8 h post-dosing with methylprednisolone
(28). In our case, the dose of free drug provides total sup-
pression of corticosterone at 4 h. Liposomal MPL did not
inhibit secretion of corticosterone totally, perhaps because
part of the drug circulating in plasma is incorporated with
liposomes.

In summary, we previously demonstrated that our lipo-
somal formulation of methylprednisolone increased reten-
tion of drug in spleen and markedly prolonged availability of
glucocorticoid at the receptor. The present study shows that
such preferential delivery of the drug to lymphatic tissues
enhanced its ex vivo immunosuppressive activity in compar-
ison with MPL administered in solution. Adrenal suppres-
sion was not unduly prolonged following L-MPL. These data
suggest that selective targeting of MPL will increase its ther-
apeutic index.

ACKNOWLEDGMENTS

We appreciate the excellent technical assistance of Ms.
Nancy A. Pyszczynski. This work was supported in part by
Grant GM 24211 from the National Institute of General Med-
ical Sciences, NIH and by a Fellowship for Dr. E. Mishina
from Glaxo, Inc.

REFERENCES

1. Fisher L.E., Ludwig E.A., Jusko W.J. Pharmacoimmunody-
namics of methylprednisolone: trafficking of helper T lympho-
cytes. J. Pharmacokinet. Biopharm. 20: 319-331, 1992.

2. Wald J.A., Salazar D.E., Cheng H., Jusko W.J. Two-
compartment basophil cell trafficking model of methylprednis-
olone pharmacodynamics. J. Pharmacokinet. Biopharm. 19:
521-536, 1991.

3. Cupps T.R., Fauci A.S. Corticosteroid-mediated immunoregu-
lation in man. Immunological Rev. 65: 133-155, 1992,

4. Steiner A.E. & Wittliff C. Concentration of glucocorticoid re-
ceptor sites in normal human lymphocytes. Clin. Chem. 32:
80-83, 1986.

5. Kirkham B.W., Corkill M.M., Davison S.C., Panayi G.S. Re-
sponse to glucocorticoid treatment in rheumatoid arthritis: in
vitro cell mediated immune assay predicts in vivo responses. J.
Rheumatol. 18: 821-825, 1991.

6. Renz H., Mazer B.D., Gelfand E.W. Differential inhibition of T
and B cell function in IL-4-dependent IgE production by cyclo-
sporin and methylprednisolone. J. Immunol. 145: 3641-3646,
1990.

7. Zanker B., Waltz G., Wieder K.J., Strom T.B. Evidence that



854

10.

11.

12.

13.

14.

15.

16.

17.

glucocorticosteroids block expression of the human interleu-
kin-6 gene by accessory cells. Transplant. 49: 183-185, 1990.

. Rozell T.G., Murphy B., De AvilaD.M., Banks K.L., Reves J.J.

Antibodies against cortisol block suppressive effects of cortico-
steroids on lymphocytes in vitro. Proc. Soc. Exp. Biol. Med.
199: 404--409, 1992.

. Mishina E.V., Straubinger R.M., Pyszczynski N.A., Jusko W.I.

Enhancement of tissue delivery and receptor occupancy of
methylprednisolone by a liposomal formulation. Pharm. Res.
10: 1402-1410, 1993.

Pabst R., Westermann J. The role of the spleen in lymphocyte
migration. Scan. Microsc. 5: 10751080, 1991.

Vadiei K., Lopez-Berestein G., Pepez-Soler R., Luke D.R. Tis-
sue distribution and in vivo immunosuppressive activity of li-
posomal cyclosporine. Drug Metab. Disp. 19: 1147-1151, 1991.
Sheiner L.B., Stanski D.R., Vozeh S., Miller R.D., Ham J.
Simultaneous modeling of pharmacokinetics and pharmacody-
namics: application to d-tubocurarine. Clin. Pharmacol. Ther.
25: 358-371, 1979.

Jusko W.J. Conceptualization of drug distribution to a hypothet-
ical pharmacodynamic effect compartment. Clin. Pharmacol.
Ther. 54: 112-113, 1993.

Haughey D.B. and Jusko W.J. Analysis of methylprednisolone,
methylprednisone, and corticosterone for assessment of meth-
ylprednisolone disposition in rats. J. Chromatogr. 430: 241248
(1988).

Bloemena E., Koopmans R.P., Weinreich S., Van Boxtel C.J.,
Schellekens P.T.A. Pharmacodynamic modeling of lymphocy-
topenia and blood cultures in prednisolone-treated individuals.
Clin. Immunol. Immunopathol. 57: 374-386, 1990.

Yoshimura S., Gotoh S., Kamada N. Immunological tolerance
induced by liver grafting in the rat: splenic macrophages and T
cells mediate distinct phases of immunosuppressive activity.
Clin. Exp. Immunol. 85: 121-127, 1991.

Rupprecht M., Rupprecht R. Wodarz N., Braner H.U., Korn-
huber J., Koch H.U., Riederer P., Hornstein O.P. In vivo and in
vitro effects of glucocorticoids on lectin-induced blastogenesis
in atopic dermatitis. Arch. Dermatol. Res. 283: 292-296, 1991.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mishina and Jusko

Pollak R., Dumble L.J., Lazda V.A., Maddux M.S., Stormoen
B., Ward M. Utility of an in vitro immunoassay to guide immu-
nosuppressive therapy. Transplant. Proc. 23: 1113-1114, 1991.
Goto S., Kamada N., Kim Y.I., Kobayashi M. Induction of
immunosuppressive activity by splenic macrophages in liver-
grafted rats. Transplant. Proc. 23: 20172019, 1991.

Hibbins M., Allen R.D.M., Chapman J.R. Inhibition of PHA
lymphocyte responses by cyclosporine and methylpredniso-
lone. Transplant. Proc. 22: 2137-2138, 1991.

Dupont E., Denys C., Schandene L., Pereleux A., Romasco F.,
Wybran J. Lymphocyte activation mechanisms and in vitro ac-
tions of immunosuppressive drugs: a comparison. Transplant.
Proc. 19: 1227-1229, 1987.

Freise C.E., Clemmings S., Clemens L.E., Alan T., Ashby T.,
Ashby E., Burke E.C., Roberts J.P., Asher N.L. Demonstration
of local immunosuppression with methylprednisolone in the
sponge matrix allograft model. Transplant. 52:318-325, 1991.
Gruber S.A. The case for local immunosuppression. Transplant.
54: 1-11, 1992.

Venkataram S., Awni W.M., Jordan K., Rahman Y.E. Pharma-
cokinetics of two alternative dosage forms for cyclosporine: li-
posomes and intralipid. J. Pharm. Sci. 79: 216-219, 1990.
Jusko W.J. Corticosteroid pharmacodynamics: modets for broad
array of receptor-mediated pharmacologic effects. J. Clin Phar-
macol. 30: 303-310 (1990).

Nichols A.I., Boudinot ED. and Jusko W.J. Second generation
model for prednisolone pharmacodynamics in the rat. Pharma-
cokinet. Biopharm. 17: 209-227 (1989).

Boudinot F.D. and Jusko W.J. Dose-dependent pharmacokinet-
ics of prednisolone in normal and adrenalectomized rats. J.
Pharmacokinet. Biopharm. 14: 453-467 (1986).

Kong A-N., Ludwig E.A., Slaughter R.L., DiStefano P.M., De-
Masi J., Middleton E., Jusko W.J. Pharmacokinetics and phar-
macodynamic modeling of direct suppression effects of methyl-
prednisolone on serum cortisol and blood histamine in human
subjects. Clin. Pharmacol. Ther. 46: 616—628 (1989).



