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ABSTRACT. Tacrolimus (FK506) is a hydrophobic immunosuppressive agent that rapidly penetrates the
plasmatic membrane and inhibits the signal transduction cascade of T lymphocytes. The objective of this
study was the characterization of liposomal FK506 with surfactant-like phospholipids to be administered
intratracheally after lung transplantation or in inflammatory lung diseases. We evaluated the optimal
incorporation of FK506 in dipalmitoylphosphatidylcholine (DPPC) and DPPC/1-palmitoyl-2-oleoyl-
phosphatidylglycerol (POPG) monolayers and bilayers and the effects of FK506 on the physical properties
of DPPC and DPPC/POPG (8:2 w/w) vesicles. In addition, we assessed the immunosuppressive effects
of surfactant-like phospholipid vesicles containing different amounts of FK506 on T-cell proliferation
and interleukin 2 production. From surface pressure measurements of FK506/DPPC and FK506/DPPC/
POPG mixed monolayers, we determined that FK506 was embedded into these monolayers up to an
FK506 concentration of about 0.4 mol %. Beyond this concentration, FK506 was not quantitatively
incorporated into the monolayer, suggesting possible concentration-dependent aggregation of tacrolimus.
The incorporation of FK506 into DPPC monolayers, at concentratiofs«M, occurred with a partition
coefficient of (3.94 0.3) x 10® at the bilayer equivalence pressure. FK506 was incorporated in DPPC
bilayers up to an FK506 concentration of about-017mol %, which was about double that obtained via

the monolayer technique. FK506 hardly affected the transition enthalpy,trend cooperativity of the

phase transition of DPPC and DPPC/POPG vesicles as determined by differential scanning calorimetry
and steady-state 1,6-diphenyl-1,3,5-hexatriene anisotropy. Finally, this study provides evidence that
liposomal FK506 retains the immunosuppressive efficacy of the drug.

Tacrolimus (FK506) is a hydrophobic macrolide lactone
(Figure 1) produced bptreptomyces tsukubaengig that
acts as a powerful and clinically useful immunosuppressant
through disruption of signaling events mediated by cal-
cineurin in T lymphocytes?). Tacrolimus is 56-100 times
more potent than the immunosuppressant cyclosporin A
(CsA} in inhibiting T-cell activation 1). In addition to its
immunosuppressive effect, FK506 can act as an antiinflam-
matory or antiallergic agen2¢4). Clinical trials have shown
tacrolimus to be an effective alternative to cyclosporin for
both primary immunosuppression after solid-organ trans-
plantation and as rescue therapy for acute rejection recipients
(5). On the basis of favorable results in kidney and liver
transplantation, tacrolimus has been used as primary pro-

Ficure 1: Chemical structure of tacrolimus (FK506). An arrow

T This work was supported by Fondo de Investigacganitaria 03/ ; ; : i _
0137, MCyT (BQU2002-04515-C02), and by Fujisawa GmbH. We S9na's t,'glgstgéh(eD”l{}gE&%O‘)g)dansy'cada"e”“e in the fluorescent

acknowledge the support of CAl de Espectrosaq@IRC) of UCM.
* Correspondence should be addressed to this author: Tel 34-91- . . .
3944261 fax 34-91-3944672: e-mail ccasalsc@bio.ucm.es. phylaxis and conversion therapy following lung transplanta-

* Department of Biochemistry and Molecular Biology |, Complutense tion (6).

Ungiversity of Madrid. FK506 is hardly soluble in water<0.003 mg/mL at 25
h E'OSp'ta' Puerta de Hierro, N °C) but is soluble in some organic solvents such as
epartment of Organic Chemistry, Complutense University of hi . .
Madrid. chloroform, methanol, acetone, or dimethyl sulfoxid®. (
Ulnstituto de Qimica-Fsica Rocasolano, CSIC. The commercially available intravenous dosage form of

10.1021/bi036227z CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/10/2004



Characterization of Liposomal FK506 Biochemistry, Vol. 43, No. 30, 2008927

tacrolimus contains a solubilizing agent, polyoxyethylated effect of FK506 on the physical state of DPPC and DPPC/
castor oil, which has been reported to be toxic. Systemic POPG (8:2 w/w) vesicles by using fluorescence intensity and
side effects such as neurotoxicity and nephrotoxicity com- anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH), dif-
plicate the use of FK506 in the clinical setting, restricting ferential scanning calorimetry, and vesicle aggregation
the permissible dosag®)( Local immunosuppression is a assays. In addition, we evaluate the immunosuppressive
potential approach to reduce the adverse effects of systemiceffects of DPPC and DPPC/POPG (8:2 wi/w) vesicles
immunosuppression. Inhaled tacrolimus administration after containing different amounts of FK506 on Jurkat T-cell
lung transplantation could be an alternative to its systemic proliferation and IL-2 production.

or oral administration, provided that drug levels reached by

this route were enough to inhibit the inflammatory process EXPERIMENTAL PROCEDURES

due to the ischemic-reperfusion injury, as well as T-cell  \aterials. FK506 was provided by Fujisawa GmbH. A
activation. Tacrolimus liposolubility complicates its use by fluorescently labeled dansyl-FK506 conjugate (DNS
this route of administration. Studies on aerosolized cyclo- FK506) was prepared by aminodehydroxylation with dan-
sporin dissolved in solvents such as propylene glycol or gyicadaverine of the carboxymethoxyl oxime derivative of
ethanol showed effectiveness in attenuating acute lUNgQFks5oe at C-22 (Figure 1). The solid is identified as the
rejection Q). However, organic solvents such as ethanol or dansytFK506 conjugate byH NMR (200 MHz),23C NMR
propylene glycol induce cough and airway irritability and (50 MHz), and electrospray mass spectrometry. BNS
are poorly tolerated in humans. Our hypothesis is that use px506 shows an absorption maximum at 333 nm in methanol
of lung surfactant-like liposomes as a vehicle for intratracheal ¢qution. Dansylcadaverine as well as DPH was purchased
tacrolimus administration could ensure drug contact with the fom Molecular Probes (Eugene, OR). POPG and DPPC
alveolar spaces of the lung. Liposomal FK506 would be \yere purchased from Avanti Polar Lipids (Alabaster, AL).
delivered directly to the lung and need not pass through the Phospholipids were stored in chloroform-a20 °C. PMA
general circulation. and PHA were obtained from Sigma Pharmaceutical Co (St.

Lung surfactant is a macromolecular complex composed Louis, MO). RPMI 1640 medium and heat-inactivated fetal
of 90% lipids and 10% proteins that create a lipid-rich phase calf serum (FCS) were obtained from Biowhittaker, Belgium.
separating alveolar gas and liquid at the surfaces of alveolarCell proliferation reagent WST-1 was purchased from Roche
epithelial cells {0—12). Pulmonary surfactant phospholipids (Germany). ELISA kits for IL-2 immunoassays were ob-
form monolayers and multilayers that reduce surface tensiontained from BD PharMingen (San Diego, CA). Lymphocyte-
in the alveolus to negligible levels, thereby stabilizing the like cell line (Jurkat T cells) was supplied by the American
alveoli and maintaining lung volumes at end-expiration. Two Type Culture Collection. Chloroform and methanol were of
phospholipids, DPPC (dipalmitoylphosphatidylcholine) and spectroscopy grade, purchased from Merck (Darmstadt,
unsaturated phosphatidylglycerol (PG), are markedly rich in Germany). All other reagents were of analytical grade,
surfactant relative to other mammalian membranes and areobtained also from Merck.

of special importance for surfactant functioh3). Lung FK506/Phospholipid Mixed MonolayerMixtures of
surfactant deficiency, dysfunction, or inactivation causes DPPC or DPPC/POPG (8:2 w/w) were spread from chloro-
respiratory failure. form/methanol (3:1 v/v) solutions omta 5 mM Tris/HCI

The first objective of this study was to determine the (pH 7.4) and 150 mM NacCl subphase, in a thermostated
optimal amount of FK506 incorporated in surfactant-like LangmuirBlodgett trough (302RB ribbon barrier film
monolayers and vesicles and the effect of FK506 on the balance, NIMA Technologies, Coventry, U.K.) as previously
biophysical properties of these vesicles. The second objectivedescribed 17, 18). For FK506/phospholipid mixed mono-
was to determine whether the incorporation of FK506 in lung layers, the drug was dissolved in methanol and the desired
surfactant-like vesicles affects the immunosuppressive ef-amount was added to the chloroform/methatigid solu-
fectiveness of this drug. tion. Once spread, the monolayer was allowed to stand for

While reports are available concerning the potential clinical &t l€ast 10 min in order to ensure complete evaporation of
use of liposomal FK506 formulations for intravenous ad- the solvent. Monolayers were compressed at 5¢/mimn.
ministration (4—16), none have dealt either with the For all the isotherms, an equal number of phospholipid
physical characterization of liposomal FK506 or with the Molecules was spread at the interface (typically 13.6 nmol).
interaction of this hydrophobic compound with phospholipid These experiments were performed at°25
monolayers or bilayers. In this study we report for the first ~ Détermination of the FK506 Partition Coefficieiffta drug
time the incorporation of FK506 in DPPC or DPPC/POPG IS incorporated in a monolayer, an increase of the atdg (
monolayers and determine the FK506 partition coefficient of the film maintained at constant surface pressure will be

between the aqueous and lipidic phases. We also study thé?Pserved with increasing amounts of drug incorporatet] (
20). At low drug concentration, one can accept the addition

of the areas is given by

! Abbreviations: 1m, emission wavelength (nanometersy; excita-
tion wavelength (nanometers); CsA, cyclosporin A; DMSO, dimethyl —
sulfoxide; DNS-FK506, dansylcadaveringeK506; DPH, 1,6-di- Aot AA= AN+ ANy (1)
phenyl-1,3,5-hexatriene; DPPC, 2-dipalmiteytglycero-3-phospho- . L L .
choline; ELISA, enzyme-linked immunosorbent assay: IL-2, interleukin Where A is the initial area of the lipid monolayer in the
2; P, partition coefficient; LC, liquid condensed state; LE, liquid absence of the drugdf = A.NL), AL and Ap are the lipid

expanded state; MLV, multilamellar vesicles; PHA, phytohemagglu- .
tinin; PMA, phorbol 12-myristate 13-acetate; POPG, 1-palmitoyl-2- and druQ areas, arfd_ andNp are the number of |Ip|d and

oleoylsnglycero-3-[phosphaac-(1-glycerol)]; SP-A, surfactant protein ~ drug molecules in the monolayer after drug incorporation.
A; Tm, gel to fluid phase transition temperature. The measured lipid aredy , at 32 mN n1t was 51+ 1 Az
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The drug areal\p, was considered to be 8602421). The mM NacCl, 0.1 mM EDTA, and 5 mM Tris/HCI, pH 7.4,
analysis of the partitioning of FK506 into lipid monolayers and allowing them to swell fol h at atemperature above
assumes that the incorporation of the drug does not changehe gel-to-liquid-phase transition temperatuiig,)( of the

the lipid cross-sectional area. Measurements Ad at corresponding phospholipid vesicles [S@€ for DPPC
constant pressure will allow for the determination of the vesicles and 4XC for DPPC/POPG (8:2 w/w) vesicles].
drug-lipid association constants as described below. After vortexing, the resulting MLV were sonicated at the

One can write, fromAA = ApNp andAy = A N (in eq 1) same temperature during 4 min at 390 Wdiburst of 0.6
s, with 0.4 s between bursts) in a UP 200S sonifier with a 2
N  (AAA mm microtip. Unilamellar vesicles were prepared freshly
N_L - AP, @) each day, just before the experiment was started. The final
lipid concentration of both multilamellar and unilamellar
whered is the number of moles of absorbed drug divided vesicles was assessed by phosphorus determination.
by the number of moles of lipid in the layer. Thus, the For vesicle-size analysis in solution, quasielastic light-
experimental determination afA andA, at constant pressure ~ scattering was used as previously describ2®).(Light-

will allow us to estimate). scattering measurements were performed at°@5in a
The partition coefficient of tacrolimus between the lipid Zetasizer photon correlation spectrometer (Malvern 4700
and aqueous phaség, can be described by instruments) with 256 channels. The light source was a

Coherent Innova 300 Arlaser operating at 514.5 nm. We
_ XpiL studied the particle size of unilamellar vesicles containing
P= m 3) various FK506 amounts. The diameter values of the tacroli-
mus-doped vesicles were similar to those of control vesicles

in which xp,. andxpw are the molar fractions of the drug in ~ Without significant modifications linked to tacrolimus. DPPC/
the lipidic and aqueous phases, respectively. can be POPG vesicles prepared by sonication were unilamellar
expressed as a function of the drug-to-phospholipid ratio in vesicles. The mean diameters of the two major populations

the lipidic phasey: of DPPC/POPG vesicles prepared by sonication werg-38
4 nm (47%=+ 4%) and 103+ 13 nm (41%=+ 5%). DPPC
X = 0 (4) vesicles prepared by sonication consisted of a major popula-
DL 1+6 tion (70%) of unilamellar vesicles (mean diameter of #95

o N o 6 nm) and a minor population (30%) of multilamellar vesicles

P, by gation.
(AMA, PID] Fluorescence MeasurgmentSteady-state fluorescence
S = — 0 (5) measurements were carried out on an AB2 spectrofluorom-
AAy 1+ P[L], eter with a thermostated cuvette holdgi0(1 °C) with 2 x

10 mm path-length quartz cuvettes. Unilamellar vesicles
where [D} and [L], are the total drug and lipid concentra- containing DPH were prepared as reported above at a probe/
tions, respectively. Equation 5 can be rewritten as a function phospholipid molar ratio of 1:200. In cases where tacrolimus
of the ratio between the increase of the a4, and the  was incorporated, the desired amount of FK506 (dissolved
initial area,A: in methanol) was added to the chloroforiipid solution

before solvent removal and vesicle preparation. Exposure

AA _ @ P[D], ©6) to light was minimized throughout the liposome preparation
Ao ALL+PIL],

process. DPH concentration was determined spectrophoto-
metrically by absorbance at 350 nm, using a molar extinction
Preparation of Liposomal FK506Unilamellar vesicles  coefficient in methanol of 88000 M cm™. Absorbance
were used for cell assays and for spectroscopic measurementspectra were recorded at 2& on a Beckman DU-640
to reduce light scattering artifacts, whereas multilamellar spectrophotometer.
vesicles (MLV) were used for differential scanning calo- For DPH intensity measurements, the emission spectra
rimetry. DPPC and DPPC/POPG (8:2 w/w) vesicles with or were recorded with the emission polarizer set at the magic
without different amounts of FK506 were prepared as angle (m = 54.7) relative to the vertically polarized
follows: The required amounts of DPPC, POPG, and FK506 excitation beam to reduce contributions from vesicle scat-
were dissolved in chloroform/methanol (3:1 v/v). The tering and to avoid intensity artifacts due to molecular
resulting mixtures were then evaporated to dryness under arotation during the lifetime of the excited stat3).
gentle stream of nitrogen, and traces of solvent were Moreover, background intensities in DPH-free samples due
subsequently removed by evacuation under reduced pressuré the vesicles were subtracted from each recording of
overnight. When the dry residue was not used immediately, fluorescence intensity. For fluorescence intensity measure-
it was stored at—20 °C. In cases where DPH was ments of dansylcadavering-K506 (DNS-FK506) in buffer
incorporated, the probe was dissolved in methanol and theand incorporated in phospholipid vesicles, excitation was at
desired amounts were added to the chloroform/metkanol 340 nm. The fluorescence spectra were corrected for the
lipid solution before solvent removal (probe/phospholipid scatter contribution due to the vesicles.
molar ratio of 1:200). The different lipid vesicles were Fluorescence Emission AnisotropipPH fluorescence
prepared at a phospholipid concentration of 0.08, 1, or 3 mg/ emission anisotropy measurements were obtained with Glan
mL by hydrating dry lipid films in a buffer containing 150 Prism polarizers. Excitation and emission wavelengths were
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set at 359 and 427 nm, respectively. For each sample,95% air-5% CQ, humidified atmosphere. The medium was
prepared as described above, fluorescence emission intensitghanged every 48 h.

data in parallel and perpendicular orientations with respect Jurkat T cells (seeded at5 1P cells/mL) were stimulated

to the exciting beam were collected 10 times each and thenwith PMA (10 nM) and PHA (1ug/mL) and cultured in 96-
averaged. All measurements were performed at°g5 well microtiter plates for 24, 48, and 72 h in the presence of

Anisotropy,r, was calculated as either DPPC or DPPC/POPG (8:2 w/w) vesicles with or
without different amounts of FK506 (from 2.% 10°° to
= ly — Gl ) 2.7 x 102 mg of FK506/mg of phospholipid, which would
l,+ 2Gl; correspond to FK506 concentrations in the range of*40

to 105 M). Parallel experiments were performed in the

wherel, andly are the parallel and perpendicular polarized absence or presence of free FK506 (from*#@o 10> M).
intensities measured with the vertically polarized excitation Free FK506 was added to the culture medium from a stock
light, andG is the monochromator grating correction factor. solution in DMSO. The maximal final DMSO concentration

Differential Scanning CalorimetryCalorimetric measure-  (0.1%) achieved in the cultures did not affect cell prolifera-
ments were performed in a Microcal MCS differential tion. Surfactant-like phospholipid vesicles with or without
scanning calorimeter (Microcal Inc., Northampton, MA) at different amounts of FK506 were prepared as described
a heating rate of 0.8C/min and under an extra constant above but at the phospholipid concentration of 0.3 mg/mL.
pressure of 2 atm. DPPC and DPPC/POPG (8:2 w/w) We found that DPPC/POPG (8:2 w/w) vesicles with or
multilamellar vesicles (4 mM) in the absence or presence of without FK506 prepared at phospholipid concentrations less
either 0.2 or 1 mol % FK506 were loaded in the sample cell than 0.5 mg/mL were not cytotoxic for the cells. All vesicles
of the microcalorimeter with buffer (150 mM NaCl and 5 were prepared freshly each day just before the experiment
mM Tris/HCI, pH 7.4) in the reference cell. Three calori- was started.
metric scans were collected from each sample between 25 To assess cell proliferation, the cell proliferation reagent
and 60°C. The standard Microcal Origin software was used (WST-1) was added to the cell cultsrd h before the end
for data acquisition and analysis. The excess heat capacityof treatment. This assay is based on the cleavage of the
functions were obtained after subtraction of the buftauffer tetrazolium salt WST-1 by mitochondrial dehydrogenase.
baseline. Absorbance of the samples was measured at 450 nm. Results

Vesicle Aggregation AssaYhe effect of free FK506 or  were expressed as percentages of the control response of cells
FK506 incorporated in DPPC/POPG (8:2 w/w) vesicles on in the absence of either free or liposomal FK506 (percent of
C&*-dependent aggregation of these vesicles was determinedhe control). Four different T-cell cultures were used=
by measuring the change in absorbance at 400 nm in a4). The assays from each Jurkat T-cell culture were per-
Beckman DU-640 spectrophotometer as previously reportedformed in quadruplicate, the quadruplicate values were
(24, 25). On the other hand, DPPC/POPG (8:2 w/w) vesicle averaged, and their mean was treated as a single point. The
aggregation induced by human SP-A was monitored in the results are presented as the meahsSEMs), obtained by
absence or presence of free FK506 as well as with FK506- combining the results from each cell preparation.
containing liposomes. Briefly, DPPC/POPG (8:2 wi/w) The potential cytotoxicity of phospholipid vesicles and free
vesicles with or without increasing mole percentages of and liposomal FK506 at the concentrations assayed was
FK506 incorporated in the vesicle were added to both the assessed as the loss of exclusion of propidium iodide (PI)
sample and the reference cuvettes 480mL final concen- after application of PI directly to the cell culture medium at
tration) in 5 mM Tris/HCI and 150 mM NaCl buffer, pH 5 ug/mL final concentration. Aftel h of incubation at 37
7.4. After a 10-min equilibration at 37C, human SP-A (8  °C, red fluorescent (Pl-positive) cellé,(= 540 nm,A, =
ug/mL) was added to the sample cuvette, and the change in590 nm) were scored as a percentage of the total cells in
optical density at 400 nm was monitored. Next2C&.5 any given field. Two separate culture vessels were measured
mM) was added to both the sample and reference cuvettesper experiment condition; all experiments were performed
and the change in absorbance was monitored again. Experiat least twice, and the data were compiled.

ments were also performed by adding SP-A/&mL) IL-2 Assay.Jurkat T cells (5x 10° cells/mL) stimulated

preincubated with or without 0.AM free-FK506 to 8Qug/ with PMA (10 nM) and PHA (1ug/mL) were incubated in

mL DPPC/POPG (8:2 w/w) vesicles. 24-well plates in the presence of either DPPC or DPPC/
Human SP-A was purified from surfactant isolated from POPG (8:2 w/w) vesicles with or without different amounts

alveolar proteinosis patients by sequential butanolraacty! of FK506 as described above. Parallel experiments were also

glucoside extractions as described elsewh@@ 24, 25). performed in the absence or presence of free FK506 (from

The purity of SP-A was checked by one-dimensional SDS 10'2 to 10°° M). Free FK506 was added to the culture
PAGE in 12% polyacrylamide gel under reducing conditions medium from a stock solution in DMSO. The maximal final
(50 mM dithiothreitol). Quantification of SP-A was carried DMSO concentration (0.1%) achieved in the cultures did not
out by amino acid analysis in a Beckman System 6300 high affect IL-2 secretion by stimulated Jurkat cells.
performance analyzer. For measurement of cytokine production, supernatants
Jurkat T-Cell Proliferation Assaydurkat T cells (ATCC, from culture plates were collected after 24 and 48 h of
CRL-8163), a CD# human lymphoblastoid cell line, were culture, centrifuged, and stored frozen -a#0 °C until
grown in RPMI 1640 supplemented with 10% heat- analysis. Human IL-2 levels were determined by ELISA.
inactivated fetal calf serum (FCS), 2 mM glutamine, and Results were expressed as percentages of the control level
penicillium G sodium (100 units/mL)/streptomycin sulfate of cytokine production by cells stimulated with PHA and
(100 ug/mL), and 0.25g/mL amphotericin B at 37C in PMA in the absence of either free or liposomal FK506. Four
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FIGURE 2: (A) Surface pressurerf—area isotherms of DPPC«—) and FK506 - — —) monolayers spread on 5 mM Tris/HCI (pH 7.4)

and 150 mM NacCl at 28C. (B) Surface pressureaarea per phospholipid molecule isotherms of mixed monolayers of DPPC containing
variable mole percentages of FK506 at®Z5 For clarity of presentation only selected isotherms are shown: pure DPP{, DPPC+

0.074 mol % FK506 <-), DPPC+ 0.26 mol % FK506 £ — —), DPPC+ 0.4 mol % FK506 (- - -), and DPP& 1.09 mol % FK506

(= -+ —). For all the isotherms, an equal humber of phospholipid molecules was spread at the interface (typically 13.6 nmol). (C) Change
in the mean molecular are@&AQ) with respect to the initial molecular area of DPPC in the absence of FK&§6af constant surface
pressuresf = 32 mN mY) as a function of mole percentage of FK506 in FK506/DPPC mixed monolayers °&.25

different T-cell cultures were used € 4). The assays from

percentageAA/A, decreased. Similar results were observed

each Jurkat T-cell culture were performed in triplicate, the at different surface pressures (data not shown). A representa-
triplicate values were averaged, and their mean was treatedive isotherm of a DPPC monolayer containing an 1.09 mol
as a single point. The results are presented as the mgans ( % FK506 is shown in Figure 2B. This—A isotherm was
SEMS), obtained by combining the results from each cell shifted to the left with respect to that corresponding to
preparation. For statistical analysis, mean comparison be-FK506/DPPC mixed monolayers containing an 0.4 mol %

tween free and liposomal FK506 was done by Mann
Whitney's test; a confidence level of 95% or greater<(
0.05) was considered significant.

RESULTS

Mixed Monolayers of FK506 and DPPC or DPPC/POPG
(8:2 wiw). Figure 2A shows the surface pressuezea

FK506. This indicates that at this mole percentage of FK506
(1.09) some drug might not have been incorporated in the
monolayer, which suggests possible concentration-dependent
aggregation of tacrolimus. Otherwise, a saturation effect
would be observed.

On the other hand, while the incorporation of CsA into
DPPC monolayers causes the +EC transition region to

isotherms for pure DPPC and FK506 monolayers. DPpc diminish @6), all the FKS06/DPPC mixed monolayers
gave monolayers that exhibited a transition region betweenShowed LE-LC transition regions as deduced from the
the expanded liquid state (LE) and the condensed liquid statePlateau regions of the isotherms at surface pressures in the

(LC) at surface pressures in the range of-12 mN n* at

range of 16-12 mN n1? (Figure 2B). FK506/DPPC mixed

25°C and on a subphase containing 150 mM NaCl and 5 Monolayers showed the same onset pressuge df the

mM Tris/HCI (pH 7.4). The collapse pressure for this
phospholipid was about 7872 mN nTL. Unlike cyclosporin
A (CsA) (26), FK506 did not form stable monolayers when
deposited at the aitwater interface. Figure 2B shows surface
pressure versus area per molecute-f) isotherms of mixed

plateau region as the pure DPPC monolayer but at an onset
surface area that increased with increasing FK506 content
in the initial mixture, causing an expansion of the plateau
region in which there is phase coexistence. This occurred
up to an FK506 concentration of 0.4 mol % (Figure 2B). A

monolayers of DPPC containing variable mole percentagesfurther increase in the number of FK506 molecules (beyond
of FK5086. Isotherms of FK506/DPPC closely resembled the 0-4 mol % FKS506) led to a narrowing of the LEC

isotherm of pure DPPC but shifted along thaxis; thus,

transition region with respect to that observed at 0.4 mol %

the increase in mole percentage of FK506 in DPPC mono- FK506. This supports the idea that, at greater concentrations
layers caused a progressive expansion of the interfacial DPPCOT FKS06, concentration-dependent aggregation of tacrolimus
film, suggesting that the drug is occupying some space in _rmght occur, resulting in decreased incorporation of the drug
the interface. The collapse of all FK506/DPPC mixed [N the monolayer.

monolayers took place at a surface pressure of about 70 mN Figure 3A showsz—A isotherms of mixed monolayers of
m~1, which corresponds to that of the pure DPPC monolayer. DPPC/POPG (8:2 w/w) in the absence and presence of 0.3
Thus, the DPPC component in FK506/DPPC mixed mono- mol % FK506. In DPPC/POPG mixed films, a HEC
layers collapsed at the same surface pressure as in its puréransition occurs, although no plateau is observed imrth&

form but at a surface area that increased with increasingisotherm 27). The LC phase is highly enriched in DPPC
FK506 content in the initial mixture. These results indicate and the LE phase consists of DPPC and POR®G. (The

that FK506 is not removed from the monolayer as the mixed maximum surface pressure that can be achieved with this
film is compressed. Figure 2C plots the change in the meansystem is 6869 mN n1*. As has been described above for
molecular areaA) with respect to the initial molecular area DPPC/FK506 mixed films, isotherms of DPPC/POPG/FK506
of DPPC in the absence of FK5084] at constant surface  mixed monolayers resembled that of the mixed phospholipids
pressure £ = 32 mN mY) as a function of the mole alone but shifted to larger areas, although this shifting was
percentage of FK506 in FK506/DPPC mixed monolayers. not as significant as that obtained for DPPC monolayers.
Figure 2C clearly shows that the maximukdVA, increase Figure 3B shows that the maximukA/A, increase was
was observed at 0.4 mol % FK506. Beyond this mole observed at 0.3 mol % FK506. Beyond this concentration, a
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shift to smaller areas is observed, probably indicative of a

decreased incorporation of the drug in the monolayer as a
consequence of the inability of the DPPC/POPG monolayer

to incorporate higher amounts of FK506 or FK506 ag-
gregates.
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using ACD/logP v 5.15 software Z9), obtaining a logP
value of 3.96+ 0.83 (corresponding to B value of 9.1x

10%). These experimental and calculated octanol/water parti-
tion coefficient values are consistent with the partition
coefficient value for the incorporation of FK506 into DPPC
monolayers reported above and indicate the hydrophobicity
of this drug.

Effect of FK506 on the Fluorescence Anisotropy and
Intensity of DPH Incorporated in Mixed FK506/Phospholipid
VesiclesThe effect of increasing the amount of tacrolimus
on DPPC and DPPC/POPG (8:2 w/w) vesicles was evaluated
by fluorescence anisotropy of DPH at 26. For DPPC at
25 °C, below itsTn, the steady-state anisotropy of DPH in
the absence of tacrolimus wag0.31, in the range of the
observable DPH anisotropy in phospholipid vesicles in the
gel phase (0.360.34) 30). Increasing the FK506 concentra-
tion in DPPC vesicles resulted in a small, but significant,
increase in anisotropy, showing a saturation effect at FK506
concentrations of about 0.7 mol % (Figure 4A).

To find out whether the increase in DPH steady-state
anisotropy in DPPC vesicles caused by FK506 was due to
greater molecular order of lipids surrounding DPH, and a

A very simple method to measure membrane incorporation consequent slowing in DPH rotational diffusion, or to

of drugs is monitoring the area increase in a lipid monolayer
at constant surface pressuf®,(20). The surface pressure

changes in DPH fluorescence lifetime, and hence changes
in DPH steady-state fluorescence intensil)( we deter-

that produces monolayers that most closely resemble lipid mined the effect of FK506 on the fluorescence emission
bilayers is called the bilayer equivalence pressure and is abouspectra of DPH in DPPC vesicles at 26 (Figure 4B,C).

32 mN m! (28). Using eq 6, we have experimentally
calculated the partition coefficient valuB, for the incor-
poration of FK506 (concentrations between 0.5 andvj

Figure 4C shows that the fluorescence intensity of DPH in
DPPC vesicles decreased with increasing mole percentage
of FK506, showing a saturation effect at approximately 1

into DPPC monolayers, at pH 7.4 and at two different surface Mol % FK506 with respect to DPPC. These results suggest

pressures, 32 and 20 mN#We assumed a drug ares,

of 860 A2 [according to Van Duyne et al2Q)] and a
measured lipid aredy , of 51+ 1 A2. The obtained value
was (3.94 0.3) x 1. This value indicates that tacrolimus
incorporates efficiently into DPPC monolayers and is
compatible with its hydrophobic structure. The partition
coefficient value obtained might be affected by the uncer-
tainty in drug area. Because tacrolimus did not form
monolayers (Figure 2A), drug area could not be fairly

that the changes observed in the fluorescence anisotropy of
DPH in DPPC vesicles could be partially due to variations
in DPH fluorescence intensity. The effect of FK506 on both
DPH fluorescence intensity and anisotropy in DPPC vesicles
showed saturation at 0= mol % FK506. Thus, in our
system, fluorescence intensity and anisotropy of DPH serve
as a measure of the maximum incorporation of FK506 in
DPPC vesicles, which was about double that obtained with
DPPC monolayers.

estimated, while DPPC area at different pressures could be The tacrolimus concentration-dependent changes observed
measured. Octanol is commonly used to model solute in DPH intensity might indicate different probe environments

partitioning into regions of bilayers. The experimental
partition coefficient of FK506 inn-octanol/water was
reported to be about $@7). In addition, we calculated the
octanol/water partition coefficient value (Idg) of FK506

due to the incorporation of the drug in the bilayer. Changes
in DPH lifetime distribution are indicative of environmental
heterogeneity32). Alternatively, a direct quenching of DPH
fluorescence by FK506 could take place provided that a close

DPH anisotropy
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approach of DPH and FK506 in the solid phase of the Temperature (°C)
membrane occurs. However, an excess of FK506 in methanolFiGUrRe 6: DSC heating scans of (A) DPPC and (B) DPPC/POPG

did not affect the absorption spectrum of DPH in this solvent (8:2 wiw) multilamellar vesicles (4 mM) in the absence or presence
of variable mole percentages of FK506. The numbers on top of

and slightly decreas.ed. the fluorescence '”teT‘S'ty of DPH the peaks indicate (1) MLV without FK506, (2) MLV containing
(data not shown). This indicates that reabsorption by FK506 g 2 mol % FK506, and (3) MLV containing 1 mol % FK506. The
was not responsible for the decrease in fluorescence intensitythermograms presented were the third after three consecutive scans

and that a direct quenching of DPH fluorescence by FK506 from 25 to 60°C were recorded from each sample, all of them
is reasonably improbable. being similar. Enlargement of thermograms around the main

. . . o transition temperature are shown for both DPPC and DPPC/POPG
Results obtained with DPPC vesicles were qualitatively \qgjcjes. Thepinset of panel A shows amplification of DPPC

different from those obtained with DPPC/POPG. For DPPC/ thermograms around the pretransiton temperature. Calorimetric
POPG at 25°C, DPH anisotropy values in the absence of scans were performed at a rate of 6Gmin.

FK506 were lower than those for DPPC, consistently with
slightly more freedom for wagging motion of DPH in DPPC/ Table 1: Phase Transition Parameters Determined for DPPC and
POPG (8:2 w/w) vesicles. Increasing the tacrolimus content DPPC/POPG (8:2 wi/w) Multilamellar Vesicles with and without
resulted in small and not significant changes in DPH

anisotropy (data not shown). AH
- . | Tm (°C T12(°C)  (kcal/mol
Effect of FK506 on the Gel to Liquid Crystalline Phase — Sampre n Gi 0)1 . slg;i 0)06 (156;:;;
Transmo_n of Surfactant-like Vesicled/e used steady-state DPPG 0.2 mol % EK506 410001 067+ 001 105t 0.4
DPH anisotropy to measure the effect of FK506 on the pppc+ 1.0 mol % FK506 40.8- 001 0.87+ 0.05 104+ 0.4
thermotropic behavior of surfactant-like vesicles. The fluo- DPPC/POPG (8:2 wiw) 322004 52+01 11.1+0.3

rescence anisotropy of DPH decreases at temperatures highefPPC/POPGH 0.2 mol % FK506 325 0.08 6.1£01  11.8+04
than theT, because the rotational freedom of the probe DPPC/POPGH 1.0 mol % FKS06 32.3:002 6.0£0.1 115401
increases upon phospholipid acyl chain meltiggd)( The & Data are taken from heating scan. Values are the nde&D of
phase-transition temperature results from a condition of 1€ experiments.
disorder due to the trargauche isomerization of phospho-
lipid acyl chains. Figure 5 shows the effect of FK506 on the multilamellar vesicles are shown in Figure 6, panels A and
temperature dependence of the steady-state anisotropy oB, respectively. DPPC alone (curve 1) showed endotherms
DPH embedded into DPPC and DPPC/POPG (8:2 w/w) composed of a pretransition (inset, Figure 6A), from a titled
vesicles. The fluorescence anisotropy of DPH significantly to rippled chain gel phase, and a main transition from the
increased in the presence of FK506 in the gel phase, but itgel to the liquid crystalline phase. Two thermal transitions
was altered neither in the liquid-crystalline phase nor in the were also observed for DPPC liposomes in the presence of
transition region of DPPC vesicles. FK506 slightly shifts the FK506. It can be observed in Figure 6A that, upon
Tn value of DPPC unilamellar vesicles from 3@ in the incorporation of FK506 at 0.2 mol %, both the main
absence of FK506 to 4TC in its presence (Figure 5A). The transition and the pretransition temperatures were shifted
Tm value obtained for DPPC vesicles was comparable to thatslightly upward (Figure 6A, curve 2), whereas with incor-
obtained by other authors using polarization of DPH: 38.4 poration of higher amounts (1 mol %), variations in the main
°C (33) and 39°C (34). The incorporation of FK506 into  transition and pretransition temperatures were smaller than
DPPC/POPG (8:2 w/w) vesicles had no effect on DPH those observed at lower FK506 concentrations (Figure 6A,
anisotropy in either the gel or the liquid-crystalline phase or curve 3). In addition, the calorimetric transition enthalpy
on theTy, value of these vesicles (Figure 5B). (AH) did not change in the presence of 0.2 or 1 mol %
We also used the nonperturbing technique of differential FK506 (Table 1). These data indicate that the thermodynamic
scanning calorimetry (DSC) to probe the effect of FK506 properties of the lipid that participate in the phase transition
on the thermotropic properties of phospholipid vesicles. DSC were minimally affected by the incorporation of FK506 in
thermograms of FK506/DPPC and FK506/DPPC/POPG DPPC membranes.
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the polarity of the environment around the fluorescent group
upon DNS-FK506 incorporation into phospholipid vesicles.
These data suggest that DNBK506 is located internally
in the hydrophobic core of the membrane rather than being
weakly partitioned near the polar, hydrated headgroups and
the glycerol backbone. Figure 7 also shows that decreasing
phospholipid vesicle concentration, which increased the
DNS—FK506/phospholipid molar ratio, led to a diminution
of the fluorescence emission intensity of DNBK506. This
is probably a consequence of the incapability of DPPC
membranes to quantitatively incorporate DNEK506 at a

A (nm) drug/phospholipid molar ratio higher than 0.04/100. Similar
FIGURE 7: Fluorescence emission spectra of oM DNS—FK506 results were found with DPPC/POPG (8:2 w/w) vesicles (data
in 150 mM NaCl and 5 mM Tris/HCI (pH 7.4) buffer (---) and  not shown). The small amount of DN&K506 incorporated
incorporated in DPPC vesicles] at 25°C. DPPC concentrations  in the membrane in comparison with that of FK506
were (@) 1.36 mM, (b) 1.08 mM, (c) 0.27 mM, and (d) 0.136 mM. jncorporated in phospholipid monolayers and bilayers can

For all the assays, an equal concentration of IRER506 was used : :
(typically 0.5uM). The emission maximum of DNSFK506 in be explained by the greater hydrophobic nature of the

buffer was 545 nm. Incorporation of DNSK506 into DPPC ~ dansylated analogue (the calculated Rgalue for DNS-
vesicles led to a great increase in fluorescence intensity togetherFK506 was 6.9Gt 0.97).

with a blue shift of the emission maximum to 500 nm. At DNS Effect of FK506 on C#-Dependent Aggregation of
FK506/DPPC molar ratios higher than 0.04/100 (line a), the pppc/POPG Vesicles in the Presence and Absence of SP-

fluorescence intensity of DNSFK506 decreased (lines b, ¢ and . . .
d), indicating that DNSFK506 was not quantitatively incorporated 2 W& €xamined the effect of increasing amounts of FK506

in DPPC vesicles. Similar results were found with DPPC/POPG (from 0.36 to 1 mol %) incorporated in DPPC/POPG (8:2
vesicles.A, = 340 nm. w/w) vesicles on lipid aggregation induced by the presence

of millimolar concentrations of calcium in the medium. These

Figure 6B and Table 1 show that incorporation of either assays were performed at temperatures below’@5and
0.2 or 1 mol % FK506 in DPPC/POPG (8:2 w/w) multi- above (42°C) the T,, of these vesicles (32C). We found
lamellar vesicles did not cause any change in the transitionthat DPPC/POPG (8:2 w/w) vesicles slightly aggregated in
temperature (32.5% 0.1 °C) and the calorimetric enthalpy the presence of physiological concentrations of'C@.5
change (11.5+ 0.2 kcal/mol), which is consistent with  mM), and the incorporation of FK506 in these vesicles did
previous results on the effect of FK506 on the temperature not affect vesicle aggregation (data not shown). Moreover,
dependence of the steady-state anisotropy of DPH embedde@ddition of free FK506 to the medium did not affect
into tacrolimus-doped DPPC/POPG (8:2 w/w) unilamellar surfactant-like vesicle aggregation.
vesicles. However, the main phase-transition width at half- On the other hand, we found that free FK506 binds to
peak height T1/2), which is a measure of destabilization of surfactant protein A (SP-A), one of the major proteins present
phospholipid assemblies, slightly increased in the presencein the alveolar fluid. This was expected for the capability of
of FK506 (Table 1). SP-A to interact with a broad range of lipid$1j. Figure

Given the modest effect of FK506 in the thermotropic 8A shows that when SP-A was incubated with Q.
phase properties of DPPC and DPPC/POPG membranes, ifK506 (FK506/SP-A molar ratio of 1/2), an enhancement
can be argued that FK506 was excluded from intercalating of the vesicle aggregation induced by the protein was
into the bilayer because of the bulk of the FK506 ring. observed with respect to that obtained for the protein alone.
However, at the FK506 concentrations used in this study, Since addition of FK506 alone did not aggregate lipid
incorporation of FK506 into the membrane was estimated vesicles (Figure 8A) or modify the thermotropic properties
quantitatively by calculating the partition coefficient value of these vesicles (data not shown), the effect of FK506 on
(P) for the incorporation of FK506 into DPPC monolayers. SP-A-induced vesicle aggregation is likely due to the
This P value was (3.9t 0.3) x 103, indicating that FK506 interaction of the drug with the protein. To find out whether
concentration in the lipid phase is 3.0 1C° times its SP-A can also interact with FK506 embedded in DPPC/
concentration in the aqueous phase. POPG vesicles, we investigated SP-A-induced vesicle ag-

Incorporation of DNS-FK506 in DPPC and DPPC/POPC  gregation of FK506/DPPC/POPG (8:2 w/w) mixed bilayers
VesiclesTo gain insight into the incorporation of tacrolimus containing different mole percentages of FK506 at temper-
in the phospholipid bilayer, we have used a dansylated atures below (25C) and above (42C) the T,, of these
analogue of tacrolimus. The interaction of dansylated tacro- vesicles (32C) (Figure 8B). Within experimental error, no
limus with phospholipids could be followed by changes in effect of the FK506 embodied into the bilayer was observed
fluorescence intensity and by spectral shifts. Figure 7 showsat different FK506 mole percentages and at different tem-
the fluorescence emission spectra of QN8 DNS—FK506 peratures. These results indicate that SP-A does not interact
in buffer and incorporated in DPPC vesicles at different with FK506 when the drug is embedded in the membrane.
phospholipid concentrations (from 1.36 to 0.136 mM). When Since SP-A interacts primarily at bilayer surfacég, 35),
the fluorescent derivative of tacrolimus is incorporated into these data strongly suggest an inward location for FK506 in
phospholipid vesicles, the fluorescence emission spectrumthe hydrophobic core of the membrane rather than an outward
of DNS—FK506 showed a great increase in fluorescence location at the bilayer surface.
intensity accompanied by a notable blue shift of the emission  Ewvaluation of Immunosuppres& Actiity of Liposomal
maximum from 545 to 500 nm. This indicates a decrease of FK506.The data in Figure 9 (shaded bars) demonstrate that

120 a

IF (a.u.)




9934 Biochemistry, Vol. 43, No. 30, 2004 Cdmdas et al.

0.16 { A ca?* o B . 24 h
3 | ERRLE =
g 0124 SP-A o £
8 0.08 - l e § 80 4
% : [ ...-‘ g
© o4 =" T 60
s
0.00 (SROTIOMEIIIMMp B 40
0 10 20 300 10 20 30 3
t (min) t (min) NEER
FiIGURe 8: Aggregation of DPPC/POPC (8:2 w/w) vesicles induced = ol
by surfactant protein A. (A) Sample and reference cuvettes were 48 h

first filled with DPPC/POPG (8:2 w/w) vesicles (8@/mL) in 5

mM Tris/HCI and 150 mM NacCl buffer at pH 7.4, with or without
0.1uM free FK506. After a 10-min equilibration at 2%, SP-A

(8 ug/mL) was added and the change in optical density was
monitored. Next, C& (2.5 mM) was added and the change in
absorbance was monitored again. Symbols indicajevesicles
alone, ¢) vesicles+ 0.1 uM free FK506, @) vesicles+ SP-A,

and ©) vesiclest+ SP-A+ 0.1uM free FK506. (B) Experiments
were performed as in panel A with DPPC/POPG (8:2 wiw)
containing different amounts of FK5068) 0 mol % FK506, ©)

0.36 mol % FK506, [@) 0.54 mol % FK506, £) 0.72 mol %
FK506, and ) 1.0 mol % FK506. Vesicles containing FK506 did
not aggregate in the absence of SP-A (curves not shown). Similar
results were found at 37 and £Z, but the extent of vesicle L-FK506 ("M
aggregation was lower as the SP-A-induced vesicle aggregation is : (M)
strongly dependent on the physical state of the vesic®. (
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FK506 incorporated in DPPC/POPG (8:2 w/w) vesicles
markedly reduced the IL-2 production (about 80%) by PMA/
PHA-stimulated Jurkat T cells after 48 h of culture. This
80% inhibition of IL-2 production occurred at very low mole
percentages of FK506 in the membrane (0:23.0* mol

%), which corresponded to a concentration of free FK506
of 0.1 nM. Similar results were found with FK506 incorpo-

Ficure 9: Effect of free and liposomal FK506 (L-FK506) on IL-2
production by Jurkat T cells stimulated with PMA (10 nM) and
PHA (1ug/mL). Solid bars represent cells incubated in the absence
or presence of various concentrations of free FK506. Shaded bars
represent cells incubated in the presence of DPPC/POPG (8:2 w/w)
vesicles with or without different amounts of FK506. Incubations
were performed for 24 or 48 h. Supernatants from triplicate wells
were collected after 24 or 48 h of culture and the levels of IL-2

rated in DPPC vesicles. Importantly, cells treated with DPPC/ were measured by ELISA. Data presented are from four different

POPG or DPPC vesicles without FK506 did not modify the
IL-2 secretion levels observed in cells incubated in the
absence of these vesicles. The effect of free FK506, adde

T-cell cultures @ = 4). The results (meag= SEMs from four

cultures) were expressed as percentages of the control level of IL-2
roduction by stimulated cells in the absence of either free or
iposomal FK506. FK506 to phospholipid weight ratio of L-FK506

to the cell medium in DMSO at analogous concentrations, preparations is also shown.

was similar but, as expected, occurred earlier. Figure 9 (solid

bars) shows that concentrations of free FK506 equal to or the cells (data not shown). In addition, we did not find

higher than 0.1 nM inhibited IL-2 production by 80% after
24 h of culture. After 48 h of culture the inhibitory effect of
similar amounts of free and liposomal FK506 on the
production of IL-2 by PMA/PHA-stimulated Jurkat T cells
was similar, without significant differences between them.
Figure 10 shows the effect of free FK506 and liposomal
FK506 (incorporated in DPPC/POPG vesicles) on the
proliferation of Jurkat cells induced by PHA (&/mL) and
PMA (10 nM), after 1, 2, and 3 days of culture. Free FK506
inhibited the proliferative response by more than 70% after

2 days of culture and 85% after 3 days of culture. In contrast,

significant differences in cell proliferation between cells
treated with or without DPPC/POPG or DPPC unilamellar
vesicles in the absence of FK506, although antiproliferative
effects of surfactant lipid extracts on T cells have been
reported 86). The inhibitory effect of liposomal FK506 on
Jurkat proliferation may reflect an FK506-dependent inhibi-
tion in the production of IL-2 §7).

DISCUSSION

We have developed a new liposomal FK506 with surfac-

liposomal FK506 had little effect on the proliferation assessed tant-like phospholipids to be administered intratracheally after
on day 2 and led to a dose-dependent inhibition of the lung transplantation or in inflammatory diseases. Respiratory
proliferative response after 3 days of culture. Similar results delivery of FK506 integrated in surfactant-like vesicles would
were found with FK506 incorporated in DPPC vesicles (data facilitate FK506 influx to the alveolar spaces of the lung
not shown). This inhibitory effect of liposomal FK506 on and intracellular delivery to alveolar macrophages and
T-cell proliferation after 3 days of culture was not due to lymphocytes, without negatively affecting the lipid composi-
either nonspecific cytotoxicity of phospholipid vesicles or a tion of pulmonary surfactant.

direct effect of those vesicles on the proliferation of Jurkat  We investigated the optimal incorporation of FK506 in
T cells. We found that DPPC or DPPC/POPG (8:2 w/w) DPPC membranes, its effects on the physical properties of
vesicles (prepared at phospholipid concentrations less tharDPPC and DPPC/POPG vesicles, as well as the immuno-
0.5 mg/mL) with or without FK506 were not cytotoxic for  suppressive effectiveness of liposomal FK506. Although the
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Ficure 10: Effect of free and liposomal FK506 (L-FK506) on the proliferation of Jurkat T cells stimulated with PMA (10 nM) and PHA
(1 ug/mL). Cells were incubated in the absence or presence of various concentrations of free ®K30@ {n the presence of DPPC/
POPG (8:2 wiw) vesicles with or without different amounts of FK589 for 24, 48, and 72 h. Four different T-cell cultures were used
(n = 4). Medium alone or with DPPC/POPG vesicles (controls) and media with various concentrations of free or liposomal FK506 were
distributed in quadruplicate wells at the initiation of the cultures. The results are presented as thedrf@BMs] obtained by combining
the results from each cell preparation. Results were expressed as percentages of the control response of stimulated cells in the absence of
either free or liposomal FK506 (% of control).

effect of the incorporation of CsA, another immunosuppres- % FK506. These results indicate that beyond 0.4 mol %
sant drug structurally dissimilar to FK506, into phospholipid FK506 was not quantitatively incorporated into the DPPC
monolayers and bilayers has been studizg] 88—40), we monolayer. A possible reason for these results is that, at
are not aware of studies on the effects of the interaction of higher concentrations, FK506 undergoes self-aggregation and
FK506 with membranes. These studies have additional FK506 aggregates are not incorporated in the monolayer.
interest because FK506, as well as CsA, partitions into At large molecular areas (low surface pressure), the phos-
membranes. No receptors have been demonstrated for thespholipid molecules are loosely packed and the hydrophobic
drugs in cellular membranes, but they have been found intails are tilted. Because the lipid tails are near the aqueous
the cytosol. FK506 and CsA belong to the family of surface, FK506 would be in proximity with water and might
immunophilin-binding drugs, each drug binding to its respec- aggregate at high FK506 concentrations (the solubility of
tive cytosolic immunophilin: FK506 to FKBP and CsA to FK506 in water is very low). Concentration-dependent
cyclophilin (2, 41). These drugrimmunophilin complexes  aggregation of tacrolimus would explain the lack of a
have the same target, the Calmodulin-dependent phos-  saturation effect. FK506 also incorporated in DPPC/POPG
phatase calcineurin, and thus have essentially identical8:2 (w/w) mixed monolayers up to 0.3 mol %. Beyond this
biological effects 2, 41). However, this notion was recently  concentration, thAA/Aq ratio decreased, indicating that some
challenged by both clinical and experimental evidert®.( drug has not been partitioned in the monolayer and suggest-
Partition of drugs into membranes can alter membrane ing possible concentration-dependent aggregation of tacro-
organization. The study of the interaction of immunosup- limus.
pressive drugs, such as FK506 or CsA, with membranes can The incorporation of FK506 into DPPC monolayers, at
help to understand molecular mechanisms of action or sideconcentrations 5 uM, occurred with a partition coefficient
effects of these drugs. of (3.9+ 0.3) x 103, i.e., FK506 concentration in the lipid
The superficial monolayer technique, which uses a phos- phase is 3.9x 10° times its concentration in the aqueous
pholipid monolayer at the aitwater interface, has been used phase. This indicates that FK506 is efficiently incorporated
as a membrane model to characterize drug or pretein into DPPC membranes at low drug concentrations. This value
membrane interactiong ). We investigated the interaction is consistent with the calculated octanol/water partition
between FK506 and DPPC and DPPC/POPG membranescoefficient value for FK506 and indicates the hydrophobicity
using the Langmuir film balance technique. While there are of this drug.
some studies on mixed monolayers of CsA and phospholipids On the other hand, from fluorescence intensity and
(26, 40), there are no references to the interaction of FK506 anisotropy measurements of DPH embedded in DPPC
with phospholipid monolayers. We found that the presence vesicles containing increasing amounts of FK506, we
of increasing amounts of FK506 in DPPC or DPPC/POPG determined that FK506 was incorporated in DPPC mem-
monolayers caused a progressive expansion of the interfaciabranes up to an FK506 concentration of about-a.7mol
phospholipid film. FK506 is not removed from the monolayer %, which was about double that obtained by the monolayer
as the mixed film is compressed. Thus, the DPPC componenttechnique. These findings from both the phospholipid mono-
in FK506/DPPC mixed monolayers collapsed at the same layer and the bilayer models are useful for the optimization
surface pressure as in its pure form but at a surface area thatf liposomal formulation of FK506 and for better under-
increased with increasing FK506 content. The change in thestanding of FK506-membrane interaction.
mean molecular areaA@) with respect to the initial DPH embedded in DPPC vesicles is located toward the
molecular area of DPPC film in the absence of FK58§) ( bilayer center. The fact that the fluorescence intensity of DPH
measured at different surface pressures, increased withdecreased with increasing FK506 mole percentage in the
increasing mole percentage of FK506 in the monolayer. The membrane suggests an inward location for FK506 in the
maximum AA/A, increase was observed at an FK506 hydrophobic core of the membrane rather than a weak
concentration of 0.4 mol %. Beyond this mole percentage, distribution of the drug near the polar headgroups and the
the AA/A ratio decreased and the DPPC/FK506 monolayer glycerol backbone. This inward location was demonstrated
collapsed at lower surface areas than that found at 0.4 molby analyzing the incorporation of DNG-K506 in DPPC or
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DPPC/POPG vesicles. Incorporation of DNBK506 in to IL-2 production and proliferation. Although some authors
membranes led to a great increase in fluorescence intensityhave reported antiproliferative and immunosuppressive ef-
accompanied by a marked blue shift of the emission fects of phospholipids on T cells3€), in our study the
maximum, indicative of reduced polarity of the environment treatment of Jurkat T cells with DPPC/POPG (8:2 w/w) or
around the fluorescent group upon incorporation of BNS  DPPC unilamellar vesicles, in the absence of FK506, did
FK506 into phospholipid vesicles. In addition, we found that not influence the values of proliferation and IL-2 secretion
surfactant protein A, one of the major lipid binding proteins observed in control cells stimulated with PMA and PHA in
present in the alveolar fluid that interacts primarily at bilayer the absence of these vesicles. Liposomal FK506 induced 80%
surfaces 11, 35), was unable to interact with FK506 inhibition of IL-2 production at an FK506 concentration of
embedded in DPPC/POPG vesicles but not with free FK506.0.2 x 10~ mol %, which corresponded to 0.1 nM free
This strongly supports an inward location of FK506 in the FK506. In addition, treatment of stimulated Jurkat T cells
membrane. Results on the incorporation of FK506 in DPPC with liposomal FK506 led to a dose-dependent inhibition of
and DPPC/POPG monolayers and of DNSK506 in DPPC T-cell proliferation, which emerged later (after 72 h culture)
and DPPC/POPG bilayers indicate that there is a limit value than that observed with free FK506. This delay in the
for the quantitative incorporation of FK506 into the mem- immunosuppressive action of FK506 embedded in liposomes
brane. This limited access of FK506 into DPPC and DPPC/ with respect to that of similar amounts of free FK506
POPG membranes might be due to its bulky ring, as was suggests that the mechanism by which liposomal FK506 and
also shown for the hydrophobic anticancer drug Taxol free FK506 are delivered to the cells is different. Taken
(paclitaxel) @4, 45). Clinically, these findings suggest that together, the results reported here indicate that FK506
concentrations of this type of drug in the blood or the alveolar embedded in surfactant-like phospholipid vesicles retains the
fluid above a certain limiting value may not facilitate drug immunosuppressive efficacy of the drug.
penetration into the cell membrane and might cause adverse The immunosuppressive efficacy of other formulations of
side effects. liposomal FK506, administered systemically, has been tested
We used differential scanning calorimetry and steady-statein animal models of liverX4) and heart15) transplantation.
DPH anisotropy to investigate the effect of FK506 on the Liposomal FK506 has also been tested in cell transplantation
thermotropic phase properties of DPPC and DPPC/POPGor xenotransplantatiorl, 47) and in a model of immune-
vesicles. We found that FK506 hardly affected the transition mediated skin diseasd®). The liposomal FK506 formula-
enthalpy, Tn, and cooperativity of the phase transition of tions used in these studies were prepared by incorporation
DPPC and DPPC/POPG (8:2 wi/w) vesicles. Jain and Wu of FK506 in phosphatidylcholine/cholesterol vesicles at an
(46) developed a model that associated changes in the lipidFK506 mole percentage greater than the limit value estimated
phase transition profiles induced by various solutes with the in this study for the quantitative incorporation of FK506 in
location of the solute inside the bilayer. Molecules that induce surfactant-like vesicles. In all of these in vivo studies, it was
a simultaneous decrease Bf and cooperativity are pref-  concluded that encapsulation of FK506 in lipid vesicles
erentially located in the upper methylene region (fropdC increased the FK506 immunosuppressive efficacy in organ
Cs of the fatty acid chains), which is the cooperative region allotransplantation or in xenotransplantation modéi—
of the membrane. Molecules that do not change the coop-16, 47). In addition, liposomal FK506 has the ability to
erativity of the transition are preferentially located in the penetrate skin and achieves higher skin concentrations than
lower methylene area fromg@o the end of the acyl chains. when FK506 is systemically administered, suggesting that
Applying this model to our DSC scans with FK506 suggests liposomes can be an effective vehicle for FK506 treatment
the preferential location of FK506 in the lower methylene in skin disorders including psoriasi4§). In relation to lung
region (G—Cye) of DPPC membranes instead of in the upper transplantation, systemic FK506 has been used as primary
region. These results contrast with those found when the prophylaxis therapy following lung transplantatid),(and
immunosuppressant CsA, which is a hydrophobic 11-residueit has been recently reported that preoperative systemic
cyclic peptide, is incorporated in saturated phospholipid administration of FK506 decreases lung ischemia-reperfusion
vesicles 88, 39). CsA decreases th&;, and broadens the injury in rats @9). Liposomal FK506 could be intratracheally
phase transition, indicating the presence of CsA in the administered either before or after reperfusion to protect the
cooperative region of these membranes. CsA decreasesung against ischemia-reperfusion injury. According to our
phospholipid acyl chain order at temperatures below the mainresults, a dose of 0.2 mg of FK506/kg of body weight (which
phase transition and increases order at temperatures abovis the recommended dose for oral administration) could be
the transition 88, 39). These effects are similar to those intratracheally administered in 25 mg of phospholipid/kg of
caused by cholesterol, and it has been suggested that théody weight (the established dose for lung surfactant therapy
locations of CsA and cholesterol in membranes are similar is about 56-100 mg of phospholipid/kg of body weight).
(39). Taken together, these results indicate that the immuno- Surfactant-like phospholipids would not only warrant tacro-
suppressant FK506 and CsA have different effects on limus influx to the alveolar spaces of the lung but would
membrane structure. also contribute to the improvement of pulmonary function,
The immunosuppressive effectiveness of increased amountsince previous studies have shown that endogenous surfactant
of FK506 incorporated in DPPC/POPG (8:2 w/w) or DPPC phospholipids are negatively affected by ischemic-reperfusion
unilamellar vesicles was compared with those of similar injury after lung transplantation50). Further work in
amounts of free FK506 dissolved in DMSO. This study documenting the actual doses and effectiveness of FK506
provides evidence that FK506 embedded in surfactant-like incorporated in surfactant-like phospholipids needs to be
vesicles at an FK506-to-lipid ratio as low as &2L0~* mol done in animal models of lung transplantation. In addition,
% inhibits certain events of Jurkat T-cell activation that lead experiments are in progress to determine whether specific
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interactions of free and liposomal FK506 with other surfac-
tant components influence the immunosuppressive efficacy
of the drug and its delivery to alveolar cells.
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