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a b s t r a c t

Intratracheal administration of immunosuppressive agents to the lung is a novel treatment after lung
transplantation. Nanoparticles of tacrolimus (FK506) might interact with human SP-A, which is the most
abundant lipoprotein in the alveolar fluid. This study was undertaken to determine whether the forma-
tion of FK506/SP-A complexes interferes with FK506 immunosuppressive actions on stimulated human
macrophage-like U937 cells. We found that SP-A was avidly bound to FK506 (Kd = 35 ± 4 nM), as deter-
mined by solid phase–binding assays and dynamic light scattering. Free FK506, at concentrations
61 lM, had no effect on the inflammatory response of LPS-stimulated U937 macrophages. However,
coincubation of FK506 and SP-A, at concentrations where each component alone did not affect LPS-stim-
ulated macrophage response, significantly inhibited LPS-induced NF-jB activation and TNF-alpha secre-
tion. Free FK506, but not FK506/SP-A, functioned as substrate for the efflux transporter P-glycoprotein.
FK506 bound to SP-A was delivered to macrophages by endocytosis, since several endocytosis inhibitors
blocked FK506/SP-A anti-inflammatory effects. This process depended partly on SP-A binding to its recep-
tor, SP-R210. These results indicate that FK506/SP-A complexes have a greater anti-inflammatory effect
than either FK506 or SP-A alone and suggest that SP-A strengthened FK506 anti-inflammatory activity by
facilitating FK506 entrance into the cell, overcoming P-glycoprotein.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Tacrolimus, also known as FK506 (Fig. 1), is a hydrophobic mac-
rolide lactone produced by Streptomyces tsukubaensis [1], which
acts as a powerful and clinically useful immunosuppressant
through disruption of signaling events mediated by calcineurin in
T lymphocytes [2,3]. In addition to its immunosuppressive effect
on T cells, FK506 might act as an anti-inflammatory agent [2,4–
6]. FK506 is currently available in both intravenous and oral dosage
forms (commercially known as Prograf�). Clinical trials have
shown tacrolimus to be more effective in lung transplantation than
other oral immunosuppressants for both primary immunosuppres-
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sion and rescue therapy for acute rejection recipients [7,8]. In addi-
tion, several experimental studies demonstrated that tacrolimus
ameliorates ischemia–reperfusion injury after lung transplantation
[5,6,9], which is the major cause of death within 30 days [7] and
a risk factor for the development of bronchiolitis obliterans
syndrome [10].

Nevertheless, like other immunosuppressive agents, systemi-
cally delivered tacrolimus causes substantial side effects [11].
Thus, local immunosuppression is a potential approach to increase
drug levels in the graft while minimizing systemic drug levels and,
therefore, systemic toxicity. Inhaled tacrolimus administered after
lung transplantation could be an alternative to its systemic or oral
administration, and recent studies have shown the benefits
of inhaled tacrolimus for experimental lung transplantation
[12], lung ischemia–reperfusion injury [6,9] and antigen-induced
airway inflammation [13].

Using this route, tacrolimus would reach the alveolar fluid,
where it would interact with alveolar macrophages, lymphocytes,
and epithelial cells in a fluid environment characterized by the
presence of pulmonary surfactant. The latter is a macromolecular
complex composed of 90% lipids and 10% proteins that create a li-
pid-rich biological barrier that separates the alveolar gas and the
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Fig. 1. Three-dimensional models of trimeric (A) and oligomeric (B) forms of SP-A, and chemical structure of FK506 (C). In A, the four structural domains of the human SP-A
polypeptide chain are shown: (I) N-terminal segment involved in intermolecular disulfide bond formation; (II) collagen-like domain characterized by 23 Gly–Xaa–Yaa triplets
with a sequence irregularity (kink), which divides the collagen-like domain into two parts: N-terminal (IIN) and C-terminal (IIC) portions; (III) neck region between the
collagen and the globular domain; and (IV) C-terminal globular domain.
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liquid that covers alveolar cell surfaces [14]. Surfactant protein A
(SP-A) is the most abundant protein by mass in the alveolar fluid.
SP-A is a versatile recognition protein that binds to a great variety
of immune and non-immune ligands in the alveolar fluid and is
principally involved in lung defense by enhancing the uptake of
pathogens by phagocytes [15,16]. In addition, the binding of SP-A
to receptors on immune and epithelial cells in the alveolus leads
to an anti-inflammatory response, which is required to limit
inflammation and avoid tissue damage [15,16]. This large oligo-
meric protein composed of 18 nearly identical subunits (Fig. 1) is
mainly associated with surfactant lipids. Given the capability of
SP-A to interact with a broad range of lipids [17], it is conceivable
that SP-A binds to hydrophobic drugs such as FK506, and we found
that a fluorescence derivative of tacrolimus, dansylcadaverine-
FK506 (DNS-FK506), avidly binds to SP-A with an apparent equilib-
rium association constant of 1 � 107 M�1, which is similar to that
found for FKBP/DNS-FK506 complexes (1.5 � 107 M�1) [18].

We hypothesized that SP-A might influence FK506 bioavailabil-
ity in the alveolar fluid and/or its immunosuppressive activity.
Therefore, this study aimed to investigate whether the formation
of FK506/SP-A complexes interferes with FK506 anti-inflammatory
actions on stimulated human macrophage-like U937 cells. Macro-
phages are relevant cells in the alveolar fluid. Uncontrolled macro-
phage activation is a key initiation signal for septic insult or acute
lung ischemia–reperfusion injury, since alveolar macrophage
depletion attenuates disease symptoms [19,20].
2. Materials and methods

2.1. Materials

The human leukemic cell line U937 (CRL-1593.2, mycoplasma
free and virus free) was supplied by the American Type Culture
Collection (Manassas, VA). RPMI 1640 medium, heat-inactivated
fetal bovine serum, glutamine and penicillin/streptomycin were
obtained from Bio-Whittaker (Walkersville, MD). FK506 was kindly
supplied by Fujisawa GmbH (Munich, Germany). ELISA kit for TNF-
a immunoassays was obtained from BD PharMingen (San Diego,
CA). NF-jB p50/p65 EZ-TFA Transcription Factor Assay was from
Millipore (Billerica, MA). Smooth LPS from Escherichia coli (sero-
type 055:B5), phorbol 12-myristate acetate, monensin, bafilomycin
A1, nocodazole, amantadine, oligomycin B, verapamil, cyclosporin
A, probenecid, and indomethacin were purchased from Sigma Al-
drich (St. Louis, MO). Calcein acetoxymethyl ester (calcein-AM)
was purchased from Molecular Probes (Eugene, OR). Cell prolifera-
tion reagent WST-1 was purchased from Roche Diagnostics (Barce-
lona, Spain). Anti-SP-R210 was kindly provided by Zissis Chroneos
(Center of Biomedical Research, University of Texas Health Center,
Tyler, Texas). All other reagents were of analytical grade obtained
from Merck (Darmstadt, Germany).
2.2. Isolation of human SP-A

Surfactant protein A was isolated from BAL of patients with
alveolar proteinosis using a sequential butanol and octylglucoside
extraction [21,22]. The purity of SP-A was checked by one-dimen-
sional SDS–Page in 12% acrylamide under reducing conditions and
mass spectrometry. The oligomerization state of SP-A was assessed
by electrophoresis under non-denaturing conditions, electron
microscopy, and analytical ultracentrifugation as reported else-
where [21,22]. SP-A consisted of supratrimeric oligomers of at least
18 subunits. Each subunit had an apparent molecular weight of
36,000 Da. Biotinylated SP-A was prepared as previously described
for the labeling of SP-A with fluorescent Texas-Red [23]. The struc-
ture and functional activity of biotinylated SP-A was similar to that
of unlabeled SP-A.
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2.3. Solid-phase binding assay

To explore whether SP-A binds to immobilized FK506, solid-
phase binding assay was performed with biotinylated SP-A. Wells
of a 96-well polysorp microtiter plate (Nunc, Rochester, NY, USA)
were coated with or without FK506 (50 lM) dissolved in methanol,
overnight at room temperature, until total evaporation of the sol-
vent. Afterwards, the non-specific binding was blocked by the
addition of 5 mM Tris–HCl, 150 mM NaCl, 0.1 mM EDTA buffer,
pH 7.2, containing 5% (w/v) non-fatty dried milk for 2 h. Then var-
ious concentrations of biotinylated human SP-A in 2.5% non-fatty
dried milk-buffer A, with 2 mM CaCl2, were added and incubated
at room temperature for 1 h. After extensive washing, streptavi-
din-horseradish peroxidase was added to the wells and incuba-
tions were performed for 1 h at room temperature. After a last
washing step, the bound biotin-labeled SP-A was detected with
o-phenylenediamine dihydrochloride tablets. The colorimetric
reaction was stopped with 4 M sulfuric acid, and the absorbance
in each well was read at 490 nm on an ELISA reader (DigiScan; Asys
HiTech GmbH, Eugendorf, Austria).

2.4. Dynamic light scattering (DLS)

The hydrodynamic diameters of tacrolimus and SP-A particles
as well as mixtures of these components were measured at 25 �C
in a Zetasizer Nano S from Malvern Instruments (Worcestershire,
UK) equipped with a 633 nm HeNe laser. Six scans were performed
for each sample, and all the samples were analyzed in triplicate.
The hydrodynamic diameter was calculated using the General Pur-
pose algorithm available from the Malvern software for DLS anal-
ysis as described previously [24]. The interaction of SP-A with
FK506 in solution was measured by addition of different concen-
trations of FK506 (from 0 to 50 lM) from a stock solution in meth-
anol to a fixed concentration of SP-A (8 lg/ml; 12 nM), in 5 mM
Tris–HCl buffer, pH 7.4, with or without 150 mM NaCl and 2 mM
CaCl2. The maximal final methanol concentration (<0.1%) achieved
in the glass cuvettes did not affect SP-A structure as determined by
circular dichroism and fluorescence spectroscopy [21,22].

2.5. Cell assays

Human monocyte-like U937 cells were grown in RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, and penicillin G sodium (100 units/ml)/
streptomycin sulfate (100 units/ml) under a 95% air–5% CO2

humidified atmosphere at 37 �C as reported elsewhere [21,22,25].
U937 cells were dispensed into 24-well plates at 1 � 106 cells/ml
and differentiated into macrophages by incubation with 10 nM
PMA for 24 h at 37 �C in a 5% CO2 humidified atmosphere. After
PMA treatment, adherent cells were washed with medium to re-
move PMA and non-adherent cells. Differentiated cells were fur-
ther maintained in culture, as previously stated, for 24 h
(recovery phase). Then cells were washed and pretreated with dif-
ferent concentrations of SP-A, free FK506, or combinations thereof
for 5 min prior to smooth LPS (1 lg/ml) stimulation in presence of
5% heat-inactivated FBS at 37 �C. In some experiments, cells were
pretreated with either 25 lg/ml of anti-SP-R210 antibody against
SP-A receptor [26] or several inhibitors of endocytosis prior to
4 h LPS stimulation. The viability of differentiated U937 cells was
always >90% as assessed by trypan blue exclusion. Flow cytometry
analysis of PMA-treated U937 cells immunostained with antibod-
ies to CD14 was used to assess U937 macrophage-like phenotype
[27,28].

For measurement of TNF-a production, cell-free culture super-
natants were collected and assayed using a human TNF-a ELISA
kit. For measurements of NF-jB activation, nuclear extraction
was performed and the nuclear extract assayed for NF-jB with
an immunoassay kit according to the manufacturer’s instructions.
Results were expressed as a percentage of the level of TNF-a pro-
duction or NF-jB activation by cells stimulated with LPS in the ab-
sence of FK506 and/or SP-A.

2.6. Calcein uptake assay

Differentiated macrophage-like U937 cells (106 cells/ml) were
incubated with 0.25 lM calcein-AM for 15 min at 37 �C in the
absence and presence of increasing concentrations of FK506 with
or without SP-A (2.5 lg/ml). Calcein-AM is a non-fluorescent lipid
soluble dye that becomes highly fluorescent through cleavage of
the ester bonds by cytosolic esterases. Unlike calcein-AM, calcein
is soluble and cannot penetrate plasma membrane. After washing
three times with cold PBS, intracellular-retained fluorescent calce-
in was determined with a FLUOstar OPTIMA (BMG Labtechnologies
GmbH, Germany) at 485 nm excitation and 530 nm emission
wavelengths [29]. Results were expressed as a percentage of
calcein uptake shown by differentiated U937 cells in the absence
of FK506.

2.7. Cytotoxicity assay

Differentiated macrophage-like U937 cells were exposed to
increasing concentrations of FK506 with or without SP-A
(2.5 lg/ml) for 4 h at 37 �C. Cell viability was assessed by using
the WST-1 assay (Roche Biochemicals). This assay is based on
the cleavage of the tetrazolium salt WST-1 by mitochondrial
dehydrogenase. Absorbance of the samples was measured at
450 nm. Results were expressed as percentages of the control
response of cells in the absence of FK506 or FK506/SP-A. The
potential cytotoxicity of FK506 or FK506/SP-A at the concentra-
tions assayed was also assessed as the loss of exclusion of propi-
dium iodide (PI) after application of PI directly to the cell culture
medium at 5 lg/ml final concentration as reported elsewhere
[30].

2.8. Statistical analyses

Means were compared by one-way analysis of variance. We
considered p < 0.05 as statistically significant. Data are shown as
mean ± SEM. The statistical package SPSS 15.0 (Chicago, ILL) was
used for the analysis.
3. Results and discussion

3.1. SP-A binding to FK506

We previously determined the binding of SP-A to dansylcada-
verine-FK506 using the fluorescence and anisotropy properties of
DNS-FK506 [18]. Given that derivatization of FK506 at the C22 po-
sition of the molecule with a dansyl moiety partly inhibits drug
binding to the FK506-binding protein [18], we have evaluated
the binding of SP-A to either immobilized FK506 or FK506 in aque-
ous solution. Fig. 2A shows that biotinylated SP-A bound to FK506-
coated wells in a dose-dependent manner, with a Kd = 35 ± 4 nM.
The presence of phospholipids in the medium did not inhibit the
binding of SP-A to FK506 (data not shown). Likewise, the binding
of SP-A to immobilized surfactant lipids was not inhibited by the
presence of FK506 in the medium (data not shown). In addition,
the lipid aggregation activity of SP-A, which is of relevance in pul-
monary surfactant biology, is markedly increased in the presence
of FK506 [30]. Together, these results indicate that the tacroli-
mus-binding site of SP-A does not overlap with its lipid-binding
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Fig. 2. SP-A binding to FK506. (A) SP-A binds to immobilized FK506 in a dose-dependent manner with a dissociation constant (Kd) of 35 ± 4 nM. Microtiter plate wells were
coated with or without FK506 (50 lM). Then, biotinylated SP-A was added to the wells and the level of bound SP-A was determined with streptavidin-horseradish peroxidase.
Results are means ± SD of three experiments. (B) DSL analysis of the hydrodynamic diameter of FK506 and SP-A particles in 5 mM Tris–HCl buffer, pH 7.4. The y axis
represents relative intensity of scattered light; the x axis denotes the hydrodynamic diameter of particles present in the solution. Addition of different concentrations of
FK506 to a solution containing a constant concentration of SP-A (12 nM) caused disappearance of the peak of FK506 particles (390 ± 20 nm) and the appearance of a SP-A/
FK506 peak at 44 ± 2 nm (gray line). On the other hand, addition of higher concentrations of FK506 (ranging from 20 to 50 lM) to SP-A (12 nM) caused disappearance of the
characteristics peaks of FK506 and SP-A particles and the appearance of a new SP-A/FK506 peak at 606 ± 40 nm (gray line).
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site located in the C-terminal domain of the protein (Fig. 1).
Moreover, no energy transfer from the tryptophan residues of SP-
A (located in the C-terminal domain of the protein) to the dansyl
moiety of DNS-FK506 was observed [18], and resonance energy
transfer measurements suggest that the tacrolimus-binding site
might be located in the neck region or in the C-terminal (IIC) por-
tion of the collagen-like domain of SP-A [18].

The interaction of SP-A with FK506 in aqueous solution was
examined by dynamic light scattering (Fig. 2B). Particle size
analysis of FK506 at concentrations ranging from 0.01 to
10 lM showed a monodisperse distribution with a mean hydro-
dynamic diameter of 390 ± 20 nm. Particle size analysis was
measured 10 min after addition of FK506 to the aqueous phase
from a stock solution in methanol (FK506 particle size in meth-
anol was 1 ± 0.5 nm). Thus, given its hydrophobic nature, tacrol-
imus aggregates in aqueous solution in order to reduce free
energy and become a stable system. Fig. 2B also shows that
SP-A particles had a hydrodynamic diameter of 42 ± 6 nm. Addi-
tion of different concentrations of FK506 (ranging from 0 to
10 lM) to a solution containing a constant concentration of SP-
A (12 nM) caused disappearance of the peak of FK506 particles
and the appearance of a SP-A/FK506 peak at 44 ± 2 nm
(Fig. 2B). These results indicate that SP-A binds to FK506 and
prevents tacrolimus self-aggregation in the aqueous medium.
Similar results were found when SP-A was added to a solution
containing FK506 at concentrations 610 lM, indicating that the
binding of SP-A to tacrolimus dissociated FK506 aggregates.
Fig. 2C shows that this SP-A effect is concentration dependent,
since at higher FK506 concentrations (P20 lM), the characteris-
tics peaks of FK506 and SP-A particles disappear and a new SP-
A/FK506 peak becomes visible with a mean hydrodynamic diam-
eter of 606 ± 40 nm.
3.2. SP-A binding to FK506 increases FK506 potency as anti-
inflammatory agent

Fig. 3 shows the effect of either FK506 (Fig. 3A) or SP-A (Fig. 3B)
alone on TNF-a production by macrophage-like U937 cells stimu-
lated with smooth LPS. FK506 was a weak inhibitor of TNF-a secre-
tion by LPS-stimulated macrophage at concentrations of FK506
lower than 10 lM. This is consistent with several studies, in which
concentrations of FK506 of 1–10 lM were used to see any FK506
inhibitory effect on TNF-a secretion [31], nitric oxide production
[32,33], or macrophage proliferation [34] by stimulated macro-
phages. This stands out against the low FK506 concentrations re-
quired to inhibit T-cell activation [1,2,30].

On the other hand, human SP-A showed a clear inhibitory effect
on LPS-induced TNF-a secretion, which was dependent on the SP-A
concentration. At concentrations lower than 5 lg/ml (7.5 nM) SP-A
had no effect, which is consistent with previous studies [21,22,25].
SP-A or FK506 alone (without LPS) had no effect on TNF-a produc-
tion by resting differentiated U937 cells for 4 h after SP-A or FK506
addition (results not shown).

We found that SP-A binding to FK506 greatly increases FK506
potency as anti-inflammatory agent. Fig. 4 shows that coincuba-
tion of FK506 and SP-A, at concentrations where each component
alone did not affect LPS-stimulated macrophage response, signifi-
cantly inhibited LPS-induced TNF-a secretion. Thus, FK506 concen-
trations as low as 0.001 lM significantly inhibited TNF-a
production provided that low concentrations of SP-A (2.5 lg/ml)
are present in the medium.

To find out whether this effect is SP-A-specific, we investigate
whether other extracellular protein, human albumin (HSA), which
like SP-A avidly binds to FK506 [18], increases FK506 potency as
anti-inflammatory agent. Results in Fig. 4 show that coincubation
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Fig. 3. Effect of FK506 (A) and SP-A (B) on TNF-a production by macrophage-like U937 cells stimulated with LPS. Differentiated U937 cells (1 � 106 cells/ml) were
preincubated in the absence or presence of increasing concentrations of FK506 (A) or SP-A (B) for 5 min prior to 4-h activation with 1 lg/ml LPS in the presence of 5% FBS at
37 �C. Afterward, cell-free supernatants were collected and the levels of TNF-a were measured by ELISA. The results are presented as the means + SEM from four different cell
cultures (n = 4). The assays from each U937 cell culture were performed in triplicate, the triplicate values were averaged, and their mean treated as a single point. Results
were expressed as percentages of LPS-induced TNF-a levels. �p < 0.05 compared with response elicited by LPS in the absence of either FK506 or SP-A.

Fig. 4. FK506/SP-A complexes have greater inhibitory effect on LPS-induced TNF-a secretion than either FK506 or SP-A alone. Macrophage-like U937 cells (1 � 106 cells/ml)
were preincubated in the absence or presence of increasing concentrations of FK506 with or without SP-A (2.5 lg/ml) or HSA (25 lg/ml) for 5 min prior to 4-h activation with
1 lg/ml LPS at 37 �C. Afterward, cell-free supernatants were collected and the levels of TNF-a were measured by ELISA. Data presented are from four different cell cultures
(n = 4). The assays from each U937 cell culture were performed in triplicate, the triplicate values were averaged, and their mean treated as a single point. The results are
presented as the means + SEM. Results were expressed as percentages of LPS-induced TNF-a level. �p < 0.05 compared with response elicited by LPS.
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of free FK506 (10�7 M) and excess of human albumin (25 lg/ml)
did not strengthen the anti-inflammatory activity of FK506. Albu-
min alone had no effect on LPS-induced TNF-a secretion.

Next we examined whether the inhibitory effect of SP-A/FK506
complexes on TNF-a secretion was NF-jB dependent or indepen-
dent. Fig. 5 shows that coincubation of FK506 and SP-A significantly
inhibited LPS-induced NF-jB activation at concentrations where
each component alone did not show any effect. Thus, SP-A/FK506
complexes seem to inhibit LPS-induced TNF-a secretion by an NF-
jB-dependent manner. These results are consistent with the fact
that in vivo intravenous or intratracheal administration of tacroli-
mus is protective against lung ischemia-reperfusion injury, and this
protection is associated with a decrease in both NF-jB activity and
proinflammatory cytokine expression [5,6]. In addition, tacrolimus
was found to inhibit airway epithelial cell NF-jB activation [4].

Thus, SP-A/FK506 complexes, but not SP-A or FK506 alone at
low concentrations, inhibited LPS-induced NF-jB activation. SP-
A itself mediates modulation of the IjB-a/NF-jB pathway, but
SP-A concentrations required for this immunomodulatory effect
are P20 lg/ml [35]. We hypothesized that FK506 is involved in
the inhibition of LPS-induced NF-jB activation, while SP-A might
facilitate FK506 entrance into the cell. In the cytosol, FK506 is
bound to its cytosolic immunophilin: FKBP [2]. This drug-immu-
nophilin complex targets calcineurin and inhibits the Ca2+/cal-
modulin-dependent phosphatase activity of calcineurin. The
inhibition of calcineurin in turn reduces the expression of a num-
ber of nuclear transcription factors, including NF-jB. Calcineurin
inactivates IjB, an inhibitor of NF-jB, therefore increasing the
levels of active NF-jB in the nucleus, which leads to increased
production of mRNA for proinflammatory cytokines [36–38].
The ability of calcineurin to participate in the induction of NF-
jB-dependent promoters is not T-cell specific and has been de-
scribed in macrophage-like U937 [37]. In addition, a recent study
demonstrates that FK506-induced inactivation of calcineurin in
macrophages or calcineurin deletion can induce a form of LPS tol-
erance and protect the host from LPS toxicity in vivo [39].



Fig. 5. Coincubation of FK506 and SP-A significantly inhibits LPS-induced NF-jB
activation at concentrations where each component alone does not show any effect.
Macrophage-like U937 cells (1 � 106 cells/ml) were preincubated in the absence or
presence of free FK506 (10�7 M), SP-A (2.5 lg/ml), or FK506 (10�7 M) + SP-A
(2.5 lg/ml) for 5 min prior to 1-h activation with 1 lg/ml LPS at 37 �C. Then nuclear
extracts were obtained and the levels of the p50 subunit of NF-jB were measured.
The results are presented as the means + SEM from four different cell cultures
(n = 4). Results were expressed as a percentage of LPS-induced NF-jB activation.
�p < 0.05 compared with response elicited by LPS.
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3.3. SP-A binding to FK506 prevents FK506 efflux by P-glycoprotein

FK506 partitions into membranes, and no receptors have been
demonstrated for FK506 in cellular membranes. Thus, FK506 enters
the cell by passive diffusion and it is recognized by FKBP at the
cytosolic side of plasma membrane. However, in some cells, a drug
efflux pump P-glycoprotein (Pgp) actively transports FK506 out of
target cells, thereby reducing its efficacy [40]. We hypothesized
that SP-A/FK506 complexes might facilitate FK506 entrance into
macrophages bypassing Pgp.

Pgp is widely expressed in many biological barriers in the body,
including the lung epithelial alveolar barrier [41]. Pgp and MRP1
were also found in normal bronchial and bronchiolar epithelial lay-
ers, as well as in seromucinous glands and alveolar macrophages,
where they prevent the accumulation of toxic substances [42]. To
ascertain if Pgp and/or MRP1 were expressed in macrophage-like
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Fig. 6. Calcein-AM uptake assay for Pgp activity (A) Macrophage-like U937 cells were inc
different inhibitors of either Pgp (25 lM verapamil and 2 lM cyclosporin A) or MRP1 (0.2
calcein-AM for 15 min at 37 �C in the absence and presence of increasing concentration
calcein-specific fluorescence (kex = 488 nm and km = 530 nm). Results were expressed as p
modulators. The results are presented as the means + SEM from four different cell cultu
U937 cells, we performed a functional test for the presence of both
efflux pump activities based on the calcein-AM assay [29]. Calcein-
AM passes through the plasma membrane easily due to its hydro-
phobicity. However, it is actively extruded by Pgp or MRP1 before
its intracellular esterase-dependent conversion to free calcein,
which is soluble and highly fluorescent. Intracellularly trapped cal-
cein does not bind to cellular components and its fluorescence is
insensitive to changes in pH, Ca2+, or Mg2+. Pgp and MRP1 activities
can be evaluated in the presence of specific inhibitors of either Pgp
or MRP1. When Pgp and MRP1 pumps are active, the uptake of cal-
cein-CM is low. However, when these pumps are inhibited, the up-
take of calcein-AM increases and consequently the fluorescence of
intracelullarly retained calcein [43].

Fig. 6A shows that calcein-AM uptake greatly increased in the
presence of specific Pgp inhibitors (the calcium channel blocker
verapamil and the immunosuppressive drug cyclosporin A) but
not in the presence of MRP1-specific inhibitors (indomethacin
and probenecid). These results indicate that macrophage-like
U937 cells express Pgp but not MRP1. These results are consistent
with those that indicate that Pgp expression is part of the macro-
phage differentiation process [43,44]. On the other hand, Fig. 6B
shows that FK506 is a substrate of Pgp but not FK506/SP-A com-
plexes. Free FK506 showed a clear inhibitory effect on the calce-
in-AM efflux mediated by Pgp. As a result, an FK506
concentration-dependent increase in intracelullarly trapped calce-
in was observed. These results indicate that in the absence of SP-A,
FK506 must be actively transported out of cells, thereby reducing
its intracellular concentration and immunosuppressive effects.
The binding of FK506 to SP-A facilitates FK506 entrance into the
cell by a mechanism that overcomes Pgp.
3.4. SP-A facilitates FK506 entrance into the cell by endocytosis

Recent studies show that SP-A binds very rapidly to the macro-
phage surface and that SP-A uptake by these cells involves a clath-
rin-dependent endocytic pathway [45,46]. Thus, if FK506/SP-A
complexes are taken up by macrophages through endocytosis, then
their inhibitory effect on TNF-a release should be totally or partly re-
verted by endocytosis inhibitors. Fig. 7 shows that the inhibitory ef-
fect of 10�7 M FK506 plus 2.5 lg/ml SP-A on LPS-induced TNF-a
secretion was abolished by the presence of several endocytosis inhib-
itors: amantadine, which is a clathrin-dependent endocytosis inhib-
itor; monensin, an ionophore that prevents endosomal acidification
and maturation; bafilomycin A and oligomicin B, inhibitors of the
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absence of FK506/SP-A, these inhibitors had no effect on LPS-induced TNF-a
secretion at the concentrations assayed (data not shown). Results were expressed as
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vacuolar proton pumps; and nocodazole, a microtubule-disrupting
agent [47]. Some of these endocytosis inhibitors have been demon-
strated to prevent SP-A internalization by macrophages [46] and also
by type II alveolar epithelial cells, which are involved in the synthesis,
secretion, and reuptake of SP-A [48]. Our results indicate that FK506/
SP-A complexes are taken up by the cells through endocytosis. This
mechanism of entry into the cell prevents FK506 binding to Pgp
and FK506 transport out of the cell.

Although the interaction of SP-A (and FK506/SP-A complexes)
with macrophages seems to be a receptor-mediated process, the
receptors mediating this process are not clear, although SP-A bind-
ing to several receptors has been described [15]. It has been dem-
onstrated that the binding of SP-A to its endocytosis receptor(s)
takes place by direct protein–protein interaction but not by the
carbohydrate recognition domain located at the C-terminal domain
(Fig. 1) [45]. SP-R210 is an SP-A-specific receptor sited in the plas-
ma membrane of different cell types, such as U937, alveolar mac-
rophages, or type II cells [49], and it has been recently identified
as unconventional myosin 18A [26]. Furthermore, SP-A binds to
SP-R210 via its collagen domain but not via its C-terminal domain
[50]. If this receptor is involved in the endocytosis of FK506/SP-A
complexes, an anti-SP-R210 antibody would hamper SP-A binding
to SP-R210 and therefore FK506/SP-A complex internalization.
Fig. 8 shows that the inhibitory effect of 10�7 M FK506 plus
2.5 lg/ml SP-A on LPS-induced TNF-a secretion was reduced by
the presence of anti-SP-R210 in the medium, indicating that this
SP-A receptor is implicated in the uptake of FK506/SP-A complexes.

4. Conclusions

Available oral or parenteral formulations of tacrolimus are clin-
ically hampered due to dose-related efficacy and toxicity. Respira-
tory delivery of FK506 nanoparticles is a new and very promising
approach for lung transplantation. However, it is not known
whether tacrolimus interacts with proteins present in the alveolar
environment, which can reduce its drug potency.

In this study, we have analyzed the interaction of tacrolimus
with SP-A, the most abundant protein in the alveolar fluid. We
have demonstrated that SP-A binds to FK506 with high affinity
and prevents tacrolimus self-aggregation in the aqueous medium.
The formation of SP-A/tacrolimus complexes increases tacrolimus
potency as an anti-inflammatory agent on macrophages, since
SP-A facilitates FK506 entrance into macrophages by endocytosis.
This mechanism of entry into the cell prevents FK506 binding to
Pgp and FK506 transport out of the cell. One of the major limita-
tions of FK506 and other immunosuppressant and antimitotic
drugs is that they are substrates of the Pgp efflux pump [40]. Thus,
they are actively excluded from cells that express Pgp such as lung
epithelial cells and alveolar macrophages [41,42]. Our finding that
SP-A, by binding to FK506, increases drug potency in a macro-
phage-like U937 cell line that expresses Pgp is significant.

A decrease in SP-A in the alveolar space is a condition associated
with lung dysfunction such as acute lung injury and ischemia–
reperfusion injury after lung transplantation [15,51]. Thus, in the
face of acute inflammation, addition of recombinant human SP-A
to the tacrolimus dispersion for nebulization might improve the
anti-inflammatory and immunosuppressive pulmonary therapy.
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